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ABSTRACT

Today the German armed forces are faced with a broad, varied and graduated range of
tasks including missons outsde Germany. A mgor chdlenge in planning the force structure for
missions like the one in Kosovo is to predict the required maintenance capacities. This thess
conducts an exploratory data andys's of mantenance records of the German Army, using the
wheded reconnaissance tank “Luchs’ as an example. The question under investigation is
whether or not data from the maintenance records can be used to support afuture “ maintenance
prediction tool.” It is shown that repairtime distributions extracted from the data can be used to
mode the repair process in a Smulation. The Wabull digribution family, which is commonly
used in rdiability applications, proved flexible enough to smulate repairtimes and workorder
supply times. Implementing these results in a smulation of the repair process will improve the
accuracy and qudity of the smulation output. In addition, this thes's discusses data quality issues
and makes design suggestions for a new maintenance organi zation software. Data problems can
be minimized if the problems identified in this Sudy are aggressvely atacked during the design

and implementation phases of the new software.



THESISDISCLAIMER

The reader is cautioned that computer programs and codes developed in this research
may not have been exercised for al cases of interest. While every effort has been made, within
the time avallable, to ensure tha the programs and codes are free of computationa and logic
errors, they cannot be consdered vaidated. Any application of these programs and codes
without additiond verification isat risk of the user.
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EXECUTIVE SUMMARY

In the era of East-West confrontetion, the German Army mission was focused on
defending the former eastern border of the Federd Republic of Germany againgt an immediate
military threat from Warsaw Pact forces. Force structures and maintenance capabilities were
oriented to a full-scale war scenario, based on experiences from former mgor conflicts like
WW |l and the Isragl- Arabian wars.

Today the Bundeswehr, as an ingrument of German security policy, is faced with a
broad, varied and graduated range of tasks across the entire spectrum of humanitarian activities,
up to and including military combat operations under the Charter of the United Nations. A
magor chalenge in planning the force structure for missions like the one in Kosovo is to predict
the required maintenance capacities. One way to make more accurate predictions is the use of
smulaion. However, the quaity and accuracy of predictions obtained by smulaion depends
not only on the smulation mode itsdf, but even more on the quality of the underlying database.

This thesis conducts an exploratory data analys's of maintenance records of the German
Army. The question under investigation is whether or not data from these records can be used
to support a future “maintenance prediction tool.” The Dornier company has developed a
prototype of such a tool within its sudy “System for Andyss of Maintenanceg’ (SAM-Div)
[Ref. 3]. The tool consigts of a smulation and a database module. The database module
includes equipment-specific parameters like mean time between failures (MTBF), repairtime

parameters, or supply statistics. The mgjor recommendation of the SAM-Div study isto replace



the “educated guesses’ currently present in the database by evauating data obtained from
mai ntenance history records or further studies.

This thess illugtrates with the example of the wheded reconnaissance tank “Luchs’ that
extracting repartime digtributions from maintenance history records is possble. The Weibull
digtribution family, which is commonly used in reliability gpplications, proved flexible enough to
samulate these repairtimes. Statigtica tests like the “Kolmogorov-Smirnov goodness-of-fit test”
and the “generdized likdihood-ratio test” are gpplied to defend the use of the Welbull
digribution. Smilar findings goply to spare pat supply times, which can be modded by
workorder supply time digributions extracted from the same database. Again, the Welbull
digtribution family proved to be a suitable choice to Smulate these supply times. Implementing
these results in a smulation of the repair process will improve the accuracy and quality of the
gmulation outpt.

On the other hand, this thess reveded serious data qudity problems within the
maintenance hitory database. The mgor problem is an immense data | oss between the record-
generating maintenance facility and the data-collecting agency. The data collection andyzed in
this thesis contained only 47 percent of the records generated between 1997 and 2000. This
lead to the conclusion that reliability parameters like the mean time between falures (MTBF)
cannot be obtained from the database. Another data problem is the high amount of blank or
invaid data entries, which is not soldly the responghbility of the user who entered the data, but

a0 due to a “bad’ design of the maintenance organization software. The desgn of a new



software to be introduced in the near future should be thoroughly evauated to avoid smilar
problems. This thess discusses these data quality issues and recommends software and
database design changes. For ingtance, the new software should employ error-checking
mechanisms and a graphical user interface. Furthermore, not dl the data fields of a workorder
should be contained in the maintenance history database. A careful design decison regarding
wha information should be included in the database is necessary. With the potentid of a
dramatic reduction in workorder record Size, it is possble to combine the four records, which
are currently generated by each workorder, into only one record. This would improve data-
handling procedures and enhance andys's possbilities. Data problems can be minimized if the
problems identified in this sudy are aggressvely atacked during the design and implementation

phases of the new software.
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. INTRODUCTION

A. OVERVIEW

In the era of East-West confrontation, the German Army misson was focused on
defending the former eastern border of the Federd Republic of Germany againgt an immediate
military threat from Warsaw Pact forces. Force structures and maintenance capabilities were
oriented to a full-scale war scenario, based on experiences from former maor conflicts like
WW 11 and the Isragl-Arabian wars.

Today the Bundeswehr, as an insrument of German security policy, is faced with a
broad, varied and graduated range of tasks across the entire gpectrum of humanitarian activities,
up to and including military combat operations under the Charter of the United Nations. The
combat intengties of these missons can range from very low (humanitarian and observer
missions) to very high (peace-enforcing missons). In many cases, the intendity is hard to predict
when planning the structure of the misson force. Furthermore, the climate (eg. Somdia 1992)
and/or the terrain (e.g. Somaia 1992, Kosovo 1999) may be quite different from the ones in
Centrd Europe, for which the current generation of German Army vehicles were designed. The
conditions of usage (eg. mileage per unit time) in such missons are usudly quite different from
regular peacetime activities [Ref. 1]. All these circumstances have a criticd influence on
equipment failure rates and thus on the required maintenance capabilities and capacities of the

force.



B. BACKGROUND AND PROBLEM STATEMENT

Since the end of the “Cold War” the German Army’s maintenance branch has been
faced with enormous budget cuts, continuous restructuring and decreasing of its force strength,
while at the same time new kinds of missions like Bosnia or Kosovo have to be supported. One
difficulty in supporting these missons is to predict how much maintenance capacity, in which
mai ntenance types, is needed to ensure force readiness.

Making the logigtics force too large means higher deployment costs and reduced
resources for regular support “a home.” On the other hand, an undersized logistics structure
endangers force readiness and makes “touch ups,” often with even higher costs, necessary.
Carefully planning the support structure is crucid for the success of a misson. This seems
epecidly important in times in which the Armed Forces logigtics is in competition with the
civilian defense indudtry, who offers to ensure supply and maintenance even for missons outsde
Germany.

Today, this planning is done on expert-based knowledge and experiences gained in
recent missons. However, decisions about the required maintenance capabilities and capacities
should involve a more quantitative approach by congdering the varigbility in maintenance
requirements (scheduled and corrective) for the chosen systems. Currently, the main data
source used to support the planning process mentioned &bove is a catdog
(“MateriderhdtungszeitenKatdog” or short “MEZ-Katdog”) from Heeresamt (Office of the

Army), in which the annud capacity for maintenance-man hours for various military equipment is



gpecified [Ref. 15]. However, this catdog is based mainly on estimated means. Therefore, data
from this catalog can only serve as arough guide in the planning process.

Another mgor difficulty in supporting missons outsde one's own country is to
determine which spare parts and mgor assemblies should be supplied and stocked in the area
of operations [Ref. 1]. Such decisons are currently made by experts based on their knowledge
and experiences and with the usage of historica data

To better ded with these difficulties, the German Army maintenance branch intends to
create a “maintenance prediction tool” that can generate forecasts of maintenance demand and
required spare parts more accurately [Ref. 2]. The stochastic nature of the repair process
requires a Smulation gpproach, in which the variability in demand is adequately reflected within
a specified scenario. The Dornier Company conducted a study for the German Army, in which
it developed a smulation of the maintenance process in an Army divison [Ref. 3]. The study
concludes that its simulation module could be a suitable tool for the described tasks only if
better data could be obtained. Presently, many parameters like falure rates or repairtimes are
edimated with “educated guesses” A thorough andyss of avalable maintenance datais
therefore a main recommendation of the Dornier study. In afirst step toward this god, this thes's

conducts an exploratory data andyss of German Army workorder records.

C. OBJECTIVE STATEMENT

The objective of this Sudy is to determine, which data, if any from the German Army

maintenance records can be used to support a future “maintenance prediction tool.”



Condlusions about the digtribution of repairtimes of certain equipment and the spare parts which
were needed in those repairs are compared to data from the first haf of the year 2000 in order
to see how wel the data can be used in predicting future demands. Furthermore, the andysis
presents satements about data qudity and deficiencies. These findings may contribute to the
formulation of gspecifications and requirements for the development of new maintenance

organization software [Ref. 2].

D. SCOPE AND LIMITATIONS

This thesis andyzes data from German Army maintenance records from 1997 to 1999
and from the firgt haf of the year 2000. It uses the reconnaissance tank “Luchs’ as an example,

thereby analyzing records of scheduled and corrective maintenance.

E. THES SOVERVIEW

Chapter 11 contains a literature review on efforts to predict maintenance demand.
Chapter 111 describes the raw data and the process of importing these raw data into database
management software, using Microsoft® Access. The chapter concludes with an anaysis on the
degree of completeness of the data. Chapter IV documents a repairtime analysis of the “Luchs’
data records. The focus lies on the repartime digtributions for different maintenance types.
Chapter V dedls with spare parts usage and spare part supply times, whereas Chapter VI
discusses posshilities and problems associated with the maintenance history of individua

vehicles. Chapter VII lists and discusses data quality issues and gives recommendations for



future maintenance organization software. Chapter VII1 summarizes the results of this study and

gives recommendations for further work.



. LITERATURE REVIEW

A. OVERVIEW

The literature search and review conducted in preparation for this thesis focused on
documented efforts to predict maintenance requirements, including the demand for spare parts.
Mogt of the publications that ded with this topic are military related. This is not surpriang snce
after the end of the Cold War many countries restructured their armed forces due to changesin
threats, drategies, budgets, or smply downszing of forces. This need to change Structures
became especidly prominent for logistics support. Whereas the old support system for the
forces of the western world was designed mainly to ensure the ability to fight in Central Europe
againg a known thresat, conditions changed dramatically during the 1990's. Nowadays, logistics
support for force projections, even into remote parts of the world, must be provided.
Furthermore, more and more high-tech wegpon systems have specid logisticd needs and
problems. The RAND corporation provides the U.S. military with andytic research on mgor
policy and organizationd concerns [Ref. 4. RAND has conducted many studies which are
related to the topics mentioned above. Some of them are described in Section B.

Interegtingly, only a limited number of publications ded with civilian gpplications of
predicting maintenance needs. Publications of interest to this study are described in Section C.

These publications focus on the theory of maintenance planning.



B. MILITARY RELATED STUDIES

The Dornier Company conducted a study for the German Army, in which it developed
a smulaion of the maintenance process in an Army divison [Ref. 3]. This sudy is cdled
“Sysem for Andyss of Maintenance (SAM-Div).” The smulation congds of two modules: a
database module with al the relevant deta, and a simulation module, which is able to smulate
the maintenance process for a German Army divison within a specified scenario. The author of
the study, Peter Buechen, concludes that the smulation module is a suitable tool to andyze the
maintenance process in genera; however, it lacks reliable data in the database. He describes a
methodology to gradualy improve the qudity of these data with the help of the database
module. He also underlines the necessity to analyze existing maintenance records and to conduct
further studies to gain the data, which are necessary to replace the numerous “educated
guesses’ now present in the database.

With his 1992 NPS Magter’'s Thesis “Decison Aid for Planning the Maintenance of
Electronic Equipment in the German Army,” Wolfgang Kofer developed a smulation approach
to dedl with aspects of maintenance prediction [Ref. 5]. By andyzing different decison tools,
Kofer identified missng and bad qudity data as a genera shortcoming. His conclusion was to
emphasize the development and continuing maintenance of the necessary databases. A quite
amilar conclusion is present in Bernard F. Mimms 1992 NPS Magter’s Thesis “An Object-
Oriented Approach to Reliability and Qudity Control Modding of the Maintenance Effort for
U.S. Marine Corps Ground Combat Equipment” [Ref. 6]. Mimms developed an empiricaly

based maintenance forecasting system, in which the forecasting is done by smulating future



repar and falure times from modes, which were estimated by usng avalable mantenance
history data He states that erroneous and oftentimes missing data limits the effective use of
many indicators used in his modds. Mimms used exponentid repairtime and uptime distributions
for his smulation based on Markov Chains,

The RAND andysts aso encountered data problems in the majority of their logidics
related studies. In 1996, Liond A. Gaway and Christopher H. Hanks prepared areport (“Data
Qudity Problems in Army Logidics’) for the United States Army about this issue. They
andyzed many examples of daa problems within supply and maintenance [Ref. 7]. Ther
findings concluded tha many problems arise from the fact that the personnd in logistic
processes are often not aware of the importance and usage of certain data The lack of
automatic input checks and supervison can then lead to “bad data” Furthermore, the authors
saw that one of the primary reasons why data-quality problems occur was that the data was
used for purposes not intended or envisioned when they were designed or collected.

A rdated report underlining the importance of reliable datais RAND’s 1995 “Veocity
Management” sudy [Ref. 1]. Vdocity Management is an agpproach to improve the
respongveness and efficiency of the U.S. Army’s logigtics system. Its god is to reengineer and
to improve support functions by establishing basdines, identifying inefficiencies, setting gods for
corrective actions, and measuring performance. Implicit in this gpproach is the idea that
information and data are assets. Using performance data is of centrd importance for the

reengineering and managing of logistics processes. The authors, John Dumond, Rick Eden, and



John Folkeson, found that many performance measures are only reported as averages. The
authors date that this practice provides insufficient and in many cases potentialy mideeding
information, whenever the variability of these measures is not consdered. This statement is
supported with the example of order-and-ship (OST) times of spare parts used to repair
Apache attack helicopters.

In another report, “Weapon System Sustainment Management,” RAND developed a
concept for improving the sustainability of wegpon systems to achieve increased wegpon system
avalability a lower cods [Ref. 8, Ref. 9]. The authors, John Dumond, Rick Eden, and John
Folkeson, argue that the complexity of modern wegpon systems improves their capabilities but
also reduces their availability and increases costs. This report proposes a database integrated
across time, echdons, and functions, and sustained through the life of the system. Such a
database could help identify design problems and “lemons.” These are high-tech components
that exhibit chronic performance problems. The authors of this RAND report estimate that such
components condtitute about nine percent of a total s&t, yet they account for about haf of the
workload on subcomponents at their respective depot-levd repar shops. Such “lemons’ dso
tend to consume about twenty times as many subcomponents in their lifespan than “non-lemon”
components of the same design. It is therefore desrable to remove those “lemons’ from the
system as soon as possible. According to the authors, this could be done by using a database

that tracks serid numbersin operationd and maintenance history.



