AD-A280 620 = T.i
CHIILUT -

|
>

[P SO Do, PR
v ‘;. e

THE APPLICATION OF A
READINESS-BASED SPARING MODEL
TO FOREIGN MILITARY SALES

THESIS +
Karen M. Klinger S
AFIT/GOR/ENS/94J-1
e ,.\.a: D10 QuALITY INSPECTED 3
F THE AIR FORCE

AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio




AFIT/GOR/ENS/94]-1

THE APPLICATION OF A
READINESS-BASED SPARING MODEL
TO FOREIGN MILITARY SALES
THESIS

Karen M. Klinger

AFIT/GOR/ENS/94]-1

4-19376

Approved for public release: distribution unlimited




AFIT/GOR/ENS/94]-1

THE APPLICATION OF A READINESS-BASED SPARING MODEL
TO FOREIGN MILITARY SALES

THESIS
Presented to the Faculty of the School of Engineering
of the Air Force Institute ot Technology
Air University
In Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Operations Research

M—M
doaossstion Fop l

- S
RITS  <oazr ?-—(

T RIET ~
DI o0% TS —
t.d

Une, g o M

Jw-o o R o) N '
Karen M. Klinger, B.S. T

I By oo M-‘.—.....};
Dlm‘»:';;:«""': - ,J‘ !
o T
Diet T :
A |
June 1994 ﬂ £ 5 |
e ’
S (R 2

Approved for public release: distribution unlimited




THESIS APPROVAL

STUDENT: Karen M. Klinger CLASS: GOR-94J

THESIS TITLE: The Application of a Readiness-Based Sparing Model
to Foreign Military Sales

DEFENSE DATE: 17 May 1994
GRADE:

COMMITTEE NAME/TITLE/DEPARTMENT SIGNATURE

Advisor Lee J. Lehmkuhl. Major. USAF aZ;C J gE Z; £ [/7
Vv

Department of Operational Sciences

/
Reader Dennis C. Dietz, Lt Col, USAF ’(./Q/rw é 9‘?:)

Department of Operational Sciences




Acknowledgments

The completion of this thesis would not have been possible without the help of several
people. 1 am deeply indebted to each and every one of them.

I would like to thank Major Dave Peterson for making me aware of the actual
problem and for putting me into contact with all the right people. Major Peterson was
truly the inspiration for this effort, offering a great deal of assistance in getting started and
getting focused.

I would like to thank Major Lee Lehmkuhl for finding an interest in an effort already

underway. Major Lehmkuhl offered the guidance needed to actually finish this eftort.

The completion of this thesis is due primarily to Mr Vic Presutti. Mr Curt Neumann.
and Mr Mike Niklas. They not only provided technical expertise but also much needed
encouragement, support, and time. [ am truly thankful for the contributions of these three
individuals.

I'd also like to thank my parents, Dave and Mary Cordonnier. Their encouragement
and support have never failed me, even when they thought the completion of this thesis
would never happen.

Finally. I would like to thank my husband John for his concern and understanding

through this whole effort. Only he can appreciate what an effort it was.




FCo S

Page

ACKNOWIBUZMENTS ..ottt e st e e e s e rrrnaeas e e il

LISEOF FIZUIRS .ottt ettt e sttt e e st e s babaa s vii

LiSE O TUDBIES covreiieeiieieiie ettt s eeeee s e e e esaeeeaeeeareensnrbrnseassesesssssnnes viii

ADSITACE ..ttt e e et e s e s e e bt aesae s trar e aaseransreaeessnstaneesaestees iX

Lo INFOAUCHION. ..ottt ee e e s e e e e e e e e e e eerrer e s s seeseasaaaaensseens |

GENETAL ISSUC .....coiiviiiii ittt ee e e e ter e e ea et e seesaeeen 1

Statement of the Problem.............coviviiiiiii e, 3

ReSedrch QUESHIONS. .....coeviiiiiiiiieerereerriieeeeeeerreresseeesbieeeeerersaann s 3

Scope and Limitations.........ooevvecevieiineiiiieeeieiiiieeeeeeieeeea e e 4

D INIONS ...ovveeeiiieeiieeiiiececeereceievrr e saeae s e s s e saeeeereeseenasrenenannnes 4

OVEBIVIBW ....ceiiiiieee ettt eeeete e s e et et e s s e easabrataessaataaean s saaeserarnasses 5

I, Literature REeVIEW . ...c.ooovviiiiiiiiiiiiiiiiiiieeiiee s iee s e e e e eeeeeeeeeeeeeeer e s aannnns 7

OVEIVIEW ....ciiiiieiieeeeiieeceeeeeeevvvsavss e reeasaasaaeaaeeaaaaaeeseeesenessrressnnnnns 7

FMS Reparable Sparing Models.........ooovoniiiniiniiiinniniiiiienineens 7
Computational Foundation for Current Models