“Wegpon System Sugtanment Management” is one of severd proposals the U.S.
Army can adopt to improve its future logigics sysems. More proposas can be found in
RAND’s 1994 study, “PrecisonGuided Logigtics,” in which the authors, Marc L. Robbins and
Douglas W. Mclver, anadyzed the support for high-tech weapons in three scenarios, each with a
different intengty and duration (Operation Just Cause in Panama, Operations Desert Shield
and Desert Sorm in Southwest As@) [Ref. 4]. They used smulation techniques to assess the
effectiveness of the U.S Army’s logigtics system in supporting a misson-critical mgor assembly
of the Apache attack helicopter. An important finding was that forecasting the amount of spare
parts needed is quite difficult because of the extreme variability and uncertainty involved in these
operations. They concluded that it was infeasible to deploy massve stockpiles of spare parts,
the cogts of such an gpproach using high-tech components would be immense. Furthermore, the
fluctuations in demand would il cause shortfdls in critical spare parts. This was consistent with
findings and conclusons in ealier RAND sudies (eg., “Evaduaing the Combat Payoff of
Alterndive Logidics Structures for High-Technology Subsystems’ [Ref. 10]). Among other
suggestions, the authors of “Precison-Guided Logigtics’ recommended strengthening and
consolidating Intermediate Repair in a theater support facility. They believe that the combined
benefits of batch processng repairs, and prioritizing and concentrating test equipment would
raise productivity and create a more responsive repair system.
In parts of ther “Precison-Guided Logigics’ sudy the authors used a smulation tool

cdled “Dyna-METRIC Verson 6’ [Ref. 11]. This tool uses Monte Carlo smulation and was

10



developed within RAND’s “Project Air Force” as an assessment modd that relates logistics
resources and pipdines to wartime readiness and sustainability by modeling and forecasting the
demand for aircraft spare parts. Severd other reports describe this larger body of work and are

listed here (cited from [Ref. 11]):

1. John B. Abdl et d., Estimating Requirements for Aircraft Recoverable Spares
and Depot Repair, RAND, MR-264-AF, 1993.

2. John L. Adams, John B. Abdl, and Karen E. Isaacson, Modeling and
Forecasting the Demand for Aircraft Recoverable Spare Parts RAND, R
4211-AF/OSD, 1993.

3. John B. Abdl and Frederick W. Finnegan, Data and Data Processing Issues in
the Estimation of Requirements for Aircraft Recoverable Spares and Depot
Repair, RAND, R-4211-AF/OSD, 1993.

4. Dondd P. Gaver, Karen E. Isaacson, and John B. Abdl, Estimating Aircraft
Recoverable Spares Requirements with Cannibalization of Designated Items
RAND, R-4213-AF, 1993.

5. Karen E. Isaacson and Patricia M. Boren, Dyna-METRIC Version 6: An
Advanced Capability Assessment Model, RAND, R-4214-AF, 1993.

6. John B. Abdl, Estimating Requirements for Aircraft Recoverable Spares and

Depot Repair: Executive Summary, RAND, MR-4215-AF, 1993.

11



The first of these reports describes the entire body of work in substantial detail and
includes an dementary expostion of the 1993 system. The second report describes improved
methods for forecagting the demand for arcraft recoverable spares and for specifying the
variance of the probability digtribution describing the number of assets of a given type in
resupply. The third report discusses data and data processing issues related to estimating
arrcraft recoverable spares and repair requirements. The fourth report presents a computationa
agorithm for estimating requirements for aircraft recoverable spares based on the assumption
that items can be desgnated as cannibdizable or not. The fifth describes Dyna-METRIC

version 6, and the sixth summarizes the entire body of work.

C. NON-MILITARY LITERATURE

In his book Maintainability, Availability, & Operational Readiness Engineering
[Ref. 12], Dimitri Kececioglu postulates that once equipment has been purchased, maintenance
and repairs cost anywhere from four to forty times the purchase price. He further states that the
ability to monitor, quantify, and predict mantenance needs ensures the highest equipment
availability a the lowest cost. The author integrates concepts of operational readiness, misson
reliability, and adequate design to make the tota system effective. His book provides a wide
spectrum of preventive naintenance drategies, dong with the andytica tools for choosing the
most gppropriate ones. The extensve discusson of maintainability and its quantification
represents a detailed reference for parametric satistica mode's often used in smulations (e.g.,

exponentia- or Welbull-repairtime digtributions).

12



The book An Introduction to Predictive Maintenance by R. Keith Mobley [Ref. 13]
provides an in-depth discussion of the benefits of a successfully implemented predictive
maintenance srategy compared to a time-driven preventive mantenance management. Among
those benefits are reduced maintenance costs, reduced equipment breakdowns, reduced spare
parts inventory, reduced equipment downtimes, and increased equipment life spans. According
to Mobley, implementing such a program requires substantid investments in both capitd and
personnd. The adoption of vital record keeping and informationexchange procedures as well
as edtablishing and maintaining a viable database are critical to a program’s success. Mobley
dates that the initid development of a predictive maintenance database may require many
gaffmonths of effort.

Methods and mathematics of maintenance planning are discussed in Patrick Lyonnet’s
book, Maintenance Planning [Ref. 14]. He describes different maintenance policies and
reliability models. In his discusson about data banks for reliability and maintenance, Lyonnet
postul ates that dectronic components usudly have congtant falure rates and oftentimes a known
“Mean Time between Failures (MTBF).” This might be true for angle components, but not for

electronic subsystems, as the andyses from RAND show.

D. SUMMARY

The literature sources mentioned in the previous sections clearly indicate the mgor and
critica role of reliable and accurate data in predicting and forecasting problems. Many effortsto

make reliable predictions suffered or faled due to poor data qudity. Uncertainties in

13



environmenta factors and scenarios tend to be extremedy high in many military applications, with
the result of even higher variances in performance measures. RAND has demonstrated that the
recording and analysis of means isin mog cases insufficient and not informative, and in many
cases can lead to fase conclusons and policies. Many measurements, especidly in military

environments, have standard deviations that substantialy exceed the mean [Ref. 1].
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1. THE DATA

A. OVERVIEW

This chapter describes the raw data and the process of importing the raw data into
database management software, here Microsoft Access. It concludes by anadyzing how
complete the data are.

The data for this study were collected and supplied by the Army Maintenance School
(Aachen/Germany). They are supposed to contain dl datafields of al maintenance records for
the specified time period. The data of every single workorder are split and arranged as fixed-
width fields in four different kinds of text files, caled Hx1, Hx2, Hx3, and Hx4. After
completion of a workorder, these files are automaticaly crested by the currently used
maintenance organization software and sent as hidden files by floppy-disk exchange to the next
supply unit. From there, the files are transmitted to data- processing agencies, where they can be

anayzed. Appendix A shows an example of a maintenance workorder.

B. RAW DATA

The raw data were supplied on five CD-ROMs and condisted of 16 text files with the
maintenance records of 1,379,791 workorders for the years 1997-2000 (the first Sx months

only for 2000). The four different types of text files are described below.
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1 Hx1-Files

Every record in these files represents exactly one workorder. The data fields contain
information about the equipment unit, the maintenance unit, the item repaired, dates and times,
personnd involved, maintenance type and level, or a short description of the work performed.
A record congsts of 148 data fields and is uniquely identified by its maintenance-unit number
and its workorder number. Information from Hx1-records are often used for andyzing thetime
it takes to accomplish certain tasks, eg., the time from initiating the maintenance process by
writing aworkorder to the completion of the repair, or the time from ordering a pare part to its
delivery. Although this kind of performance andlysis is not a subject of this thes's, Hx1-records
are the bass for many of the analyses in this study. A listing of the fieldnames together with data

type and length is provided in Appendix B.

2. Hx2-Files

These files contain more detailed information about the work performed, e.g., avehicle
after an accident might have different kinds of damage and work to be done. Every record
represents one work position; therefore several Hx2-records might be related to a sngle Hx1-
record. A record consists of 28 data fidds and is uniquely identified by the mantenance- unit
number in combination with the workorder and podtion number. A liging of the fieldnames

together with data type and length is provided in Appendix B.
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3. Hx3-Files

Hx3-records contain detailled information about the spare parts used during the
maintenance process. As with the Hx2-records, severa Hx3-records might be related to a
sngle Hx1-record because each type of spare part used in aworkorder represents one position
and thus one Hx3-record. The maintenance-unit number, in combination with the workorder
and pogition number, uniquely identifies every record consisting of 52 datafieds. A listing of the

fieldnames together with the data type and length is provided in Appendix B.

4. Hx4-Files

These files contain information about mgor assemblies that were exchanged during a
corrective or scheduled maintenance. These assemblies also occur as spare parts in the related
Hx3-record. Seria numbers of both the failed and the “good” assemblies could be tracked to
gather data over the lifespan of particular assemblies. As in the previous case, more than one
Hx4-record can be related to one Hx1-record. For most Hx1-records, however, no related
Hx4-record exists because the exchange of mgor assemblies, like an engine, is not so common.
A record congsts of 18 data fields and is uniquely identified by the maintenance-unit number
together with the workorder and position number. A ligting of the fieldnames together with data

type and length is provided in Appendix B. Appendix A contains a sample of an Hx4 text file.

C. DATA IMPORT

The data were imported into tables for further anaysis usng Microsoft® Access 2000.

Access has the option to import fixed-width text files. This is supported by an “Import Text
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Wizard’; however, Access does not recognize the correct structure of the data records. The
reason for this could be that there are many missing vaues in most of the records. This means
that breeks, data types and fidd lengths have to be specified manudly in the import setup
gpecification. Some experience with the data and the maintenance process is required to avoid
erors in these import processes. The fidd names are aso specified during the data import,
dthough later changes are possble. Appendix A shows a sample section of a data table and

Table 2.1 gives an overview of the imported tables.

Table Name #Records #Maintenance Fac.
Hx1 1997 386,787 565
Hx1 1998 361,780 584
Hx1 1999 375,215 637
Hx1 2000 256,009 589
Hx2 1997 1,490,930
Hx2 1998 1,312,891
Hx2 1999 1,251,997
Hx2 2000 843,134
Hx3 1997 1,062,544
Hx3 1998 501,177
Hx3 1999 828,874
Hx3 2000 617,372
Hx4 1998 1,424

Table 3.1 Database Tables. Description: Text file Hx1 1997 was imported into
Table Hx1 1997. It contains 386,787 records, which were generated by 565
maintenance facilities (maintenance levels 2 and 3). Hx4-files other than from
1998 were not imported because the Hx4-data fields are not used within the scope
of this study.

D. A FIRST ANALYSIS

In every maintenance unit, the mantenance organization software generates the

workorder numbers consecutively. Hence, the highest workorder number should be equd to the
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number of workorders for the unit in that year. Sight differences are expected because some
workorders from one year are completed in the next year, eg., a workorder from 1997
(workorder number beginning with “97") might be finished in 1998 and gppear in the file
“Hx1 1998.” The sum of the highest workorder numbers over dl units for a certain year should
therefore be gpproximately equa to the number of workorders existent for that year. Table 2.2

compares the theoretical value (sum of the highest workorder numbers) to the existent data.

Y ear Theoretical Value Existent Workorders Per cent
1997 787,237 382,362 48.6%
1998 849,476 336,694 42.2%
1999 890,559 451,068 50.6%
2000 386,769 179,667 46.5%

Table 3.2 Completeness of Data. Description: In 1997, the sum of the highest workorder
numbers over all units yielded a theoretical value of 787,237. Only 382,362 workorder
records from 1997 (which is 48.6%) are contained in all of the imported Hx1-files.

The numbers shown in Table 3.2 lead to the concluson that merely 50 percent of the
data are avallable for this study. The percentage vaues shown in Table 3.2 represent upper
bounds on the completeness of the data because unless the workorder with the maximum
number isincluded in the deta this estimate is low. This data loss is a known problem, which is
primarily caused by the floppy disk exchange. However, further andyses shoud address this
problem in order to avoid systematic data losses, a least in the procedures of the next
maintenance organization software. For this study, it is assumed that records are missing “a

random,” 0 that the datain this thes's represent a smple random sample from the population of
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al generated data. Thisis certainly a strong assumption since the sample of data records could
be biased in many ways, for instance, workorders with longer repairtimes could have a higher
ratio of missng records than those with shorter repairtimes. However, the data are generated
and tranamitted automaticaly without human interaction, and there is no indication that records
ae sydematicaly missng. Only a thorough andyss of the missng workorders in the loca
archive files of the maintenance units themsdves could reved such peatterns, if there are any.
With these points in mind, the assumption made above seems judtified. The fact that only a
fraction of the data is avalable in this sudy will be emphasized whenever necessary in the

following chepters.
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IV. REPAIRTIMES

A. INTRODUCTION AND OVERVIEW

This chapter documents a
repartime andyss of the wheded
reconnaissance tank “Luchs” Section B
illustrates  repairtime  digributions  for

different maintenance types and andyzes

parametric distribution models. Section C
andyzes the times associated with scheduled maintenance.

The German Army has been usng the “Luchs’ quite heavily in its Bakan missons,
which means that a broad range of workorders from both scheduled and corrective
maintenance can be expected. Thus, the “Luchs’ seemsto be awell suited and needed example
for a thorough data andyss. Furthermore, this tank requires maintenance in four of the main
mai ntenance types (vehicle, optica and optronical equipment, weapon, radio equipment). Some
features of the “Luchs’ are described in Appendix C. Table 4.1 summarizes the numbers of

“Luchs’ workorders available in the database (next page).
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Y ear #Workorders | # Maintenance | #Workorders | # Workorders
Facilities Corrective Scheduled
Maintenance M aintenance
1997 5150 37 2621 1786
1998 3571 40 1884 1469
1999 4254 41 2186 1682
2000 2888 47 1299 1245

Table 4.1 Summary of “Luchs’ Workorders. The sums of the numbers in columns 4 and 5
do not equal the total number of workordersin each year because there are more types of
workorders present in the database, namely workorders for technical inspections and for
technical modifications. Furthermore, some records were discarded due to insufficient
data quality. Details are described in Chapter VII.

It is essentid for the Smulation of a maintenance system or process to generate
amulated fallures of wegpon systems and to modd the subsequent repair process. In the
amulation part of their sudy “System for Anadyss d Maintenance® (SAM-Div), the Dornier
company generates both scheduled maintenance events and failures due to enemy action and to
wear and tear [Ref. 3]. SAM-Div dso smulates the entire repair process from falure
classfication, vehicle recovery, and transport to the actud repair in the different maintenance
types. The qudity of the parameters used in this stochastic smulation determines the qudity of
the results, which are obtained through the smulation’s outcome andysis. This and the following
chapters investigate the question: Which of the parameters of SAM-Div can be derived from

exiging maintenance higtory data?
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B. REPAIRTIME DISTRIBUTIONS

This section visudizes the repairtime didributions extracted from the data. Weibull
digributions are fitted to the repairtimes for different maintenance types. Kolmogorov- Smirnov
goodness-of-fit tests are used to check the quality of the Weibull modd. The results of
geneadized likdihood-ratio tests defend the use of a Welbull modd againg the use of an
exponentia digtribution.

The generation of repairtimes is a key factor in smulating the repair process of faled
equipment. Mot publications assume that the repair times are exponentidly distributed (for
instance, see [Ref. 5 and 6]). SAM-Div dassfies the required maintenance actions into 11
categories, ranging from scheduled maintenance to catastrophic failure. For those categories
requiring repair, SAM-Div assumes a triangular distribution of repairtimes around a mean. This
mean is specific for each kind of equipment and for each maintenance type. The mean vaue is
obtained from the MEZ-Katdog [Ref. 15] mentioned in Chapter |. The triangular distribution
ranges from 1-24 maintenance man-hours (mhrs) for Organizational Maintenance and from 12-
120 mhrs for Intermediate Maintenance [Ref. 3]. The new German Army structure will dlow
only very time limited maintenance actions within the Organizationa Maintenance. Repairs will
generdly occur within the Intermediate Maintenance. Hence, the repartime digtributions
extracted from the maintenance history data do not discriminate between Organizationd and
Intermediate Maintenance.

Generdly, the active repairtime for a workorder can be retrieved from the Hx1-record

in two ways ether from a daafield containing the sum of dl actud repartimes for this
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workorder, or from another datafiedld containing the sum of al standard repairtimes. The
technicians ingpecting the faled equipment extract these standard repairtimes from technica
manuds or estimate them from their experience (in the case that the specific work is not listed).
At firg glance, the sum of the actua repairtimes seems preferable. However, a more in-depth
congderation of this issue shows that these sums are highly correlated; about 84 percent of the
Luchs workorders for corrective maintenance show exactly the same number for the actua
repartime and the stlandard repairtime. Differences between the actua repairtimes occur almost
exclugvey in one of two ways. ether the entry for the actud repairtimeis“zero” (which leadsto
the sum of the actud repairtimes being too low) or the entry for the actud repairtime is dightly
higher than the entry for the standard repairtime. Although the latter case indicates a correct
entry of the actua active repartime, the generdly very smdl deviaion from the gandard
repairtime (in only about four percent of the records) will not make a materid difference in the
outcome of the andlyss The first case indicates that the actud repairtime was not entered after
completing the maintenance action; the fraction of records of this kind is about 12 percent.
Therefore, the sum of the standard repairtimes seems to be a more religble estimator of the true
sum of active repairtimes. More details on this issue are discussed in Chapter VII. Asaresult of
these findings, “repairtime’ in the andysi's means “ sandard repairtime,” unless otherwise sated.
Since SAM-Div amulaes falures in dl the different maintenance types of a wegpon
sysem or piece of equipment, the repartime didributions are andyzed in the different

maintenance types as well. Every equipment type or wegpon System has a maintenance demand

25



for its parts characterized by maintenance types. Table 4.2 shows a sample of some man
maintenance types, identified by cepitd letters, and their meaning. A complete ligt of

mai ntenance types can be found in [Ref. 15].

Maintenance Type M eaning
electrica technology
hydraulic technology
optica technology
electronic technology
tank technology
radio technology
vehicle technology

wegpon technology

S| oZ(X|O|lO|wm|>

Table 4.2 Man Maintenance Types (Sample).

Queries within the database software were used to create tables containing the
repairtimes. These tables were exported into the statistical software package “S-Plus’ for
further analyss [Ref. 23]. Subsections 1 to 4 show the repairtime digtributions for the main
maintenance types of the “Luchs” All times are measured in time units cdled “AW.” One AW
is the equivdent of sx minutes, so that 10 AWSs congtitute one mar+hour of work. Section C

andyzes the times associated with scheduled maintenance.

1 Vehicle (Maintenance Type R)

About 58 percent of the “Luchs’ workorders for corrective maintenance in the time
period investigated belong in this category. Figure 4.1 (next page) shows the histogram obtained

for this maintenance type.
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Figure 4.1 Higogram of Luchs Repartimes (Vehicde). There are 10 workorders with
repairtimes > 2000 AW and 84 workorders with repairtimes > 1069 AW (which
represents mean + 3* SD) within this data set. These repairtimes are extraordinarily long,
which could indicate that the workorders are incorrect and should be excluded from the
analysis. However, a careful examination of each of these workorders showed that
extensive and complex work resulted in these outliers. All of these workorders should
have been shifted to the Depot Maintenance level. Limited budgets for Depot
Maintenance in recent years might be a reason for performing these repairs at the
I nter mediate Maintenance level.

The higogram shown in Figure 4.1 suggests that an exponentia distribution might be a
better choice for smulating repairtimes than a triangular distribution. A more generd mode! for
the didtribution of epairtimes uses the Weibull digtribution [Ref. 16] with its parameters a

(shape) and b (scae). The exponentia digtribution is a specid case of the Welbull distribution,
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with shape parameter a = 1.0. A Random Variable X issad to have aWeibull digtribution with

parametersa and b (a > 0, b > 0), if the Cumulative Densty Function (cdf) of X is

F(x;a,b)={ o ma SO [Ref. 16]
Waeibull digributions are widdy used to mode the factor “time’ in rdiability theory. The
two parameters dlow fitting the modd to a wide variety of shapes. Therefore, Welbull
digtributions tend to have a better fit than sngle-parameter distributions, especidly in the tail.
More details on the Weibull digtribution can be found in [Ref. 16] and in [Ref. 22]. In addition,
[Ref. 22] gives an dgorithm for how to generate random variables from a Welbull distribution.
Maximum Likelihood Estimation (MLE) can be usad to fit a Weibull modd to a given
st of data [Ref. 16]. The details of this procedure are described in [Ref. 17]. The standard
arors (SE) of the maximum likelihood estimates can be cdculated from the estimated
covariance matrix of the MLEs. Details can be found in [Ref. 17] aswdll.
In case of the repartimes shown in Fgure 4.1, the MLE-parameters for a Weibull
digtribution fitted to the data are the following:
a =0.862 SE(a) = 0.0098 Bootstrap SE(a) = 0.0110
b=19130 SE(b)=1.9795 Bootstrap SE(b) = 3.8010
The SPus code, which produced these estimates, is shown in Appendix D. The Bootstrap

esdimates of the standard errors were obtained by resampling the repartimes [Ref. 20).
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Hypothes's tests can be performed to check the quality of the Weibull modd and to validate it
with the repairtimes from the year 2000. The Kolmogorov-Smirnov goodness-of-fit test is used
in both cases to test whether the empirica distribution of a set of observations is consstent with
a random sample drawn from a Weibull digtribution with the estimated parameters [Ref. 16].
The test isavallable within S-Plus. The hypotheses for the first test can be tated as:

Ho: The repairtimes of the Luchs 2000 data in maintenance type R come

froma Weibull distribution with the estimated parameters

H1: True cdf is not the Weibull distribution with the specified parameters
This tegt, with a sample size of 100 from the 3,913 repairtimes, results in a p-vaue of 0.7021,
which means tha Hy cannot be rgected. Hence, the Weibull modd with the specified
parametersis areasonable mode for the repairtime distribution.

The hypotheses for the validation test can be stated as:

Ho: The repairtimes of the Luchs 2000 data in maintenance type R come

froma Weibull distribution with the estimated parameters

H1: True cdf is not the Weibull distribution with the specified parameters
The test results in a p-vadue of 0.0007, which means that Hy must be rejected at any reasonable
level of sgnificance. A coser look at the year 2000 repairtimes reveded that their distribution
has a much heavier tail than the digribution shown in Figure 4.1. The fraction of repairtimes
greater than 1000 AW in the year 2000 data is 12.3 percent compared to 2.6 percent in the

1997-99 data As a reault of this finding, every single year 2000 record with a repairtime

29



greater than 1000 AW was investigated. Out of 82 such records, 30 were found to be
collective workorders, which did not represent repairtimes reated to afailure of asingle vehicle.
Therefore, these 30 records were deleted from the database. The Kolmogorov-Smirnov
goodness-of-fit test was repeated and resulted in a p-value of 0.0605, which means that H, is
accepted a a 5 percent level. A Weibull distribution with the specified parameters is a
reasonable modd for the year 2000 Luchs repairtime distribution in maintenance type R. More
collective workorders with repairtimes less than 1000 AW are likely, so the p-vadue could
probably be further improved by diminating those records as well. The large sample size of 637
repartimes in the year 2000 data might be another reason for the smal p-vaue. W.J. Conover
gates in his book Practical Nonparametric Satistics [Ref. 18]:

We would be remiss if we did not point out that almost any goodness-

of-fit test will result in regjection of the null hypothesis if the number of

observations is very large. In other words, real data never really are
distributed according to any known distribution.

This citation illudrates the diginction between “datisical sgnificance’ and “practica
ggnificance’ quite nicely. Sophigticated and powerful datisticad tests can detect the smallest
deviations of red datafrom atheoretical distribution. The question then is whether the deviations
are large enough to be “practicaly sgnificant.” The answer to this question often depends on the
context and the purpose of the gpplication. In this case, the repairtimes are measured in AWS,
i.e, in discrete numbers. This means that the repairtimes cannot be exactly Weibull distributed in

agatigicd sense because the Weibull distribution is continuous.

Figure 4.2 shows the histogram obtained for maintenance type R (2000).
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Figure 4.2 Histogram of Luchs Repairtimes (Vehicle) from 2000. The histogram does not
look as smooth asin Figure 4.1 because the number of bars (40) is quite high for the total
number of observations (637). However, using the same number of bars in both figures
simplifies comparisons between the two histograms. Figure 4.2 is based on the reduced
dataset (after removal of 30 collective workorders).
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Figure 4.3 compares the dgtribution of the year 2000 data in maintenance type R with

the theoreticd distribution, which was obtained by fitting a \Weibull modd to the 1997-99 data.
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Figure 4.3 Comparison between Actua Data and Fitted Weibull Didribution. The histogram
shown in Figure 4.2 was supplemented with the histogram bars obtained by generating
100,000 numbers from the Weibull distribution fitted to the 1997-99 data. The optical
impression of a good fit supports the conclusion of the Kolmogorov-Smirnov goodness-
of-fit test.
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2. Weapon (Maintenance Type W)

About 31 percent of the “Luchs’ workorders for corrective maintenance in the time
period investigated belong into this category. Figure 4.4 shows the histogram obtained for this

maintenance type (1997-1999).
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Figure 4.4 Higtogram of Luchs Repairtimes (Wegpon). The shape of the distribution is quite
similar to the previous ones. Again, a Weibull distribution seems a reasonable approach
to model the repairtimes.
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The maximum likelihood estimates together with their sandard errors for the Welbull
mode are:
a =0.947 SE(a) =0.0149 Bootstrap SE(a) = 0.0179
b=11233 SE(b)=1.5238 Bootstrap SE(b) = 2.7877
The Kolmogorov- Smirnov goodness-of-fit test with the hypotheses
Ho: The repairtimes of the Luchs 2000 data in maintenance type W come
froma Weibull distribution with the estimated parameters
H1: True cdf is not the Weibull distribution with the specified parameters
results in a p-vaue of 0.0095 after diminating 13 collective workorders from the andyss. This
means that Hy must be rgjected. The estimate of the shape parameter is close to 1.0; therefore,
an exponentia digtribution might be another reasonable choice in this case. The ame-sample
Kolmogorov-Smirnov Test with hypothesized exponentid digribution with mean 111.9 AW
results in a p-vaue of 0.0386, a vdue il in the rgection region for a5 percent-leve test. On
the other hand, if arandom sample of 50 out of al year 2000 weaportrepairtimesis taken (with
replacement), the same test yields a p-vaue of 0.4004. This means that the sample could have
come from the specified exponentid distribution. However, this p-value depends on the specific
sample. Different samples yidd different p-values. Therefore, the test was repeated a hundred
times with different samples of sze 50. The average p-value was 0.4038 with standard error
0.0281. A comparable average p-vaue of 0.4065 and standard error 0.0284 is the outcome of

the same procedure with the Weibull model estimated above. Both distributions seem to be



suitable models for the digtribution of Luchs repairtimes in maintenance type W. This concluson

is further supported by Figure 4.5, which shows a smilar shape and comparable summary

datistics.
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Figure4.5 Histogram of Luchs Repairtimes (Weapon).
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Figure 4.6 shows a dight lack of fit, especidly in the leftmost bar of the histogram.
Together with the smdler deviationsin the other bars, this contributes to the rgection of the null

hypothess in the goodness- of-fit test.
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Figure 4.6 Comparison between Actud Data and Fitted Weibull Distribution.

The Welbull esimate of a = 0.947 is close to an exponentid distribution @ = 1).
Therefore, a generdized likdihood-ratio test (GLR) [Ref. 19] was performed to test the null-
hypothesis that the data come from an exponentia digtribution againgt the dternative that the
data come from a Weibull distribution. The p-vaue of this test is 0.000791, which means that

the null-hypothesis must be rejected.
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3. Radio Equipment (Maintenance Type M)

About 10 percent of the “Luchs’ workorders for corrective maintenance in the time
period investigated belong in this category. Figure 4.7 shows the histogram obtained for this

maintenance type (1997-1999).
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Figure 4.7 Histogram of Luchs Repairtimes (Radio Equipment).
Agan, the shape of the didtribution suggedts fitting a Weibull mode to the data The
maximum likelihood estimates together with their sandard errors ares
a =1.072 SE(a) =0.0291 Bootstrap SE(a) = 0.0367

b=6624  SE(b)=1.4527 Bootstrap SE(b) = 2.5729
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The Kolmogorov- Smirnov goodness- of-fit test with the hypotheses

Ho: The repairtimes of the Luchs 2000 data in maintenance type W come

froma Weibull distribution with the estimated parameters

H1: True cdf is not the Weibull distribution with the specified parameters
results in a p-vaue of 0.0013, so that H, isrgected a a5 percent levd. Although the fit of the
Weibull modd to the year 2000 data is not very good, the Kolmogorov-Smirnov goodness-of-
fit test with sample sze of 50 and 100 repetitions yields an average p-vaue of 0.1132 with a
standard error 0.0133. Figure 4.8 reved's some dight differences in the shape of the distribution

for the year 2000 data compared to those of 1997-99.
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Figure 4.8 Histogram of Luchs Repairtimes (Radio Equipment).
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Figure 4.9 compares the year 2000 data in maintenance type M with the Weibull-modd
fitted to the 1997-99 data It confirms a dight lack of fit in the first two bars of the histogram.
However, there are only 167 vaues in the year 2000 dataset in this maintenance type.
Furthermore, the repair procedure for maintenance type M includes the search for the cause of
an eror or afalure, which isnot the case in types R and W. Thisleadsto larger variation within
the smdler repairtimes because the experience of the repair specidist plays a mgor role. A

more experienced technician usudly needs much less time to find an error than a person with

less experience.
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Figure 4.9 Comparison between Actua Data and Fitted Weibull Distribution.
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The GLR p-vaue in this case is 0.01528, which means that the Welbull modd is

favorable againg the aternative of an exponentia didribution.