(AFLCR 57-27) oottt e e 7

International Weapon Item Projection System (IWIPS)............ 7

International Data System (IDS) .....oooviiviiiiiiiiiiiieeeeene, 8

Intermediate CONCIUSIONS ......covviimmiiiiicieeeiieee e eee e eec e eeeveiees X

Foundations of Systems-Based Reparable Inventory Models ........... 9

(S-1.S) Ordering POLCIeS .......cveviiiiiiiiiiiiiiiieee e v

POISSON PIOCESSES covvvviviivreiiriiieiceiiieeiraeeeeeeeeeereereeererssnntnnnnnnsonns 10

Poisson DistibUION.........oovvvveeiiieiiccie e ceee e eeeeneeveees 10

Compound Poisson Processes ... I

Palm's ThEOMEM ..o e et 11

Nature Of Demands..............ooveviereiieiiiiiiiiiiiiainieeeneeeeieenerenereeeees 12

Measurement CRtEad...........vvevereimiriiiiiiriiieiiiee e ieeeeeeaeeeerereaaees 13

Fill RALC oot e e e e e aeraanes 13

BACKOTUEES .ooeiiiiiiiei e 13

Aircraft Availability..........ooooovii 13




Development of METRIC-Based Models..........cooeeiveeiiiieiieennnn.
Stationary Demand, Multi-Echelon. Single Indenture ...............
METRIC oot
ASSUMPUONS c.oviiiiieeiiieeiiieeeeeereeeeeerreseeeesnreeenseneasenns
Demand Computational Process.......cooeeeevvveeeecevineen.
Formulation ...
SoIUtion ProCess .....ooouiiiiiiiiiieeecece e
SUMMATY .ooiiiiiiiie e e
Stationary Demand, Multi-Echelon, Multi-Indenture.................
MOJ-METRIC ..ot
ASSUMPUONS Loeoiiiiiiiiiriiiriiiieee e erirreeee s e e esiarereeeeaens
Demand Computational Process........cccocceeevvenrnnenenne.
Formulation ...
Solution Process .......cooviiiiiiiieeieeeieeeeee e
SUMMATY ..ccoiiiiiiiiiiiii et e e
Aircraft Availability Model............c.cooeciniiiine e,
ASSUMPLIONS Loooiiiiiiiiii ettt ee e e e esnreaaee s e enanes
Computational Process.......cc..ccoovvvvevveeiniiiiniennnecnne.
Formulation ...,
SOIUtION Process ......vviveiiieeiieceiieeeee e
SUMMATY ..ooriiiiiiiir it eeeeeees
Van-METRIC ..,
ASSUMPUONS c..eeiiiiiiiiiiaiiireceiae e veeseestraeeeareeesesnnas
Computational Process.......c.cccoovvveievceininnvnncennennn

Mean and Variance for the Number of LRUs
in Depot REPair........ccccoeiiiiiniiniicnie e

Mean and Variance for the Number of SRUs
in Base Repair/Resupply ........occveevieriiiinnivnnien .

Mean and Variance for the Number of LRUs
in Base Repair/Resupply ......ccccoovevicivinninieincennene
Formulation and Solution ...
SUMMULY <o
Dynamic Demand. Multi-Echelon. Multi-Indenture ..................
Dyna-METRIC ......ccccooiiiiiii e
ASSUMPUONS ..c.ovviiiiiiiiiiireciee e erar e ne e
Computational Process........ooooeieveiriivnniin e
Formulation ...

1V

Page

14
14
4
15
16
17
17
20
20
20
21

21
24
24
25
25
25
26
27

;
30
30
30
31

36

37
40
42
42




Aircraft Sustainability Model (ASM).................
ASSUMPUONS Leoiirriiiiiieeeciieiiieeee e
Computational Process......c.cccovvviiineeenenne.
Formulation and Solution Process..............

L. Methodology ...,

OVEIVIEW ...oeiiiiiiieeeerrrer ettt
Data COllECHON ...ttt
Data Gathering .......ccooooiiireeiiiiiieeeeeeeeen
Data Analysis Plan.............cooonii,
Data Conversion ...........cocecceeeeneeeeniiieeeniee e
Model Development ..........ooovviveiiiiniiiiiiiceiiiene
ASSUMPLONS ..ovviiiiiiiiiiiecinertnrece e
APProach ..o
Representation of Results..........occooviinn.
Model Validation..........ovcvveeririiiiiiiiiiiiniieeeeees
Conceptual Model Validation...........coeveviiiiinni.
Computerized Model Verification ...........ccooeeeennne
Operational Validation.........ccccooiiiiinnn.
MOdelUSE....coiiiiiici e