4, Optical and Optronical Equipment (Maintenance Type C)

Only about 0.3 percent of al workorders in the time period andyzed fdl into this
category, afraction surprisngly smal in view of the sophidticated night-vision equipment of the

Luchs. Figure 4.10 shows the didtribution of the repairtimes for this maintenance type.
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Figure4.10 Higtogram of Luchs Repairtimes (Optica Equipment).
Although only 22 workorders of this maintenance type are present in the database (21

from 1997-99, one from 2000), the histogram in Figure 4.10 indicates a shape Smilar to those
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in the other maintenance types. The maximum likelihood estimates of a Welbull modd fitted to
the data together with their standard errors are:
a =0.843 SE(a) =0.1321 Bootstrap SE(a) = 0.1612
b =89.40 SE(b) =12.8113 Bootstrap SE(b) = 25.0472
The smdl sample sze is reflected in rdlatively large sandard errors of the estimates and
a GLR pvaue of 0.2721, which means that the data could have come from an exponentia
digribution as wel. Figure 4.11 provides a visud impression of the goodness-of-fit of the

Weibull model to the 1997-99 data.
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Figure4.11 Comparison between Actua Data and Fitted Welbull Digtribution.
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C. SCHEDULED MAINTENANCE

Scheduled maintenance on the Luchs is done in dl maintenance types and in both
Organizationd and Intermediate Maintenance. There are different kinds of scheduled
maintenance activities, which differ in the amount and in the complexity of work. Some are
scheduled on a timey bads, for example, every month, and some depend on other
measurements, like the number of rounds fired. SAM-Div smulates scheduled maintenance on a
time-driven basis with a mean number of activities (e.g., 12) per vehicle per year and a mean
time per activity (eg., 73 AW). These data are specific for every piece of equipment and are
included in the amulation database. Missing “red” data are computed from the MEZ-Katal og,
which is somewhat arbitrary because the analyst has to split the maintenance demand specified
in this catdog into corrective and scheduled maintenance. Actudly, the Luchs demand for
scheduled maintenance is completely determined by the regulations of the technical manuals.
This, however, is not reflected in the workorder records analyzed in this sudy. The standard
time for a certain scheduled maintenance activity, like a monthly inspection, should be a fixed
amount of time. Of course, there will be some variaion in the actud time needed to perform this
task. The records, however, show a substantial variance in the sandard times, depending on the
maintenance facility and other factors. Table 4.3 illustrates the spread of the standard times for

some scheduled maintenance activities (next page).
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Activity Minimum Standard Time | Maximum Standard
[AW] Time[AW]

F1 Weapon 30 40

F1 Vehide 30 40

F2 Weapon 40 110
F2 Vehide 60 200
F3 Weapon 60 420
F3 Vehide 200 760
F3 Radio 80 120
F4 Weapon 80 264
F4 Vehide 400 1170

Table 4.3 Vaiationsin Standard Times for Scheduled Maintenance Activities.

The scheduled maintenance activities listed above are performed after certain
time intervals on a regular basis. For instance, F1 is performed monthly and
represents a kind of thorough check. Higher activities are more complex and time
consuming. They include all the activities with a smaller number, for example F3
includes F2 and F1.

One cause for the spread of these times is the fact that the activities listed above are
sometimes combined with certain additiond scheduled maintenance activities, for instance a
gpecid sarvice after every 3,000 liters of fue consumption. Normdly, this is noted in the
description of the work performed within the workorder record, but in some cases, one might
have omitted or forgotten to enter thisinformation. Another cause of the variation is the fact that
sometimes certain activities are split between Organizationd and Intermediate Maintenance. For
indance, smpler, less time-consuming working postions of a F3 Vehicle-activity are sometimes
done by the maintenance platoon of the vehicle's battdion (Organizationa Maintenance),

whereas the more complex and time-consuming work is peformed in a mantenance unit



(Intermediate Maintenance). If a separate workorder iswritten in each maintenance facility, then
two standard times gppear in the database with possbly huge differences in vaue. As
mentioned earlier, capacities of Organizationd Maintenance will be reduced in the next German
Army dructure, thus shifting respongbilities toward Intermediate Maintenance. Therefore, the
uncertainty associated with the split of some workorders should resolve in the near future.
Hence, it seems more reasonable to determine the times needed for scheduled maintenance
activities from the norms of the technical manuas and to assess the variability of these activities

from workorder records after the maintenance system is restructured.
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D. CONCLUSIONS

This chapter showed that the repairtime digtributions of Luchs workorders differ
subgtantialy from the assumptions made in SAM-Div. The digtributions can be modeled using a
Weibull distribution with parameters depending on the maintenance type. The parameters were
edimated usng Maximum Likelihood Estimation and data from 1997 - 1999. In many cases,
the MLE-parameters are quite close to an exponentid didtribution. Statistica tests, however,
showed that the use of the Weibull distribution is more gppropriate to mode repairtimes. This
parametric gpproach is a suitable way to generate repairtimes within a smulation of the repair
system. Of course, the repairtimes generated from a Weibull distribution must be converted to
integers because AWSs are integer values. On the other hand, it seems ingppropriate to model
scheduled maintenance activities from the data curently avalable. Rather, the didributions of
the times associated with these activities should be determined a a later point in time, as

described in Section C.
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V. SPARE PARTS

A. INTRODUCTION AND OVERVIEW

The avallability of spare parts plays a decisve role in the repair process. This chapter
andyzes the usage and the supply times of spare parts used in 1998 Luchs maintenance
(Section B). Section C analyzes supply time digtributions of 1998 Luchs workorders, whereas
Section D compares the empirical distribution functions of these workorders.

The performance of any maintenance system depends on the effectiveness of the spare
part supply. A repar cannot be executed until al needed spares are available. Due to
operational and budgetary reasons, the amount and type of spare parts stocked within a
maintenance facility is limited. For ingance, a maintenance unit, which generdly supports various
kinds of equipment, cannot stock engines for al the different vehicles it supports. The stock
within a maintenance facility is therefore limited to some individua or bulk expendable supplies,
which are commonly used and generdly not very expensive, e.q., screws or washers. Spare
parts on the other hand are stocked and supplied by the supply corps. However, stockpiling the
right items in the right amount at the right place is a very complex task from both a military and
economic point of view. Stockpiles of more and more sophisticated spare parts are a mgor
codt factor not only in military budgets. Airlines, manufacturing plants, etc. are faced with smilar
issues. In the last few decades, many of these organizations have managed to reduce their
inventories and safety stocks without reducing their efficiency. Some examples cited in RAND’s

“Velocity Management” report include the Cummins Diesdl plant, whose service part divison
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reduced its average inventory on the floor from $173 million to $22 million. Detroit Diesd
Remanufacturing has been able to reduce its safety stock from 30 days to 5 days by
reengineering its operations [Ref. 1].

Naturdly, the military is dso highly interested in reducing their sockpiles, especidly in
gpare parts, which seem to offer a huge potentid for downszing its budget. However, the
circumstances for reducing military stockpiles are different from the commercid world. The
demand for repairs and spare parts depends on the mission, the scenario, and many more, often
unpredictable factors. As a result, the demand for spare parts varies greatly over time, which
makes finding an appropriate levd for the stock difficult. Nevertheless, the availability of spare
pats in a timey manner is a precondition for successful maintenance and repar. Force
readiness depends on the effectiveness of the maintenance and repair process. This means that
an adequate supply of spare parts must be ensured, especidly in missons outsde the native
country. Accurately predicting the demand for spare pats seems quite difficult, if not
impossible. John B. Abdl concluded his RAND sudy “Estimating Requirements for Aircraft
Recoverable Spares and Depot Repair” with the remark, “We are impressed with the difficulty
of the problem of goares requirements.” A redistic amulaion of a mantenance sysem must
take this problem into account.

The SAM-Div dmulaion assigns a supply time for spare parts to each repair. These
supply times have triangular distributions with parameters adjustable for each kind of equipment

and for each maintenance type. SAM-Div differentiates between items in sandard supply, with
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supply imes distributed between 0 and 42 hours, and criticd items with supply times between
12 and 192 hours. Furthermore, SAM-Div in its current verson can modd the repair process
for up to 10 mgor assemblies per equipment type.
Some questions arising from the issue of spare parts requirements are:

What spare parts and mgjor assemblies, and what quantities, are needed to repair

certain types of equipment?

What spare parts and what quantities are needed in the scheduled maintenance of a

certain type of equipment?

Which spare parts are “ critical items’ with long supply times?

What do the supply time distributions look like?

What is the probability that the supply time of aworkorder exceeds a certain

amount of time?
This chapter tries to answer these questions by andyzing maintenance history data, again
illustrated with the “Luchs” Section B addresses the firg three of these questions, whereas

Sections C and D ded with the last two.

B. SPARE PARTSUSAGE AND SUPPLY TIMES

This section addresses the firgt three questions posted above by extracting supply-
related information from the Hx3-files. Supply times are calculated by subtracting the date a
which a spare part was ordered from the date it became available. Thus, dl supply times are in

whole days and not in hours as in SAM-Div. The tables shown in the following subsections
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were created using Microsoft Access. It is emphasized that the underlying data are not complete

(Chapter 111). Hence, the column Amount contained in the table represents a lower bound on

the true amount used of the particular item.

1.

Corrective Maintenance

Table 5.1 shows a sdlection of spare parts used in corrective maintenance actions

during 1998. Thewholelist conssts of 1,707 items and is grouped by stock numbers.

Luchs 1998 Corrective Maintenance SupplyTime [days]

Stock Number |ltem Amount| Count | Avg | StDev Max Min
2530123005149 |RAD, LUFTREIFEN 117 63| 35.1 38.7 113 1
2530123008903 [RAD, LUFTREIFEN 82 51| 62.2 61.7 172 1
5330121619019 [DICHTUNG,RADIAL- 76 24| 12.0 11.1 39 1
6650121719741 |PERISKOP, GEPANZERT 75 40| 10.8 8.4 44 2|
5310121848509 [SCHEIBE, UNTERLEG- 72 14 14.1 8.7 29 1
5306121628456 |SCHRAUBE, VIERKANTA 70 16 8.8 5.7 2] 1
3110121632863 [LAGER,ROLLEN-,NA 68 22| 15.2 16.8 80 1
5330121597608 [DICHTUNG,GUMMISP 63 35| 19.1 17.8 60 1
5330121704128 |DICHTPACKUNG MIT 56 21 7.7 6.7 24 0
5330121633798 [DICHTPACKUNG,VOR 53 22 6.8 5.1 19 0
5330121633797 [DICHTUNG,RADIAL- 48 14 18.0 14.3 39 3
4730121644614 |ADAPTER,GERADE,R 44 10| 43.8 23.7 96 13
2540121879752 [POLSTER SITZ FZG 44 32| 16.7 21.5 81 1
5330121635123 |DICHTUNG,RADIAL- 41 18 7.4 4.8 20 1
2540121597603 [STOSZDAEMPFER,TE 40 22| 27.9 38.5 131 0
5340121762773 |RIEMEN, GURTGEWE 38 19| 18.3 16.4 60 1
5365121937187 |ABSTANDSHUELSE 35 6] 59.8 42.0 106 15
2520121598366 [WELLE,GETRIEBE 35 25| 23.9 23.9 86 1

Table 5.1 Sample of Spare Part Usage 1998 (Corrective Maintenance). The first two
columns identify the spare part by stock number and item name. The third column
specifies the amount of spare parts used during 1998, whereas the fourth column
represents the number of orders containing the specified spare part. Columns 5 to 8 show
some basic supply time statistics for each kind of spare part listed. This table was sorted
in decreasing order of “ Amount” and decreasing order of “ Avg.” Example: The first
item listed above, a tire-wheel combination with stock number 2530-12-300-5149, was
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ordered 111 times within 63 distinct orders. The minimum supply time for a single item
was 1 day, the maximum supply time 113 calendar days. The average supply time for this
itemwas 35.1 days, the standard deviation in supply time was 38.7 days.
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Reporting the median supply time instead of the average in tables like Table 5.1 would
generadly provide a better impresson of the supply Stuation because the average is quite
sendtive to outliers in the data. However, Access does not offer the choice to report medians.

Figure 5.1 illugtrates this Stuation for the tire-whedl combination ligted as the fird item in Teble

5.1
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Figure 5.1 Distribution of Spare Part Supply Times for Stock Number 2530123005149.

This histogram shows how misleading an average in a skewed distribution can be.
Although the average supply time for thisitemis 35.1 days, 50 percent of orders arrived
within the median supply time of 13 days.
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Tables like Table 5.1 can be used to crosscheck stocking policies and generd supply
datistics againgt gatistics for a particular wegpon system. Even more importantly, these tables
can be used to determine “criticd items’ in the supply chain. These are items, which are
essentid for the performance or safety of a piece of equipment, and, which show problems in
resupply. Thefirgt criteria cannot be extracted from the table. It hasto be evauated by technica
experts in combination with the tactica user of the wespon system. Problems in resupply,
however, can be identified. Larger numbers in the supply time columns 5 to 8 indicate such
problems, especidly when the number of ordersis dso high. Currently, thereis no firm definition
of acriticd item from a maintenance point of view.

The supply characterigtics of a spare part could be summarized in a “criticad index,”
which might be cdculated from an expresson involving some of the supply datigtics listed in
Table 5.1. This critical index should dso be weighted by the rdevance of an item for the
performance or safety of the wegpon system, as mentioned earlier. The items could then be
sorted by their “critical index.” Hence, a ligt with critical items coud be established for further
evauation by experts. A suitable expresson for an item’ s critica index could be:

Clnd=w*nf*n (5.1)
with: w = relevance factor (between 0 and 10)
m= average supply time

n = number of orders during a certain time period
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The average supply time is squared to reduce bias toward the number of orders. The top of the

ligt of critical items derived from the 1998 supply datistics usng Formula 5.1 is shown in Table

5.2.
Luchs 1998 Corrective Maintenance

Avg Critical |Relevance
Stock Number | Item Amount| Count | [days] Index Factor
2530123008903 |[RAD, LUFTREIFEN 82 51 62.2 1579283 8
2530123005149 |RAD, LUFTREIFEN 117 63 35.1 621888 8
6150121969839 |KABEL, SPEZIAL-, 9 9 82.7 307520 5
2530121664699 |STANGE STABILISI 17 10 87.4 229163 3
1005121909759 |SITZ VOLLST 15 15 60.1 216480 4
3040121631526 |HALTELAGER,ACHSE 30 23 29.§ 160362 8
2520121598366 |WELLE,GETRIEBE 35 25 23.8 142086 10
4320121649400 [PUMPE,RADIALKOLB 26 17 33.9 117097 6]
2920121601002 |REGELGERAET 1 GE 32 28 27.3 104504 5
5820121792733 |SE FUNK XK 240 4 4 49.3 97023 10
3030011793265 |BELT,V 4 4 122.5 60025 1
2540121597603 |STOSZDAEMPFER,TE 40 22 27.9 51241 3
1005121598118 |GRIFFBAUGRUPPE, WAF 9 9 23.7 50410 10
2530121671285 |LENKSTANGE 14 10 20.1 40401 10
2815123321466 |MOTOR, DIESEL- 7 7 23.7 39366 10
6650121719741 |PERISKOP, GEPANZERT 75 40 10.9 37325 8

Table 5.2 Patid Ligt of Critica Items. The relevance factors shown in Table 5.2 were
arbitrarily chosen for demonstration purposes. The items are sorted according to their
critical index, which was computed using Formula 5.1.

The methodology presented here can identify weapon-system specific supply problems,

which logisticians can then address.



2.

Scheduled M aintenance

Scheduled maintenance activities are sometimes combined with smaler repairs. Table

5.3 shows a sample of the spare parts and expandable items used in connection with scheduled

maintenance.

Luchs 1998 Scheduled Maintenance SupplyTime [days]

Stock Number |ltem Amount| Count | Avg |StDev| Max Min
5330121415114 |O-RING 65 69 10.9 9.0 48 1
2910121643075 |FILTER,DURCHFLUS 65 65 10.7 9.3 48 0
2910123035410 |FILTEREINSATZSAT 57 57 14.6 15.0 88 1
2910121288594 |FILTEREINSATZ, DURC 34 34 12.1] 8.4 29 0
5310121455778 |SCHEIBE SICH10,5 32 4 14.8 4.5 20 9
2940121563336 |LUFTFILTER 31 13 8.9 8.4 26 1]
4730121644557 |ADAPTER,GERADE,R 21 20 41.8) 38.4 97 2
5330123324652 |DICHTUNG 20 12 3.2 1.7 6 1
5330121983635 |DICHTUNG, NICHTM 17 3 12.7 5.5 18 7
2910121431087 |TANKBEL!FTUNGSFILTER 16 4 16.3 17.3 42 5
6650121719741 |PERISKOP, GEPANZERT 15 8 11.9 9.5 33 3
2910121643095 |FILTEREINSATZ,DU 13 11 14.8 12.1 29 1]
1055121420976 |MUENDUNGSKAPPE 13 2 19.0 18.4 32 6
4330121521224 [FILTEREINSATZ 12| 12 17.0 7.3 25 7
5330123303427 |DICHTUNG 12 9 8.7 3.2 12 5
5330121564852 |DICHTUNG 10 6 15.5 2.3 20 13
5330121635122 |DICHTUNGSBAUGRUP 10 3 6.7 0.6 7 6
3030011793265 |[BELT,V 9 9 61.8) 52.4 124 3

Table 5.3 Sample of Spare Parts Usage 1998 (Scheduled Maintenance). Table 5.3 was

sorted in decreasing order of “ Amount.” Spare parts and expandable items for scheduled
maintenance activities are ordered ahead of time. Therefore, the supply time statistics
shown above can be viewed as non-critical.
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3. Major Assemblies

Information about major assemblies, which were exchanged during the repair of a piece
of equipment, is contained in the Hx4-record of aworkorder. Thisinformation includes both the
serid number and mileage or operating hours of the defect assembly as well as those of the
replacement assembly. Idedly, tracking tis information can help one detect design flaws and
identify “lemons” Furthermore, statements about mean time between falures (MTBF) for
different kinds of mgor assemblies could be made. In addition, the question “Which mgor
assemblies of a wegpon system should be modded in a smulaion like SAM-Div?’ could be
addressed. However, the data qudity of the Hx4-files is insufficient for these tasks. Table 5.4
ligts dl mgor assemblies of the Luchs, which are contained in the 1998 Hx4-file. Remarkably,

all records come from only two maintenance facilities, whereas the Hx3-file lists 59 assemblies

from 16 units.
Work- Supply,

Unit# |order # |Stock Number |Major Assembly Amount |Time |Serial #
03594 (9800528 |2520123411311 |[ACHSE, FAHRZEUG, AN 1 2 (134794
03594 (9801232 |2520121597949 |ACHSE ,KRAFTFAHRZ 1 1 1188418
03594 19801232 |2520121597949 |ACHSE,KRAFTFAHRZ 1 1 189065
03594 (9801431 |1240121619548 |EINBLICKBAUGRUPPE 1 1 |5239
03594 19802016 |2815123321466 |MOTOR, DIESEL- 1 1 403999075092
03594 (9803042 |2520121597942 |GETRIEBE,HYDRAUL 1 1 |697
03594 19804344 |2815123321466 [MOTOR,DIESEL- 1 27 1403999052325
03594 19804955 |1005121538889 |ABZUGSVORR 1 1 (23991
03594 (9806480 |2520121597950 |ACHSE,KRAFTFAHRZ 1 1 (176298
3111319801213 |2590121597614 [ZYLINDERBAUGRUPPE 1 14 (3203

Table 5.4 Mgor Assemblies Luchs 1998. The 1998 Hx4-file contains only 10 of the 59
records listed in the Hx3-file. For instance, only two engines are listed, whereas Table 5.2
contains seven engines. This shows that the data quality of the Hx4-file is insufficient to
track major assemblies or to obtain performance data for simulations or other purposes.
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C. WORKORDER SUPPLY TIME DISTRIBUTIONS

The workorder supply time is defined as the time span between ordering the first spare
part and having dl the spare parts that are needed for the workorder available. The workorder
supply time is therefore a mgor time factor in the repair process. That is, it can be used to
mode the spare parts supply in a smulation of the repair process. Modding the workorder
supply time has the benefit of not having to model the supply of each individua spare part within
the repair process of a piece of equipment.

Figure 5.2, 5.3, and 5.4 show the 1998 supply time distributions for maintenance types

R (vehicle), W (weapon), and M (radio equipment).
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Figure 5.2 Workorder Supply Time Digribution (Vehicle).
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Rel. Frequency
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Figure 5.3 Workorder Supply Time Didribution (Weapon).
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Figure 5.4 Workorder Supply Time Digtribution (Radio).

The workorder supply time digtributions for the different maintenance types have quite
amilar shapes and datigtics. This is confirmed by Figure 5.5, which shows aplot of the density

linesfor the workorder supply times for the three maintenance types.
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Figure 5.5 Comparison Between Dendity Lines.
The shapes of the supply time digtributions suggest fitting a Welbull-mode to the data.
A generdized likdihood ratio test [Ref. 19] can be used to test the null hypothess that all

workorder supply times can be combined into one modd againg the dternative that a distinct
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modd for each maintenance type is more appropriate. The pvaue for the test in this case is
0.087, which means that the null hypothess is not rgected a a test level of 5 percent.
Therefore, a Welbull modd s fitted to the combined supply times. The resulting parameter
estimates together with their standard errors are:
a =0.886 SE (a) =0.0235
b=29692 SE(b)=0.6764
Figure 5.6 compares the distribution of the 1998 supply times with the distribution of

100,000 random numbers generated from the Weibull-modd:
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Figure 5.6 Workorder Supply Time Didribution vs. Weibull-mode. The model shows a good
fit to the 1998 workorder supply times.
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Supply times depend on a variety of factors, which cannot be extracted from
mantenance higory data Traning and qudity of personnd, scenario, budgetary factors,
stockage policies, and degree of supervison are only afew of the important factors that have to
be consdered. This means that there is no generd supply time distribution from which to
generae in a dmulation. Instead, different models are necessary for different scenarios
However, the workorder supply times shown in Figure 5.7 for the SFOR misson in Bosnia-
Herzegovina do not differ Sgnificantly from those of regular peacetime supply. A permutation
test [Ref. 21] using a two-sample Kolmogorov- Smirnov goodness-of-fit test yields a p-vaue of
0.453, which means that the null hypothesis (regular and SFOR supply times come from the

same distribution) is supported.

63



SFOR Workorder Supply Times Luchs 1998
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Figure 5.7 Workorder Supply Times SFOR.
D.  WORKORDER SUPPLY TIME PROBABILITIES
Oftentimes, it is of particular interest to know the probability that a workorder is
completely supplied with al spare parts within a specified time period. This probability can be
edimated and visudized by graphing the empirica distribution function of a set of supply times
[Ref. 18]. Figure 5.8 shows the empirica distribution function for the 1998 workorder supply

times.
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Figure 5.8 Empiricd Didribution Function (EDF) of 1998 Workorder Supply Times. The
EDF is an estimator for the probability that a random variable is less than or equal to a
certain value. Example: The probability that the workorder supply time is less than or
equal 50 days is about 84% (dotted line). The empirical distribution function is a step-
function with a discrete step at every supply time observation. This can be seen in the
upper portion of the graph, where every dot corresponds to a single observation.

Figure 5.9 compares the 1998 workorder supply times with the 1998 SFOR data.
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Figure 5.9 Comparison between Regular Workorder Supply Times and SFOR Workorder
Supply Times. This plot supports the results from the permutation test in Section C. The
empirical distribution function of the 1998 SFOR workorder supply times has a similar
shape as the distribution function of the regular workorder supply times.

The gregph of the empirical digtribution function reveds the variability in the digtribution
of supply times and can give indghts not achievable by only reporting averages. The supply time
digributions shown in Section C are dramaticaly skewed by supply times that are more than
two or three times the achieved average. Hence, a reduction in the variability seems at least as

important as a reduction in average supply times. Figure 5.10 shows the empirica dendty
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functions of two differently shaped hypothetical didtributions. Although they have identica

means, they differ subgtantidly in their variance.
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Figure 5.10 Comparison between Samples from Digtributions with Different Variances. Both
samples have a mean of 14 days. The sample from the uniform distribution has a
standard deviation (SD) of 3.2 days, whereas the sample from the exponential
distribution has a SD of 12.1 days. After 20 days all workorders from Sample 1 are
supplied. At the same time, only about 70% of the workorders of Sample 2 are supplied.
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E. CONCLUSIONS

This chapter showed that both the supply times for single spare parts and the workorder
supply times have exponentia-shaped, skewed digtributions with medians significantly smaler
than the means. The standard deviaions of these didributions are generdly of the same
magnitude as the means.

Section B developed the methodology of “critica spares,” which can help to identify
and tackle supply problems by sorting spare parts according to their supply datigtics.
Furthermore, listings with spare parts used in the repairs of a certain type of equipment in the
past can be used to crosscheck spare part assortments.

A suitable gpproach to mode the spare part supply in a smulation is shown in Section
C, where workorder supply times are extracted from the data. In the andlyzed cases, these
workorder supply times were independent from the maintenance type. Dependence from
scenarios and the type of equipment is assumed. However, this assumption should be checked
in further andyses. For the “Luchs” the dfference in the digtributions of SFOR and regular

workorder supply times was not Satigticaly sgnificant.
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VI.  VEHICLE MAINTENANCE HISTORY

A. INTRODUCTION AND OVERVIEW

Andyzing the maintenance higory of sngle vehicles can give precious ingghts into how
to modd fallures and scheduled maintenance activities of these vehicles. This chapter discusses
the possibilities and problems associated with this kind of andyss.

SAM-Div, like many other publications, assumes an exponentid digtribution of the times
between failures. The mean times between fallures (MTBF) are specified in SAM-Div's Data
Module for the different pieces of equipment, as wdl as for the different maintenance and
mission types. Like many other parameters in the Data Module, these MTBF' s together with
their stlandard errors represent “educated guesses,” which, in the process of “hardening” the
database with red world data, must be replaced with numbers obtained by anayzing equipment
lifecycles. Furthermore, the assumption of exponentialy distributed times between failures has to
be examined.

Andyzing avalable maintenance history data could be a way to verify this assumption
and to obtain at least some of the MTBF's in cases where the assumption is met. However,
since the available workorder records cover only peacetime operations, training exercises, and
peace keeping missions, not dl of the MTBF s used in SAM-Div can be obtained this way.

At least the following two preconditions on the data have to be satisfied to get accurate
and usable results. Firg, enough vehicles of a certain type with a complete maintenance history

are necessary to draw conclusions. A complete maintenance history over a given period means
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that al workorders, for both scheduled and corrective maintenance, have to be present in the
database. Secondly, the data entries, which correspond to the dimension of the MTBF, have to
be accurate. For ingtance, the MTBF for atruck is usudly given in “miles driven,” which means
that the mileage entries in the workorders are crucid in making inferences about the truck’s
MTBF.

Section B addresses the completeness of maintenance histories, whereas Section C

ded s with the accuracy of MTBF-relevant datafields.

B. COMPLETENESS OF MAINTENANCE HISTORIES

The maintenance organization software generates workorder numbers in consecutive
order for every maintenance facility. These workorder numbers are not related to the type of
equipment. Therefore, there is no way to determine whether the available repair workorders for
a certain vehicle is complete. For the part of scheduled maintenance, the Situation is different.
Scheduled maintenance activities are performed in regular time intervas and in a fixed order.
This means that for every vehicle the same types of scheduled maintenance eventsin roughly the
same amount should be present in the database. In the case of the Luchs in 1997, there are
scheduled maintenance activities for 351 different vehicles present in the database. This
represents 86 percent of the 409 Luchs-tanks existent in the Garman Army. The number of
activities per single vehicle ranges from 1 to 25, with an average of 5. These facts demondrate

that the database is far from complete with regard to scheduled maintenance.
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Chapter 111 demonstrated that the database consists of only 40 to 50 percent of the
workorders. This means that the database is aso not complete with regard to corrective
maintenance. This leads to the concluson that maintenance history records in their present

format cannot be used to determine MTBF' s.