Model Results.......oooiii
IWIPS versus ASM i,
Data Conversion Results........ooooeviiiiiiniiiiinnnn,
Model ResSults........oooiieiiiiiiiiiiiiiieieeee
Analysis of the ASM/FMS *Aodel Comparisons ..............
EXpert Opinion .....cccooooiiiiiiiiiiiiiiecc i
Walking Through Pipeline Computations .................
Stock Level Comparisons ...,
Pertormance/Cost Comparisons ..........ooceevevieeiieennn
Evaluation of Analysis ......coooviiiniiiii

................ 60
................ 61
................ 61
................ 62
................ 63
................ 64
................ 64
................ 65
................ 67
................ 6Y
................ 6Y

Page

................ 42
................ 43
................ 43
................ 45
............... 45
................ 46

................ 47

............... 47
............... 49
................ 49
................ 49
................ 49
................ 50
............... 50
................ 52
................ 53
................ 54
............... 54
............... 55
................ 55
................ 56
................ 57

................ 5%

................ S8
................ 59

59




Page

V. Summary, Conclusions. and Recommendations..............coooovvvineennnin, 70
Summary of Research Effort...............coooiiiiiii e, 70

CONCIUSIONS (.oiiiiiiiici e e e e e, 71
Recommendations.......oooiiiii e 72

Appendix A: Computations of Current FMS Reparable Sparing Models .............. 75
Appendix B: Computations Summary for the ASM/IDS Computation.................. 79
Appendix C: Computations Summary for the ASM/IWIPS Computation............. 84
BIbHOZIAPRY ..o et rae e a e et e e 87
VLl ettt ettt e e e e e e et e e e e e ettt e e e e e e et taaneaaeeennnanens 91

Vi




Figure

2-1.

-

List of Figures

Development of Reparable Item Inventory Models............cc.cooeevinnen.

Vil

Page




Table
3-1.
1-1.

4-2.

1-4,
B-1.
C-1.

List of Tables

Page
Comparison of METRIC-Based Models .........cccooeiiiiiiiiiiiencniie, 47
Pertormance/Cost Summary for the ASM/IDS Comparison ................... 61
Pertormance/Cost Summary tor the ASM/IWIPS Comparison ............... 63
Detailed Pertormance/Cost Summary for the ASM/IDS Comparison ... 66
Detailed Performance/Cost Summary for the ASM/IWIPS Comparison . 66
Computations Summary for the ASM/IDS Computation...........cccc.o....... 79

Computations Summary for the ASM/IWIPS Computation.................... 84

Vil




AFIT/GOR/ENS/941-1

Abstract

Current Foreign Military Sales (FMS) models provide stock levels that result in a very
low sy stem avatlability or a funding requirement that exceeds the overall budget. The
purpose of this research was to determine if an inventory model exists that can be used in
FMS reparable sparing to provide a more efficient and economical inventory purchase.
The Atrcratt Sustainability Model (ASM) is such a model. providing the most aircraft
availabihty possible from a given inventory investment by computing the optimal number
of spare parts to buy for each item.

FMS data was obtained from two sources - the International Data System (IDS) and
the International Weapon Item Projection System (IWIPS). Both systems are currently
used in FMS reparable sparing to provide stock level requirements to customer countries.
The data obtained from these FMS systems included part data. program data, and actual
recommended stock level quantities calculated by the respective FMS systems.

The ASM when compared to the current FMS models computed reasonable stock
levels and provided better aircraft availability for a given level of expenditure. The
comparison verified that the ASM is preferable to current FMS reparable sparing

techniques in the computation of stock level requirements.




THE APPLICATION OF A READINESS-BASED SPARING MODEL
TO FOREIGN MILITARY SALES

1. Introduction

General Issue

The sale of a weapon system and its associated spare parts and accessories to an allied
tforeign country can constitute "an investment in the national security and well-being of the
United States" (DISAM. 1992:6).

Foreign Military Sales (FMS) provide our allies with the means of detending their
own nations, making them stronger and better able to share in the defense of the tree
world. The US can then reserve our armed forces for more significant threats to our own

national security (DISAM, 1992:6).
In addition to preserving the national security. FMS also boosts the US economy:

...each $1 billion spent on new procurement in the United States for foreign military
sales. whether FMS or foreign national funds. directly creates or preserves over
20,000 man years of employment. This $1 billion generates in excess of $1.8 billion
of income as well as signiticant exports to help balance US trade with foreign
nations. That $1.8 billion of income. in turn. produces over $400 million of tux
revenue tor the US Government. (DISAM. 1992:6)

In January of 1993, US industry made a profit of $1.2 billion from the sale of 47 F-16
aircraft to Egypt alone. Follow-on support for that one sale generated $1.7 billion
(Noonan. 1993:unnumbered). In boosting the economy of the US in this way. FMS
contributes to the "well-being of the United States” (DISAM. 1992:6).

The US has a reciprocal responsibility to our FMS customers. When weapon systems
are sold. the US is responsible tor ensuring that our "customers plan for and obtain all

necessary support items. training. and services required to introduce and operate major




svstems/equipment” (DISAM, 1992:325). The US must support the weapon system
throughout its entire expected service lite (DISAM. 1992:325). Two phases are
considered in the planning of this support -- initial support and tollow-on support.