C. ACCURACY OF MTBF-RELEVANT DATA

The database’ completeness (or the lack thereof) is not the only problem regarding how
to determine the MTBF s. The relevant data fields mileage and rounds fired show what Liond
A. Gaway and Christopher H. Hanks call operational data problems. In their 1996 RAND
sudy “Data Qudity Problems in Army Logigics’ [Ref. 7], Gaway and Hanks date that
operational data problems are present when data values are missing, invaid, or inaccurate. In
3.9 percent of the Luchs workorders in maintenance type R (vehicle), the entry for mileage is
missing. Moreover, in 53.8 percent of the Luchs workorders in maintenance type W (wegpon),
the entry for rounds fired is missng. A manud ingpection of nonmissng entries in the
workorders for some vehicles reveds even more problems. Many vehicles have congtant
mileages throughout the year and then a huge increase a a certain point, whereas some vehicles
toggle between two or three different mileage-levels. Thisdso gppliesto the rounds fired entry.

All this adds to the overadl conclusion stated in Section D.
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D. CONCLUSIONS

This chapter showed that tracking the lifecycles of specific vehicles or mgor assemblies
is impossible due to data qudity problems. This means that it is dso impossible to extract
falure-rdaed parameters like the mean time between falures (MTBF) from the maintenance
higory database in its current format. The data quality problems, which lead to these
conclusions, are the incompleteness of the workorder records and missng or invdid data

entries.
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VIlI. DATA QUALITY ISSUES

A. INTRODUCTION AND OVERVIEW

This chepter lists and discusses data qudity issues, which evolved during the data
andyss work of this thess. In addition, the chapter presents some examples of data quality
problems and gives recommendations on how to avoid them in a future maintenance
organi zation software.

As shown in this and some of the previous chapters, the maintenance history database
generated by the software currently in use has many problems. The introduction of new
software gives the opportunity to reorganize the manner in which maintenance history data is
collected. However, problems inherent in the current system must be addressed and avoided in
the new system. The design of the database includes the data collection and the definition of the
contents. Clearly, the development of this desgn is vitd for the database's intended use.
Therefore, the strongest efforts should be put into a consstent and compact design. It is very
difficult, if not impossble, to fix design errors later. It is more than frudrating to have modern
datistica software packages capable of performing dl kinds of sophidticated data analysis on
the data only to discover tha the data qudity is insufficient. The RAND report “Data Qudlity
Problemsin Army Logigtics’ [Ref. 7] showed that data quality problems are by far not the sole
respongbility of the user who entered “bad data” Many problems arise from unclear definitions,
awkward collection procedures, and disconnects between the facilities that generate and those

that use the data.
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Data problems can be categorized into: (1) those arising from the data structure and the
handling of the data (generation, export, import), and (2) those caused by the user while
entering the data nto the system. Section B addresses the first category, whereas Section C

addresses the second.

B. DATA STRUCTURE AND HANDLING

The mgor problem in the current system is the data loss occurring from the data
generating maintenance facility to the data-collecting agency. However, with the possihilities of
data transfer technologies and protocols developed during the past years, solving this problem
should not be hard.

The problem of data loss in the current system is worsened by the fact that each
workorder is split into four records (Hx1 — Hx4), as described in Chapter [11. If one of the four
records of a workorder is logt, the whole workorder is potentidly usdess for analyss.
Moreover, many andyss tasks require information from the different record types of a
workorder a the same time. For ingance, the extraction of supply times for a workorder
requires data fields from both the Hx1 and Hx3-records. Therefore, relationships between the
different types of files (Hx1 — Hx4) have to be created within the database. In connection with
the huge file sizes, this can make processing the data extremely dow. Even worse, query results
can be flawed whenever overlap information contained in two or more different records of the
same workorder is processed. For instance, a query designed to extract the number of spare

parts used for the Luchs in 1998, indicated that 2,750 periscopes were replaced during that
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year. This was a suspicioudy high number, since there are only 409 Luchs-tanksin the German
Army. A query design change revedled the correct number of 75 periscopes. The cause of the
falure of the origind design was the way Access handles related tables when total calculations
are gpplied. The point here is that many difficulties and errors could be avoided if the data were
not split into different files

Another important issue is the question “What data should be collected in a maintenance
history database?’ Currently, each workorder generates a huge amount of data because every
data field of the origind workorder is included in its Hx1 — Hx4 records & least once. Thereis
aso overlap in the information between the different records, e.g., the workorder number is
included eight times. The raw data description in Appendix B gives an impresson of the amount
of data generated by each workorder: 244 data fields with a total length of 1,837 characters.
Many of those data fields are generally blank. Furthermore, whether many of the data fields can
serve any purpose other than to use expensive hard disk space is highly questionable. For
ingtance, it may or may not be useful to store the name of the truck driver who brought the truck
into repair in the locd archive of the maintenance facility. However, soring this name forever in
the maintenance history database is certainly not useful. A careful design decison regarding
wha information should be included in the database is necessary. With the potentid of a
dramatic reduction in workorder record Sze, combining al the information of a workorder into

only one record should not be a problem.
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Currently, the data files are formatted as text files (.txt), probably the most universa
format avalable. However, there are some disadvantages in handling this format. The mgor
disadvantage is the danger of errors during the import of data into database software like
Access. Because of the high amount of blank fields, Access does not recognize the correct
format of the data. This means that the field specifications must be edited manudly, a lengthy
process prone to errors. A widespread format like Microsoft® Excel seems more suitable for

data- handling purposes.

C. DATA QUALITY

This section lists some examples of data quality problems encountered during the data
andyds part of this sudy. Mogt of these problems fdl within the respongibility of the user who
entered the data into the system. However, some of the problems are dso related to vague
definitions or bad input design.

The data field Auftragsart seems to have alow perceived vaue to the user. This data
field is a code designed to distinguish between different kinds of workorders, eg., repair after
accident, repair, scheduled maintenance level 2 and so on. It is therefore potentidly very
useful for a selective analyds, e.g., of corrective maintenance workorders. In practice, however,
this code cannot be used solely to filter the workorder types because 4.6 percent of the

workorders coded as corrective maintenance belong to one of the other categories. In addition
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to this code, an additiona query that checks the description of the workorder must be used to
categorize the workorders correctly.

A more severe problem is the amount of blank or invaid data entries even in important
data fields like serial number, license plate number, or repairtime Nearly 20 percent
(exactly 19.5 percent) of the Luchs workorders anadlyzed in this study did not contain the actua
repairtime, while 8.5 percent did not contain the standard repairtime nor the actud repairtime.
All in dl, 12.3 percent of the workorders in this study had to be discarded due to missing or
invaid data entries. A new software design should employ error-checking mechanismsto avoid
such problems. Furthermore, the set of mandatory entries should be extended and the graphica
user interface (GUI) should be designed according to principles based on the science of human
factors.

Additiondly, as many data entries as possible should be automated. For ingtance, the
item names of equipment or spare parts should be linked to their sock number and filled in
automaticaly. The Luchs workorders contained 41 (1) different names for the Luchs under one
stock number. This can lead to fase query-results whenever the andlyst is not aware of thisfact.

Strong efforts have to be made to improve the rdiability of data entries. Examples
include the data entries for actual repairtime and mileage, which were mentioned in earlier
chapters. If these data entries are collected to andyze them later, solutions resulting in improved
qudity have to be found. If on the other hand, an analyss of these entries in the framework of

the maintenance history database is not intended, then these data should not be collected.
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Interestingly, the U.S. Army seems to have smilar data qudity problems. The 1996
RAND report “Data Quality Problems in Amy Logigtics’ [Ref. 7] discusses many of the
problems mentioned above. The authors, Liond A. Gaway and Christopher H. Hanks,
conclude thelr report:

Force XXI characterizes information as an asset, perhaps the key asset of
armed forces of the 21st century. While much of the attention has been focused on
tactical and strategic information in support of effective combat operations,
logistics information is just as much a key asset for support operations. But to be
an asset, information must be built upon data of good quality. To have effective
and efficient support, therefore, the Army will need to improve data quality in all
parts of its logistics information systems. The kinds of problems we have discussed
in thisreport will need to be attacked aggressivey when discovered.

Nothing has to be added to conclude this chapter.
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VilIl. SUMMARY AND RECOMMENDATIONS FOR FURTHER WORK

A. SUMMARY

Today's military is chdlenged with the need to plan, execute, and support missons in
uncertain scenarios. Minimizing the risks and cogts of such missonswhile il achieving the gods
becomes more and more important. One important aspect in supporting any mission is to
forecast the maintenance demand. Simulation, with proper output andyss, proves to be a
auitable tool to ded with thiskind of decison-making under uncertainty [Ref. 10]. However, the
quality and accuracy of asmulation’s output depends not only on the smulation modd itsdlf, but
adso on the qudity of the data used in the smulation. Many current applications lke the
gmulation pat of SAM-Div suffer from the fact that their database conssts of too many
“educated guesses’ instead of red world data.

This thes's shows that some of the mgor parameters in SAM-Div's Data Module can
be extracted from existing maintenance history data. It uses the wheeled reconnaissance tank
“Luchs’ for demondration purposes. The anadyss focuses on repartime digtributions as an
integral part of the repair process. A mgor conclusion is that repairtimes can be modeled as
Waeibull digtributions with parameters depending on the type of equipment and the maintenance
type. The Luchs repartime-models andyzed in Chapter 1V were built with 1997-1999 data and

vaidated with data from 2000.
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Modeling the workorder supply times is a reasonable way to smulate the supply with
goare pats. Agan, a Welbull digribution proves flexible enough to modd this part of the
mai ntenance process.

Chapter V develops a methodology to identify spare parts with criticad supply
characterigtics. This is done by evauating a*“criticd index” from the supply times, the number of
orders, and arelevance factor for each spare part. The relevance factor specifies how important
the spare part is for the functiondity of its end item. This methodology can be used to tackle
supply problems and to crosscheck other supply satistics, stocking policies, or spare part
assortments for amission.

Data qudity issues andyzed in this thess include the finding that only about 40 to 50
percent of al workorder records are present in the database. This proved to be a magor
obstacle in some parts of the andyss. For ingtance, it was not possible to investigate the
maintenance history of sngle vehicles thorough enough to make statements about mean times
between fallures (MTBF). Among other data quality problems was a high amount of blank or
invaid entries. About 10 percent of the records were excluded from the analyss due to invalid
or blank entries. The data quality problems lead to the further conclusion that the maintenance
history database in its current form is not suitable to track lifecycles of pieces of equipment or

magor assemblies.
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B. RECOMMENDATIONS

In order to test the prototype of SAM-Div’'s smulation part, the database for a specific
scenario like the current Kosovo peacekesping mission should be filled with red world data
from the mission. To get the parameters and data needed to run the smulation, maintenance
records and recently collected data from Kosovo have to be andyzed according to the
methodology developed in this thess. After replicating the smulaion sufficiently, the outcome
andysis should produce a confidence interva for forecasted maintenance demand, which when
can be compared to the actual demand. This approach could vaidate the SAM-Div smulation
tool and lead to more accurate and reliable forecastings of maintenance demand. Furthermore,
extracting parameters for sysems other than the Luchs would show whether the findings
presented in this thess gpply to other systems as well. The usability of the “critica spares’
approach could also be checked within a case study “Kosovo.”

The introduction of a new maintenance organization software is a greet opportunity to
dramaticaly improve the data qudity. Avoiding any data loss and making gppropriate database
design changes as recommended in Chapter VIl seems especidly important. Findly, it is
desrable to creete a tool with a suitable GUI cgpable of andyzing and visuadizing maintenance

history data. Thistool should be based on the new software and database design.
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APPENDICES

Appendix A contans a printout example of an actud maintenance workorder. It
demonstrates the contents of the different record types Hx1 — Hx4. Furthermore, asample from
the raw datain text file format, and a sample from an Hx2- Access table, isincluded.

Appendix B contains the raw data descriptions for Hx1 — Hx4 files; these descriptions
contain the fiedd names, the types and the fidd lengths of the raw datafiles This information is
essentia for importing the data into database management software and may be used for future
anldyses.

Appendix C describes the features of the German wheded reconnaissance tank
“Luchs”

Appendix D describes and ligts the S-Plus code to estimate the parameters and

standard errors of a Weibull modd fitted to a given set of data.
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APPENDIX A: DATA SAMPLES

Example of a Maintenance Workorder (Description see page 82)

INST U. USTG KP

Liste: 005

Datum: 16.08.2000

DVU-VTT (MatErh) Seite: 001
INSTANDSETZUNGSAUFTRAG
R P 0 1 3 4 5
Datum DStNr Dienststelle PLZ Standort Auftragskurzbezeichnung
9111 102858 TSH/FSHT STAB 52060 AACHEN TMP MANGEL ABSTELLEN DF88
VersorgungsNr Proj/Gerdt/Bauteilbezeichnung Endgerat: VersorgungsNr Bezeichnung Seriennummer
2320121587360 SPAERPZ LUCHS 2 2320121587360 SpPz Luchs 8Rad 4243
Seriennummer Amtl.Kennz Bj/Erstinbetrb EinsArt BetrbLstg Sonstige Bemerkungen (Suchfeld) Drgl Vorrang
Y 947601 / 4 76/0876 0 K 011456 T 000046 MW 079 ;5
Letzte TMatPrfg Letzte DpInst  TANX AnzahlGer  AuftrArt Schaden n.SB Name, Dstgrd
04599 0794 K 010636 0000 001 01
InstDataTr:
AuftrNr - AuftrDat DstNxr DstBezeichnung DurchfArt AbrufPrfTrp AbrufGer AnnahmeGer Name, Dstgrd
RP 1345 9112 46118 INST U. USTG KP 2 48 48 HECK-KARH. ,OF
ArbBeg Arbunterbr ArbEnde AusgPrfg Name, Dstgrd UbergabeGer Name, Dstgrd
42 /
UlnstEinh:
AuftrNr AuftrDat DstNr DstBezeichnung DurchfArt AbrufPrfTrp AbrufGer AnnahmeGer Name, Dstgrd
ArbBeg Arbunterbr ArbEnde AusgPrfg Name, Dstgrd UbergabeGer Name, Dstgrd
/
ZustInstEinh:
AuftrNr AuftrDat DstNr DstBezeichnung DurchfArt AbrufPrfTrp AbrufGer AnnahmeGer Name, Dstgrd
ArbBeg Arbunterbr ArbEnde AusgPrfg Name, Dstgrd UbergabeGer Name, Dstgrd
/
PArt PORG Bewtg b rf nrf Einstfg Datum der Prifung PZeit (AW) Name, Dstgrd, aaPNr
PArt PORG Bewtg £fb rf nrf Einstfg Datum der Prifung PZeit (AW) Name, Dstgrd, aaPNr
ZNr !TDVIBildtf!AIIOZ !SA IB !M IMES!RZ !Beschreibung der Stérung 'AZ IFR 1ZNr IArbPosNr IMES
PR T | [ TR U TR SO P ' [ S SR | '
001 000 102 2 1 1 BESTEHENDE INST-AUFTRAGE:KA03656/KA00025/KA00718 RP 1 0 1
002 000 102 2 4 ZUBEHOR : ABSCHLEPPGABEL VERFORMT, HALTER SACHE 1 o
003 000 132 2 2 BREMSANLAGE : LOFTSPIELDER RADBREMSE 3 ACHSE LINKS 25 ]
004 000 511 2 ZU GROR, BBA GRUNDEINSTELLEN SIEHE AUCH Z.NR:25 3 0
008 000 211 1 2 15 EL.ANLAGE:KABELDURCHFUHRUNGEN DES 1 BATTERIEKASTEN 15 RP 5 [ 3
006 000 LOSE, BATTERIEPOLKLEMMEN ALLER BATTERIEN TEILWEISE 5 0
0c7 000 211 1 UBERZOGEN, INST. UND ERNEUERN. 5 [
oo8 000 201 0 2 10 KUHLANLAGE:OBERE MUFFE DER SCHNELLKUPPLUNG 10 RP 8 0 2
0098 000 201 0 HINTEN NICHT FEST,BEFESTIGEN. 8 ]
010 000 201 0 2 10 KOHLANLAGE 2 BEFESTIGUNGSMUTTERN UND UNTERLEGSCH. 10 RP 10 0 3
011 000 201 o FEHLEN UNTEN AM LUFTER,NEU ANBRINGEN. 10 [
012 000 102 2 3 60 BREMSANLAGE:VORRATSBEHALTER R F FLUSSIGKEITSSTAND 63 RP 12 o
013 o000 NIEDRIG V F 2U:HOCH, BEIDE ANSTEUERBLOCKE (KREIS1U2) 12 o
014 o000 AUSTAUSCHEN (ANSTEUERKREIS IM BREMSBLOCK UNDICHT) 12 o
015 000 (BREMSFLUSSIGKEIT WIRD UMGEPUMT) 13 [
016 000 102 2 3 BREMSANLAGE:HBZ,RF SETZT 2EITWEISE AUS, 12 ]
017 000 102 2 HAUPTBREMSZYLINDER ERN.,SIEHE KA-98/3656 12 0
018 000 01 1 2 5 BREMSANLAGE:PROFANSCHLUSS DRUCKLUFT NACH PROFUNG 5 RP 18 0 3
018 000 101 1 UNDICHT, ERNEUERN. 18 [}
020 000 01 2 3 30 LENKUNG:SPERRZYLINDER DER VIERACHSLENKUNG AN DER RP 20 o
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INST U. USTG KP Liste: 005 Datum: 16.08.2000
DVU-VTT (MatErh) Seite: 002