“Imtial support is provided to the purchaser before or at the same time the syvstem or
major item is delivered” (DISAM. 1992:325). Initial support provides the spare parts
required to support the weapon svstem during its initial period of service. the period
between delivery of the system and the beginning of tollow-on support (DISAM.
1992:326). "Follow-on support is normally defined as that support provided on a day-to-
day basis subsequent to the initial support period and prior to removal of the end item
trom the inventory” (DISAM. 1992:325). In order to best support the weapon systems
we sell. the US must consider both ot these phases. However. the inventory requirements
tor initial support establish a foundation for follow-on support so that the determination of
the level of initial support is crucial to the lifetime support of a weapon system.

The initial support period usually lasts tor a 12 to 24 month period (DISAM.
1992:326). The level of support during this period varies from weapon system to weapon
system. "A driving force in determining the amount of initial support to be provided tor a
particular weapon system for a customer country is often the amount of money that the
country is willing to invest” (DISAM, 1992:325). Another concept that must be
considered in determining the level of support is reliability. "The selection ot parts must
be atmed at reducing downtime in order that the weapon system can perform its
designated mission in the most cost-etfective manner.” (DISAM. 1992:326). The US has
the responsibility. then. of providing countries with an economical and etticient inventory
purchase.

Currently there are several reparable sparing models available tor use in determining
inventory requirements tor the initial support period in FMS. The computational
toundation tor these models is Air Force Logistics Command Regulation (AFLCR) §7-27.

The calculations within this regulation result in the buying ot large amounts of spare parts



to support various weapon systems. The parts bought are often not the ones needed.
resulting in additional part purchases. The calculations within AFLCR 57-27 and the
maodels that are based on these calculations do not provide for an efficient and economical
inventory purchase.

The Air Force. as well as the other DoD Components, have been directed to compute
inventory requirements using models that relate inventory to the operational availability of
the weapon system. "The models should be capable of: (1) Optimizing support to achieve
weapon system readiness goals for the least cost: [or] (2) Maximizing weapon system
readiness for a specified level of funding” (Department of Defense. 1993:3-1 to 3-2). A
similar model that relates inventory stockage to system performance is needed for FMS
reparable sparing. The model should be efficient and economical in that it buys those parts
that contribute the most to the operational availability of the weapon system within a
specitied cost constraint.

"Availability is defined as the probability that a system is operating satisfactorily at
any point in time” (Kapur and Lamberson, 1977:225). Aircraft availability is the
probability that an aircraft is capable of vperating satisfactorily at any point in time or that
the aircraft has all of its essentiai parts and is capable of performing its mission (Niklas.
1992:3). For the purposes of this thesis, operational availability of the weapon system is

referred to as aircraft availability.

f 0
The purpose of this research is to determine if an inventory mode] exists that can be
used in Foreign Military Sales (FMS) reparable sparing to provide the greatest possible

aircraft availability from a given inventory investment.

Researc stions
In order to tulfill the purpose of this research. the following questions will be

answered:




I. What computational methods for initial support requirements of an FMS customer
have been used in the past?
2. What mathematical models have been used in the past to obtain the most aircraft
availability possible from a given inventory investment?
3. Which one of these available models is appropriate for use in FMS reparable sparing?
4. How does the chosen model compare to the current method for FMS reparable
sparing?

a. Does it spend less providing a better mix of parts for the investment?

b. Does it use aircraft availability as a primary measure of effectiveness?

cope and Limitations

Even though both the initial support and follow-on support phases are important in
the lifetime support of a weapon system. this thesis focuses on the initial support phase
and particularly on the determination of an appropriate model to use in FMS reparable
sparing during this phase. Comparisons are made between the models currently being
used and existing availability based models. A model is selected based on these
comparisons. The model selected must: be convenient to use, provide performance
measures. ensure an efficient inventory investment. and maximize aircraft availability
subject to a cost constraint.

Although the data used by the various models may be questionable. it is not the focus
of this thesis to investigate the data. The application of the thesis results may thus be

limited by the accuracy of the input data.

Definitions
The models to be discussed are mathematical (analytical) models that represent a
foreign Air Force's reparable item inventory system. A reparable. or recoverable, item is

one that is designed to be repaired when broken and then reused.




The models are multi-indenture as well as multi-echelon. They are multi-indenture in
that they consider at least two levels. or indentures. of components. The components
considered are line replaceable units (LRUSs) and shop replaceable units (SRUs). An LRU
is "a component typically removed from the aircraft at the flight line. rather than in a back
shop” (Isaacson and others, 1988:xv). An SRU is "a subcomponent of an LRU, typically
removed from the LRU in the shop” (Isaacson and others. 1988:xvi).

The models are multi-echelon in that they consider logistics activities (supply.
maintenance. and transportation) within a three-level. hierarchical logistics structure:

tlight lines, local base repair shops. and depots (Isaacson and others. 1988:5).

Reparable components essentially move upward in this hierarchy. Reparable parts
are removed from the aircraft at the tlight line and are serviced at base level. If not
reparable there....they are sent on to the depot...Stocks of serviceable spare parts may
be held at any level. and over time these spares are sent down the hierarchy to replace
the reparable ones that have been sent up. (Isaacson and others, 1988:5)

The models compute the number of LRUS and SRUs that flow through logistics

resupply pipelines over time. A pipeline is:

a network ot repair and transportation processes through which reparable and
serviceable parts flow as they are removed from their higher assemblies, repaired.
and requisitioned trom other points of supply. (Isaacson and others. 1988:xv)

Overview
This chapter presented the management issue that prompted this thesis -- an
economical and efficient FMS reparable sparing method. The current FMS reparable
sparing methods are inefficient and do not directly relate stockage to aircraft availability.
Several mathematical models exist that maximize aircraft availability tfor a given
inventory investment. This thesis determines which (if any) of these existing models are
appropriate for use in FMS reparable sparing. The literature on these mathematical

models of reparable item inventory systems is reviewed in the following chapter. The




computational methods that have been used in the past to determine the initial support
requirements of an FMS customer are also reviewed.

An explanation of the approach used in this thesis is provided in Chapter [1l. The
approach includes evaluating and selecting an availability-based model for use in FMS
reparable sparing, collecting data. developing the application of the model. and validating
the model through comparing the results of the chosen model with the results of the
current method for FMS reparable sparing.

In Chapter I'V. the inventory model is validated. Comparisons are made between
current models being used and the chosen availability-based model. An evaluation of how
the chosen model compares to the current sparing method is made.

The result of this thesis is an inventory model that can be used in FMS reparable
sparing to provide a more eftficient and economical inventory purchase. The implications

of this result are explained in Chapter V.

6




1. Literature Review

Overview

Now that the need tor an availability-based inventory model to be used in FMS
reparable sparing has been established. the literature on current methods used to compute
initial support requirements of an FMS customer and on existing availability-based maodels
is reviewed. The review addresses: the computational foundation and current models
used for FMS reparable sparing, the theoretical and mathematical toundations of reparable
item inventory models. and the development of inventory models based on the Multi-

Echelon Technique for Recoverable Item Control (METRIC).

M arable Sparing Models
Two current models being used in FMS reparable sparing are: the International
Weapon Item Projection System (IWIPS) and the International Data System (IDS). These
models use similar methodologies in computing a spares quantity. The methodologies are
based on Air Force Logistics Command Regulation (AFLCR) 57-27.

-27). AFLCR 57-27

provides policy and procedures for determining "initial spare and repair parts requirements
to support Air Force weapon systems and end articles” (Department of the Air Force.
1991:3). There are four basic pipeline computations used in calculating the total initial
spares requirement for a part. The four pipeline segments include the base repair pipeline.
the base order and ship time (OST) quantity. the depot repair pipeline. and the base level
and depot level condemnation quantity (Department of the Air Force, 1991:28-29). The
tormulas used in the computation of these pipeline segments are presented in Appendix A.

. The TWIPS is a database that

contains information on "parts and equipment required to support a weapon system

activation and (that) projects initial support requirements ot a given weapon system sale




under FMS concepts und requirements” (Department ot the Air Force. 1983:1-1). IWIPS
was developed in the 19705 as a minicomputer-based system at San Antonio ALC. TX.

The initial spares computations within the IWIPS are based on the computations
within AFLCR 57-27 (Mueller. 1992:unnumbered). These IWIPS computations are
presented in Appendix A.

International Data System (IDS). The "IDS is a computer data base. containing
information on spare parts. for specified FMS programs” (Mueller. 1992:unnumbered).
The IDS is used to compute initial spares quantities tor various FMS programs such as the
F-16 aircraft. The initial spares computations within the IDS are identical to those within
the IWIPS except that the IDS does not compute a safety stock level (Peterson.
1992:unnumbered).

Intermediate Conclusjons. Current FMS reparable sparing models use the "item
approach” (Sherbrooke. 1992:3). "Traditional inventory theory uses the item approach.
where the spares for an item are determined by simple formulas that balance the costs of
holding inventory. ordering. and stockout” (Sherbrooke. 1992:3). The item approach
projects the number of spare parts needed for an item without considering the other items
on the system. The consideration of only one item at a time may lead to a very low system
availability or a tunding requirement ftor all parts that exceeds the overall budget
(Sherbrooke. 1992:3). Thus the item approach is not very etficient or economical: "the
availability and total investment in the system of items are uncontrolled outputs of the item
decisions " (Sherbrooke. 1992:3),

According to Sherbrooke. a preferred alternative for reparable item inventory

management is the "system approach” (Sherbrooke. 1992:2).