INSTANDSETZUNGSAUFTRAG

ZNr !TDvIBildtf!AI!0Z !SA !B !M IMES!RZ !Beschreibung der Stérung 1AZ !FR 1ZNy 1ArbPosNr !MES
P T JRNS SRR VRN YR SUNN P JR. | [ JRN S !
021 000 UMSCHALTUNG BEIDE UNDICHT, ERN 20 [
022 000 332 2 2 30 LENKUNG:BEFESTIGUNGSMUTTER AN DER SCHUBSTANGE ZUR 22 [
023 000 4 ACHSE 2UM WANNENDURCHTRIEB SCHEUERT AM UMLENKHEB 22 0
024 000 SCHRAUBE UND MUTTER ERN.LENKGEOMETRIE PRUFEN/EINST 22 ]
025 000 132 2 3 160 BREMSE:BREMSWIRKUNG BEI ROUCKWARTSFAHRT NICHT AUS- 163 RP 25 0 3
026 o000 2 2 REICHEND, KOMPLETTE BREMSE REINIGEN U.EINSTELLEN. 25 0
027 000 132 2 1 HINWEIS:F2G KONNTE NUR IM GRTRIEBENOTBETRIEB 25 0
028 000 GEFAHREN WERDEN SIEHE KA 3656 27 0
029 000 132 2 1 €o-PROFUNG HEIZUNG UBER ABC BELUFTUNG 1.0.28 25 4
030 000 120 0 3 20 ABC:ANLAGE BAUT ZU GERINGEN UBERDRUCK AUF RP 30 0
031 000 WAFFENWIEGE IM BLENDENBEREICH UNDICHT, 30 0
032 000 WAFFENBLENDENABDICHTUNG ERN. UND IM ANSCHLUSS 3 0
033 000 ANLAGE ERNEUT AUF UBERDRUCK PRUFEN 32 0
034 000 102 2 TE 046 OF HECK-KARHAUSEN 1
035 000 211 1 SES ELEKTROMATERIAL GMBH 5
036 000 211 1 ALTE STRARE 22, POSTFACH 1438, WEIL 5
037 000 10 1 1 PUMPENBLOCK WIRD IN AUSBILDUNG EINGEBAUT RP 37
InstDgtaTr:
SaRZeit MatKosten ArbKosten FremdMatKosten FremdArbKosten Fremdlstg RAusgPZeit SaArbZeit

342 266
UlnstEinh;
SaRzeit MatKosten ArbKosten FremdMatKosten FremdArbKosten Fremdlstg AusgPZeit SaArbZeit
ZustinstEinh:
SaRZeit MatKosten ArbKosten FremdMatKosten FremdArbKosten Fremdlstg AusgPZeit SaArbZeit

MatGrp MatNachwTrp BerStgMat MatGrp MatNachwTrp BerStgMat ErsTGrp BerStgMat ErsTGrp BerStgMat ErsTGrp BerStgMat

9286 9112 228 9112 9112 92112

ZNr | BAK ! VersorgungsNr ! VersArtBezeichnung !AT ! Mgef {HV ! BelegNr | Mgel | Rgel 1!Stat! Mdez ! BuchVermerk
! ! ' ! ! ! ! ! !

001 A0C 1005121616231 PUMPENBLOCK 1 0228 1

005 AOC 5940121992684 ADAPTER, BATTERIEAN 9286 10 cc

00S A0C 5940121992685 ADAPTER, BATTERIEAN 6 9286 13 6 6 BB

005 A0C 5325142259924 PASSE FIL 9286 15 BF

005 AOC 5325142259924 PASSE FIL 2 9293 1 cz 00002Anul
005  AOC 5325142259924 PASSE FIL 9306 11 BF

005 AOC 5325142259924 PASSE FIL 2 0068 56 cP 00002Anul
005 DEZ DA 200/280/15 PASSE FIL 2 0000 cz 00002Anul
005 DEZ DA200/280/15 KABELDURCHFUHRUNG 6 0000 6 6 DB514/00
010 AoC 5310121635084 SCHEIBE INNEN ABG 2 9286 18 2 2 BF

ol0 Ao0C 5310121433942 RING SICHERUNGS 2 9286 20 2 2 BF

oic AOC 5310121564996 MUTTER, SECHSKANT- 2 9286 22 2 20 BF

ol0 AoC 5310121635084 SCHEIBE, INNEN ABGE 2 9293 2 cz 00002Anul
010 AOC 5310121564996 MUTTER, SECHSKANT- 2 9283 3 cz 00002Anul
o010 AoC 5310121635084 SCHEIBE, INNEN ABGE 9306 12 BP

010 A0C 5310121564996 MUTTER, SECHSKANT- 2 9306 13 2 20 BF

010 AOC 5310121433942 RING SICHERUNGS 0000

olo0 AOC 5310121564996 MUTTER, SECHSKANT- 0000

012 nOC 2580121597620 NEUANLAGE X 2 9308 4002 2 2 BB

oie AOC 4730121825444 VERSCHRAUBUNG PROF 1 9286 23 1 1 BF
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INST U. USTG KP Liste: 005 Datum: 16.08.2000
DVU-VTT (MatErh) Seite: 003

INSTANDSETZUNGSAUFTRAG

ZNr ! BAK ! VersorgungsNr ! VersArtBezeichnung {AT | Mgef |IHV | BelegNr ! Mgel ! Rgel |IStat! Mdez ! BuchVermerk
! ! t 1t 1t ! ' [ !

o1s AOC 5330121564522 DICHTUNG 1 9286 24 1 1 BF

018 AOC 4730121825444 VERSCHRAUBUNG, PR 2 9293 4 cz 00002Anul
018 A0C 5330121564522 DICHTUNG 2 9293 5 cz 00002Anul
018 AoC 4730121825444 VERSCHRAUBUNG, PR 2 9306 14 2 2 BF

olse AoC 4730121825444 VERSCHRAUBUNG, PR 0000

o0is AOC 5330121564522 DICHTUNG 0025 12 BF

018 A0C 5330121564522 DICHTUNG 2 0068 48 2 2

020 A0C 2590121597619 NEUANLAGE 2 9286 25 BB

ZNr !'Btrblstg !SerienNr Schad {Btrbletg !SerienNr Gut !'{ ZNr |Btrblstg !SerienNr Schad {Btrbletg !SerienNr Gut
0 ! ! ! ot ! [ !

000 000000 000000 000 000000 000000

Benutzer: SCHRODER

Description:

The workorder shown above is a hardcopy printout of the data fields, which are processed
within the maintenance organzation software within each maintenance unit. These datafidds are
gplit up into four text files and sent as hidden files via floppy disk exchange to the next supply
unit, from where they are tranamitted dectronicaly to data processng agencies.

The firg part above the first table represents the Hx1-record of this workorder and is
described in 111.B.1. The firg table within this workorder represents the Hx2-record described
in 111.B.2, whereas the second table represents the Hx3-record, which is described in 111.B.3.
The lagt table, here with only one “zero” row, contains the information for the Hx4-record
desribed in [11.B.4.
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The sample shows eight Hx4-records within a Hx4 text file:

Sample of Raw Data (Hx4)

36250 9 9700832 001 9700832 01 002 001 S 000001 85/02369
1997183070235612

000001 92/ 42444

71942 3 9700210
000001

71942 9701108
000001 08737

71942 9700578
000001 2876858

71942 9700578
000001 2876775

71942 9700519

000001 30824

71892 4 9700942
001012 3632

71892 9701074
000001 018560

The sample shows an Hx2-table (Microsoft Access object):

001

001

002

001

001

001

001

9700210

9701108

9700578

9700578

9700519

9700942

9701074

01

01

02

01

01

01

01

002

002

001

001

056

001

010

001

001

001

001

028

001

013

H

980726
000100 89/ 28065
0 020
000001 85/03016
0 020
000001 | 9/504362
0 020
000001 | 9/535007
0 020
000100 26656
0 020
001380 3025
0 012
033801 006074
0 031

Sample of Access-Imported Data
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B lix2 1997 Table

9700001
19| 00004 9700002 001 012
0ooo4 9700002 002 050
00004 9700002 003 00
0ooo4 9700002 004 012
00004 9700004 001 /001
00004 9700004 002 030
00004 9700005 001 001
00004 9700005 002 013
0ooo4 9700005 003 013
0ooo4 9700005 004 033
00004 9700005 005 033
00004 19700005 005 (011
0ooo4 9700005 007 022
00oo4 9700005 003 023
00004 9700005 009 010
00004 9700013 001 /00
00004 9700013 002 001
0ooo4 9700018 001 /001
0ooo4 59700006 001 /031
00004 9700006 002 000
00004 9700006 003 019
T U e

1 15/ REIFEN ABFAHRGRENZE ERREICHT ERNEURN

3 1| SCHALTKUPPLUNG KUPPLUNGSPEDAL H NGT INST FH
3 1| KUGELKAPFE %ON LENKSTANGE AUSGESCHLAGEN,ERNI FH
3 1 ABGASUNTERSUCHUNG DURCHFIHREN FH

GEBER UMD NEHMERZYLIMDER, ERM
2 20 FRISTENARBEITEM F2 DURCHFIHREN 20/RG
2 10/ HALTER wON LUFTPRESSER GEEROCHEM SCHWEI~EN | 10/RG
2 40 FRISTENARBEITEM F3 MIT OELWECHSEL DURCHFIHREM | 40/RH
2 25 WIRKUNG DER BEA UND FBA ZU GERING ,BREMSEMN REIN 25/RH
2 UND EINSTELLEM FH
2 10| KRAFTSTOFFLETUNG SCHEUERT AN LEITUNG ZUR %aAkKL 10 RH
2 PUMPE RICHTIG YERLEGEN FH
2 10/ KRAFTSTOFFILTER VYERSCHMUTLT REINIGEN 10/ RH
2 5 BLIMKERZCHALTER LOSE BEFESTIGEN &5 RH
2 5 LEMKUNG SCHWERG NGIG ACHESCHEMKEL ABSCHMIER, 5 RH
2 10| SCHLAUCH WONWVARLUUMPUMPE UNDICHT ABDICHTEN 10/RH
2 1| OHNE ERKENMBARE M NGEL 1RH
BBA.94%, FEAZE%

3 1 ZWISCHENUNTERSUCHUNG DURCHFIHREM RO
3 10| SPRECHGARNITUR ZUGENTLASTUNG GERISSEN ERNEUE O MA
1 1/ MNR.7421 0 A
3 5 ABDECKUNG FERMHWHRER FEHLT ERMEUERM a P\ﬂ
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APPENDIX B: RAW DATA DESCRIPTIONS

Raw Data Description Hx1.txt

BAK
DSTNR_| NST
PZ_DSTNR
AUFTRNR
ANZAHL_GER
JAHRZEHNT
AUSSTDATUM
TE
DSTNR_BTL
PZ_DSTNRBTL
DSTNR_KP

El NSART
Y_NR_ART
SERNR
AUFTRKURZBEZ
VERSNR
GERAETBEZ
BJ
ERSTBETR_MON_JAHR
BETRLEI ST
SONST
LET_TMWP
LET_DEPI NST
BEI

TA_NR
PL_NR
ANZAHL
AUFTRART
SCHADNR
SCHI RRKEY
FRL
AUFTRNRL
AUFTRDAT1
DSTNRL
DSTBEZ1
DFART1
ABRFPRF1
ABRGERL
ANNGERL
NAME11

93

NOT NULL

NOT NULL

Type
VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 7)
VARCHAR2( 3)
NUMBER( 5)
NUMBER( 10)
VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 2)
VARCHAR2( 1)
VARCHAR2( 8)
VARCHAR2( 18)
VARCHAR2( 30)
VARCHAR2( 15)
VARCHAR2( 20)
VARCHAR2( 2)
VARCHAR2( 4)
VARCHAR2( 7)
VARCHAR2( 7)
VARCHAR2( 4)
VARCHAR2( 4)
VARCHAR2( 7)
VARCHAR2( 10)
VARCHAR2( 9)
VARCHAR2( 3)
VARCHAR2( 2)
VARCHAR2( 25)
VARCHAR2( 8)
VARCHAR2( 2)
VARCHAR2( 7)
NUMBER( 10)
VARCHAR2( 6)
VARCHAR2( 20)
VARCHAR2( 1)
NUMBER( 10)
NUMBER( 10)
NUMBER( 10)
VARCHAR2( 15)



ARBBEGL
ARBUNTERB1
ARBENDE1L
AGP1
NAVE12
UEBERGGERL
NAVE13

FR2
AUFTRNR_2
AUFTRDAT2
DSTNR2
DSTBEZ2
DFART2
ABRFPRF2
ABRFGER2
ANNGER2
NAVE21
ARBBEG2
ARBUNTERB2
ARBENDE2
AGP2
NAVE22
UEBERGGER2
NAVE23

FR3
AUFTRNR_3
AUFTRDAT3
DSTNR3
DSTBEZ3
DFART3
ABRFPRF3
ABRFGER3
ANNGER3
BAK
DSTNR_| NST
PZ_DSTNR
AUFTRNR
ANZAHL_GER
JAHRZEHNT
AUSSTDATUM
TE
DSTNR_BTL
PZ_DSTNRBTL
DSTNR_KP
El NSART
Y_NR_ART
SERNR
AUFTRKURZBEZ
VERSNR
GERAETBEZ
BJ

NOT NULL

NOT NULL
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NUMBER( 10)
VARCHAR2( 10)
NUMBER( 10)
NUMBER( 10)
VARCHAR2( 15)
NUMBER( 10)
VARCHAR2( 15)
VARCHAR2( 2)
VARCHAR2( 7)
NUMBER( 10)
VARCHAR2( 6)
VARCHAR2( 20)
VARCHAR2( 1)
NUMBER( 10)
NUMBER( 10)
NUMBER( 10)
VARCHAR2( 15)
NUMBER( 10)
VARCHAR2( 10)
NUMBER( 10)
NUMBER( 10)
VARCHAR2( 15)
NUMBER( 10)
VARCHAR2( 15)
VARCHAR2( 2)
VARCHAR2( 7)
NUMBER( 10)
VARCHAR2( 6)
VARCHAR2( 20)
VARCHAR2( 1)
NUMBER( 10)
NUMBER( 10)
NUM Nane
VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 7)
VARCHAR2( 3)
NUMBER( 5)
NUMBER( 10)
VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 2)
VARCHAR2( 1)
VARCHAR2( 8)
VARCHAR2( 18)
VARCHAR2( 30)
VARCHAR2( 15)
VARCHAR2( 20)
VARCHAR2( 2)



ERSTBETR_MON_JAHR

BETRLEI ST
SONST
LET_TMP
LET_DEPI NST
BEI

TA_NR
PL_NR
ANZAHL
AUFTRART
SCHADNR
SCHI RRKEY
FRL
AUFTRNRL
AUFTRDAT1
DSTNRL
DSTBEZ1
DFART1
ABRFPRF1
ABRGERL
ANNGER1
NAVE11
ARBBEGL
ARBUNTERB1
ARBENDE1L
AGP1
NAVE12
UEBERGGERL
NAVE13

FR2
AUFTRNR_2
AUFTRDAT2
DSTNR2
DSTBEZ2
DFART2
ABRFPRF2
ABRFGER2
ANNGER2
NAVE21
ARBBEG2
ARBUNTERB2
ARBENDE2
AGP2
NAVE22
UEBERGGER2
NAVE23

FR3
AUFTRNR_3
AUFTRDAT3
DSTNR3
DSTBEZ3
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VARCHAR2 ( 4)
VARCHAR2( 7)
VARCHAR2( 7)
VARCHAR2 ( 4)
VARCHAR2 ( 4)
VARCHAR2( 7)
VARCHAR2( 10)
VARCHAR2( 9)
VARCHAR2( 3)
VARCHAR2( 2)
VARCHAR2 ( 25)
VARCHAR2( 8)
VARCHAR2( 2)
VARCHAR2( 7)
NUVBER( 10)
VARCHAR2 ( 6)
VARCHAR2( 20)
VARCHAR2( 1)
NUVBER( 10)
NUVBER( 10)
NUVBER( 10)
VARCHAR2( 15)
NUVBER( 10)
VARCHAR2( 10)
NUVBER( 10)
NUVBER( 10)
VARCHAR2( 15)
NUVBER( 10)
VARCHAR2( 15)
VARCHAR2( 2)
VARCHAR2( 7)
NUVBER( 10)
VARCHAR2 ( 6)
VARCHAR2( 20)
VARCHAR2( 1)
NUVBER( 10)
NUVBER( 10)
NUVBER( 10)
VARCHAR2( 15)
NUVBER( 10)
VARCHAR2( 10)
NUVBER( 10)
NUVBER( 10)
VARCHAR2( 15)
NUVBER( 10)
VARCHAR2( 15)
VARCHAR2( 2)
VARCHAR2( 7)
NUVBER( 10)
VARCHAR2( 6)
VARCHAR2( 20)



DFART3 VARCHAR2( 1)

ABRFPRF3 NUMBER( 10)
ABRFGER3 NUMBER( 10)
ANNGER3 NUM  NUMBER(9)
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BAK

DSTNR_I NST
PZ_DSTNR
AUFTRNR

ZNR_SERAV_DUP
AUFTRNR_SERAV_DUP

ZNR 1
TDV
BTNR
AENDI DX
oz
STOERART
E

M

NES

RZ
SCHADEN
ARBZ

FR
MESDURCHG
ZNR 2
APNR_1
APNR 2
APNR_3
El NSATZ
BELNR

I D

TE

Raw Data Description Hx2.txt

NOT NULL

NOT NULL

NOT NULL

VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 7)
VARCHAR2( 3)
VARCHAR2( 7)
VARCHAR2( 3)
VARCHAR2( 1)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 3)
VARCHAR2( 3)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 1)
NUMBER( 5)
VARCHAR2( 50)
NUMBER( 5)
VARCHAR2( 2)
VARCHAR2( 1)
VARCHAR2( 3)
VARCHAR2( 2)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 16)
NUMBER( 9)
VARCHAR2( 3)
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Raw Data Description Hx3.txt

BAK
DSTNR_| NST
PZ_DSTNR
AUFTRNR
ZNR_SERAV_DUP
AUFTRNR_SERAV_DUP
SCHADZNR

ZNR

VERSNR
ARTBEZ

AUSTT

HV

BTK

BELEGDST
BELEGDATUM
BELEGNUMVER
STATK

MGGEF

MGGEL

RESTGEL

MGDEZ

MGAC1
MGGEF_UE
JAHRZEHNT _El NGANG
El NGANG
JAHRZEHNT BRSTLG
MATBERSTG
BUCHVERM
BAK_SCHI RR
BZEK

El &K

ZUSAN

PROJK

AVS

HWK

BK

ZK

AK

BEMERK
AUFTRABSCHL
KLAM

DEZFLAG
TDVANG

SEI TE

oz

GAPL
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Type
VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 7)
VARCHAR2( 3)
VARCHAR2( 7)
VARCHAR2( 3)
VARCHAR2( 3)
VARCHAR2( 15)
VARCHAR2( 20)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 5)
VARCHAR2( 4)
VARCHAR2( 4)
VARCHAR2( 2)
NUMBER( 6)
NUMBER( 6)
NUMBER( 6)
NUMBER( 6)
NUMBER( 6)
NUMBER( 6)
VARCHAR2( 1)
VARCHAR2( 4)
VARCHAR2( 1)
VARCHAR2( 4)
VARCHAR2( 20)
VARCHAR2( 3)
VARCHAR2( 2)
VARCHAR2( 2)
VARCHAR2( 6)
VARCHAR2( 3)
VARCHAR2( 2)
VARCHAR2( 2)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 1)
VARCHAR2( 20)
VARCHAR2( 1)
NUMBER( 5)
VARCHAR2( 1)
VARCHAR2( 15)
VARCHAR2( 4)
VARCHAR2( 3)
VARCHAR2( 6)



BTNR
DOUBLE_KEY
MGR L
BELNR

| D

TE

BAK
DSTNR_| NST
PZ_DSTNR

AUFTRNR
ZNR_SERAV_DUP
AUFTRNR_SERAV_DUP
BGRP_ZNR

SCHDZNR

ETZNR

SBG_ART

SBG _LSTG
SBG_SERNR

GBG_ART

GBG _LSTG
GBG_SERNR

BELNR

I D

TE

VARCHAR2( 5)
VARCHAR2( 13)
NUVBER( 10)
VARCHAR2( 16)
NUVBER( 9)
VARCHAR2( 3)

Raw Data Description Hx4.txt
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Type

VARCHAR2( 3)
VARCHAR2( 5)
VARCHAR2( 1)
VARCHAR2( 7)
VARCHAR2( 3)
VARCHAR2( 7)
VARCHAR2( 2)
VARCHAR2( 3)
VARCHAR2( 3)
VARCHAR2( 1)
VARCHAR2( 6)
VARCHAR2( 18)
VARCHAR2( 1)
VARCHAR2( 6)
VARCHAR2( 18)
VARCHAR2( 16)
NUMBER( 9)

VARCHAR2( 3)



APPENDIX C: DESCRIPTION OF THE “LUCHS’ TANK

Armored Reconnaissance Vehicle“ Luchs’

Engine Power: 287 kW (390 hp)
Speed: 90 km/h
fully amphibious
Range: about 730 km
Crew: 4
Inventory: 409
Armament:
0 20 mm Machine Gun
0 Rate of Fire: 800-1000 rounds/min

o Effective Range: up to 2000 m
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APPENDIX D: MAXIMUM LIKELIHOOD ESTIMATION

This topic is briefly discussed in [Ref. 16]. The following descriptions, explanations, and

S-Plus code fragments were taken from [Ref. 17]. The text and code were adapted for the
maximum likelihood estimation (MLE) of the parameters of a Weibull didribution to fit this
mode to agiven set of data.

1. Maximum likeihood estimation of the parameters.

The likelihood function L(a,b ) is the product of the densities evaluated at the data
vaues, treated as a function of the parameters. The MLE is obtained by maximizing this
function. Equivaently, the MLE is obtained by maximizing the log-likelihood function,
which is the naurd logarithm of the likdihood function. In the present case the log-
likelihood function is expressed as follows:

(a.R) = nlog(a) - nalag B)+(a- DA lox X ) - 4 (X, /B)?

j=1

Maximizing this function would entall finding the first derivatives with respect toa and b and
seiting them equal to zero. This cannot be done in closed form. Therefore, a computer must
be used. The stepsto find the MLE in S-Plus are the fallowing:

Step 1. Write afunction (called LLFWEI B here) to calculate minus the log-likelihood, as
shown below:

function(theta)

HEHHIHFHFHFHHHFT

LLFWEI B

Returns the negative of the Weibull |og-likelihood function.
Mnimzing LLFWEIB is the sanme as maxi m zing the
l'i kel'i hood

Data for the problem nust be contained in vector X,
existing in the workspace.

a <- theta[1]
b <- theta[ 2]
1k <- sum(l og(dweibull (x, a, b)))
return( - 11k)
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Step 2. Create the data vector and select a starting value for the solution

> X <- LuchsR[, 4] # colum of repairtines
> startval <- c¢(.1,5) # nmay need to use trial and error

Step 3. Invoke NLM NB (huilt-in S-Plus function to minimize a function). The solution is
thefirgt list dement.

> ylist <- nlmnb(startval,llfweib,lower = c(.01,.01))

> ylist[[1]]
[1] 0.8620241 191.3037296

The MLE isa = 0.862 and b = 191.30. Note that trial and error may be needed to find
the solution. When you do find a solution, it is a good idea to rerun NLMINB severd
times with different starting vaues to make sure that you get the same answer each time.

2. Standard errorsof maximum likelihood estimators:

Under certain mathematicd conditions, which are generdly met for Weibull models,
MLEs have standard errors that are easy to approximate. It involves taking al second
partid derivatives of the log-likelihood function, which will bereferred to as /(?) . Here, q

may be avector. In the above Weibull example, g was the 2-vector (a,b). There are four
second partial derivatives, which we can arrange into a 2° 2 matrix cdled the Hessan,
which will be denoted H. In the Weibull example, the second derivatives are given below:

Hay =1L = . 8 (x, /)2y X,/ B
ﬂaZ aZ ) ] J
1% n 14 a
H(1L2)=H(21 = = - —+= X IR [1+alog( X. /3
aa=HE=T = 228 0/ ratox, 10)
2 n
H(2,2)=1M _ ha a(a+1)é(xj/8)a

mw R 2 %

The procedure for finding the estimated covariance matrix of the MLEsis asfollows
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Step 1. Subdtitute the MLEs into the second partia derivatives: H(1,1), H(1,2), H(2,1),
and H(2,2) in the above example. Use S-Plusto caculate these terms.

Step 2. The edimated covariance matrix is minus the inver se of the Hessian.

Step 3. The standard errors are the square roots of the diagonal éements of the covariance
metrix.

Thefalowing S-Plus code performs the necessary caculations:

a <- ylist[[1]][1]

b <- ylist[[1]][2]

n <- 3913 #sanple size

H<- matrix(0, 2, 2)

xb <- x/ b

-n/ (a”2) - sum((xb”a)*| og(xb)”"2)
H1,2] <- -n/b + sunm((xb”a)*(1 - a*log(xb)))/b
H 2, 1] <- H1, 2]

H 2,2] <- n*al/(b"2) - a*(a+l)*sun(xb”a)/(b"2)
V <- -solve(H) # This is the matrix inverse function
sqrt(diag(V))

1] 0.0098283 1.9795037

— VVVVVVVVVVYV
=
=
=
A

The estimated standard efrors are SE(a ) = 0.0098 and SE(b)A: 1.9795.

105



THISPAGE INTENTIONALLY LEFT BLANK

106



INITIAL DISTRIBUTION LIST

. Defense Technica INfOrmation Carmter.......coooeeeeeeeeeeeeeee e

8725 John J. Kingman Rd., STE 0944
Ft. Belvair, Virginia 22060-6218

. Dudley KNOX LIDIarY .....coouoieeeeee et
Naval Postgraduate School

411 Dyer Rd.

Monterey, Caifornia 93943-5101

. Defense Logigtic Studies Information EXChaNge........ocveveeeeceevecee et
U.S. Army Logigtics Management College
Fort Lee, Virginia 23801-6043

. TSHIFSHT GIPWE....co ettt te e e teenaesneenseennens
L uetzow-Kaserne

Trierer Str. 445

52078 Aachen, Germany

. PYOf. TWL LUCES, AGVISON ... oo

Naval Postgraduate School
Operations Research Department
Monterey, Cdifornia 93943

. I WEIDINK, SECONA REAOE ... e e e et e e e e e e e e eeeeeeeaaans

Nava Postgraduate School
MOVES Academic Group
Monterey, California 93943

. Captain JENS HAMMENN........c.eiiieeee e et
TSH/FSHT Grp WE

L uetzow-Kaserne

Trierer Str. 445

52078 Aachen, Germany

107