The system approach presents the manager with an availability-cost curve of
efticient system alternatives....Any points below the curve are ‘inefficient’ in that it is
possible to find solutions on the curve with more availability or less cost: points
above the curve are unobtainable. The manager chooses the point on the curve that
meets the availability requirements within budget limitations. (Sherbrooke. 1992:3)




In providing tor the most availability possible from a given inventory investment, the
system approach provides the optimal number of spare parts to buy tor each item:

The mismatch between item-level decisions aid system resources. such as money. or
system pertormance requirements does not exist when the system approach is used.
Each point on the optimal system cost-effectiveness curve corresponds to a set of
stockage policies - a stock level for every item. (Sherbrooke. 1992:4)

The system approach then provides for an efticient and economical inventory

purchase such as is required in FMS reparable sparing. The METRIC-based models to be

discussed use this system approach.

There are several principles. processes, and theorems that form the theoretical and
mathematical toundations of reparable item inventory models. These principles.
processes. and theorems include (S-1.S) ordering policies. Poisson processes. Palm'’s
Theorem. and the nature of demands (whether stationary or dynamic). Understanding
such concepts assists in understanding reparable item inventory maodels. In understanding
how well a reparable item inventory system pertforms. it is important to understand the
measurement criteria used in assessing the system's performance.

(S-1.S) Ordering Policies. The theory of one-for-one (S-1.S) ordering policies is the
foundation for the reparable item inventory models reviewed. In order to understand this
policy. the normal supply process must be understood. Parts break. If possible. they are
repaired at the base: if not. they are shipped to the depot. The base will provide a spare to
the customer if available. If no spares are available at the base. the customer must wait for
a spare from the depot or tor a repair at the base (Nahmias. 1981:254).

The inventory position at the base. then. is defined as the total number ot units on
hand plus units due in from base and depot repair minus backorders. The base maintains
its inventory position at a fixed stockage objective, S. and follows an (S-1.8) ordering

policy. Whenever one or more units is demanded. the inventory position talls below S (at

Y




least to S-1). To restore S. an order is placed for an equal number ot units that have been
demanded. Net inventory. which is on hund minus backorders. becomes negative
whenever backorders exist (Nahmias. 1981:254).

Poisson Processes. Poisson processes “closely approximate real-world arrival

processes” (Crawford. 1981:1). An arrival process is a counting process - “some group ot
entities (people. aircraft. etc.). each of which may give rise to some event of interest
(make a telephone call. have a radio failure. etc.) in each time interval” (Crawtord.
1981:10) Assume the entities are numbered successively (1. 2. 3. ... n) and associated
with each is a random variable. x(i), that is set to one if the entity caused an event or zero
it the entity did not. The total number of events or number of arrivals. v. in some fixed

time interval is the sum of all x(i) (Crawtord, 1981:10).

Suppose that Pr{x(1) = 1} = p(i). If the entities act independently and all the p(i) are
equal to some value p. y has a binomial distribution. If n is fairly large and p is
small. the Poisson distribution with mean np provides a very good approximation to
the distribution of y. (Crawford. 1981:10)

Because the number of intervals during which a demand can occur is very large (each
interval being short. lasting only a day or less). the number of demands in each interval is
independent of the demands occurring in any other interval. and the probability of a
demand in each interval is some small number. Poisson distributions are used to describe

the demand process within reparable item inventory models:

the Poisson distribution is a good approximation to an arrival process
generated by a collection of entities acting independently of one another, each
with a small probability of generating an event in a given short time interval.
(Crawford. 1981:10)

Poisson Distribution. A counting process. {N(t). t=0}. is said to be a Poisson process

with mean rate A if the following assumptions are true:

10




1. {N(1). t=0} has stationary independent increments:

2. tor any times s and t such that s<t. the N(t) - N(s) counts in the interval (s.t) is
Poisson-distributed. with mean A(t-s). That is.

(Sherbrooke. 1966:2)

PIN(t) - Nis) = k| = e-MUS(t) Kk k=0.1.2.... (h
The distribution of time between arrivals. or demands. is exponential (Feeney and
Sherbrooke. 1966:4-5)

Compound Poisson Processes. A generalization of the simple Poisson is the
compound Poisson. The compound Poisson involves batches of demand rather than single
demands (Feeney and Sherbrooke. 1966:4-5). The compound Poisson represents "u series
of customers with Poisson armivals who demand an amount which has an independent
discrete distribution” (Feeney and Sherbrooke. 1966:5).

The compound Poisson has three properties:

[. Any compound Poisson distribution with a positive. discrete compounding
distribution has a variance that equals or exceeds its mean.

2. The compound Poisson distributions are the most general class of 'memoryless’
discrete distributions.

3. The summation of N independent compound Poisson processes with mean
customer arrival rates Aj. A2.....AN yields a compound Poisson process with mean
customer arrival rate A = the sum over all N of 4. (Sherbrooke. 1966:7)

The negative binomial distribution is an example of a compound Puisson. Several
distributions. such as the logarithmic and geometric. can be combined with the Poisson to

obtain the negative binomial distribution (Hadley and Whitin. 1963:90):

[x+n-l
px)=1 n-1 JpR(l-p)X D<p<l. x=0.1.2... (2)

The mean. M. of the negative binomial is n(1-p)/p. The variance. V. of the negative
binomial is n(1 -p)/p2 (Hadley and Whitin. 1963:100). The variance-to-mean ratio, then, is
V/iM or 1/p.

Palm's Theorem. Another theorem that plays an important role in reparable item
inventory models is Palm’s Theorem. There are two forms of this theorem. the classical

form and the generalized torm.




The classical form of Paim's Theorem addresses steady state. or stationary. arrival
processes: if

1. Demands are Poisson with arrival rate. A, and

2. The resupply time is an arbitrary probability distribution with mean T

(Feeney and Sherbrooke. 1966:3)

3. The resupply times are independent ot each other and of the demand
process. (Crawford. 1981:5)

The number of assets in resupply is Poisson with mean. AT. The steady state probability
that x units are in resupply is (AT)%e-AT / x! (Feeney and Sherbrooke. 1966:5). Palii's
Theorem requires an infinite server queuing system. Within reparable item inventory
models. this translates to the availability of unlimited repair resources.

The above form of Palm's theorem incorporates a simple Poisson. This can be
maodified to incorporate a compound Poisson distribution.

The classical form of Palm’s Theorem provides the basis tor the generalized. or
dynamic. form of the theorem. The generalized form addresses dynamic. or non-
stationary. arrival processes.

Nature of Demands. All the reparable inventory models reviewed assume that
demands for parts are independent. The breaking of one part does not influence the
breaking of another part. Earlier METRIC-based models assume that "the distribution ot
demand over some future period of interest. such as six months. is stationary”
(Sherbrooke. 1968:129). Later models, such as Dyna-METRIC. address dynamic
demands due to changing operational tempos during wartime (Isaacson and Others,

198%:7). Isaacson describes Hillestad and Carrillo's 1980 eftorts:

Hillestad and Carrillo (1980) demonstrated that Palm's result could be
extended to the dynamic wartime situation. In their formulation. the time-
dependent component removals due to operational demands (e.g.. daily
demands over some time interval) are combined with the time-dependent
repair or transportation capability (e.g.. the probability that an item entering
the pipeline segment at time s will still be in the pipeline segment at time t)

to estimate the expected pipeline quantity size over time. They also extended
Palm’s original result to show that the pipeline distribution would be Poisson--




even under conditions of ime-varying demands and repair. (Isaacson and
others. 19KK:8)

Measurement Cnteria. In assessing the pertormance of a reparable item inventory
system. one of three measurement criteria has typically been used. The three critena ure
1l rate. backorders. and aircraft availability rate.

Fill Rate. Fill rate is the probabiiity that at least one spare item is available on the
warehouse shelf when a demand for an item oceurs: it is the probability that the number ot
demands during the resupply time are strictly less than the spare stock level. A pure or
compound Poisson can be used in calculating the fill rate. Because pix | AT) here

represents the steady-state probability ot x items in resupply. a pure Poisson is used:

S-1
Y pix
x=

AT (3)

where
S = spare stock level
AT = expected number of broken items
(expected pipeline quantity)
A = average daily demands
T = average resupply time
(Forshaw and others. 1986:8)

Backorders. Backorders are unfilled demands. They are the number of "holes”
in an aircratt. or the number of missing items on an aircraft. Again. a pure or compound
Poisson can be used in calculating the expected backorders. Using a pure Poisson. the

expected backorders are computed as follows:

o0

Y (x-S)p(x|kT) H
x=S+1

Aircraft Availability. Aircratt availability rate is the percentage ot aircraft which
are available. or tully mission capable. It an aircratt is not missing a reparable component.
itis considered availuble (O'Malley. 1983:1-1). The computation of aircratt availability is

discussed in a subsequent section.




Typically. the vbjectives assoctated with each measurement criteria are to maximize
till rate. minimize expected backorders. and maximize aircratt availability. The objectives
associated with METRIC-based models are to either minimize expected backorders or

maximize wircraft availability.

Development of METRIC-Based Models

Figure 2-1 represents the development of reparable 1tem inventory models. METRIC
is the basis for the development of Mod-METRIC. the Aircraft Availability Model
(AAM). Van-METRIC. Dyna-METRIC. and the Aircratt Sustainability Model (ASM).
All of these models assume independent demands as discussed in the previous section.

Stationary demand reparable inventory models are examined first.

Stationary Demand. Multi-Echelon, Single Indenture.

METRIC. Sherbrooke describes METRIC as:

...a mathematical model translated into a computer program. capable ot
determining base and depot stock levels for a group of recoverable
items: its governing purpose is to optimize system pertormance for
specitied levels of system investment. METRIC is designed for
application at the weapon-system level. where a particular line item may
be demanded at several bases and the bases are supported by one central
depot. (Sherbrooke. 1965:123)
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Figure 2-1.

Development of Reparable Item Inventory Models (Peterson.
198Y:unnumbered)

Assumptions. The mathematical assumptions of the model are:

1) the objective is to minimize the sum ot expected backorders on all

recoverable items at all bases for a specific weapon system: a backorder is detined as "a

recoverable item missing on an aircraft” (Sherbrooke, 196§:125)

2) compound Poisson demand: each item has a logarithmic Poisson demand

process. This is obtained by considering "batches of demand where the number of batches

follows a Poisson process and the number of demands per batch has a logarithmic

distribution” (Sherbrooke. 196&:128). The logarithmic distribution is represented by
f(m) = (1-p)M/(Am) where A is the natural logarithm of (1/p) and p is between () and |

(Feller. 1968:291). The negative binomial distribution (Equation 21 is used to represent a

logarithmic Poisson process.




3 stativnary demand

4) complexity of repair. only. determines where a part will be repaired (base
or depot)

Sy lateral resupply between bases is not modeled

6 conservative system (there are no asset condemnations)

7) depot repair begins as soon as the part arrives trom a base

8) recoverable items have equal essentialities. that is. the relative backorder
cost tor all items is the same

Y) demand from different bases can be pooled (Sherbrooke. 1968:126-131).

Demand Computational Process. In order to understand the computations
within the METRIC solution process. certain fundamental computations need to be
understood. Throughout the explanation of the computations pertormed within METRIC,
the following data elements with notation appear: 1 = item. | = total number ot items. j =
base. and J = total number of bases.

When i customer arrives at a base with one or more demuands. he turns in a similar
amount of reparable items. An assumption of METRIC is that with probability Tij all of
items of type i can be repaired at the base and with probability (1 - rij! all of these items
must be repaired ai the depot. The mean customer arrival rate at the depot from any base
Jis (1 - ry) times the mean customer arrival rate at the base. lij- The mean customer
arrival rate at the depot for item i. Aj. is the sum over all bases of 21 - rjj). The mean
demand per customer at the base is fj;. so that the mean demand tor item i at base j is
)\ijfij = 8. Incorporating the mean demand for item i at base j. 9ij~ the mean depot

demand rate then 1s:

J J
b3 }‘iifii‘l - Tjj) =) (1 - rjj) (5
o

16




This equation represents the proportion of total demands placed on the bases that are sent
to the depot (Sherbrooke. 1968:131).

Like the base. the depot demand process is compound Poisson. The compounding
distribution. or distribution of demands placed by a customer. is a compuosite of the base
compounding distributions. These distributions are logarithmic Poisson. METRIC
assumes that the demand tor each item at each base has the same variance to mean ratio
(all fij = fj). even though the means are different. By assuming this. a logarithmic Poisson
process at the depot with that variance to mean ratio is obtained (Sherbrooke. 1968:132).

Formulation. Because the objective of METRIC is to minimize the sum of
backorders across bases. the expected backorder calculation 1s very important. This
calculation is used to compute the expected number of backorders. B(S). at a random
point in time given a particular spare stock level. S. The mean resupply (repair) time. T. is
drawn tfrom an arbitrary distribution and is applicable to all demands placed by the
customer (Sherbrooke, 196%:132). Demands are compound Poisson. p(x [AT. VTMR).
with the parameters being the mean customer rate. AT, and a variance-to-mean ratio,
VTMR. The VTMR varies by part and is approximated by a(AT)B where o is 1.132477
and B is .3407513 (Department of the Air Force, 1991:404). The expected number of

backorders at a random point in time then is:

o0

B(S)= X (x - S)p(x [AT. VTMR) ()
x=S+1

Solution Process. The METRIC solution process consists of five stages.
In the first stage the average time between a base request for a resupply from the depot
and base receipt of the item is computed. The average time between request and receipt is
a tunction ot the depot spare stock. S). It the depot has infinite spare stock. the time is
the average order and ship time. Oij- It the depot has zero spare stock. the time is Oi_i +

Dj;. where Dj is the average depot repair time. Because there is not always a serviceable




item at the depot when a resupply request is received, the delay at the depot must be
between zero and D; (Sherbrooke, 1968:132).

To compute the delay at the depot. the depot spare stock. Sj). must be considered. It
the number of units sent for depot repair. x. is less than or equal to Sj(). no resupply is
being delaved. If the number of units sent for depot repair is greater than Sj(). the resupply
on X - Sj() units is being delayed. Using this, the expected number of units which are

delayed at the depot at a random point in time is (Sherbrooke. 1968:133):

BSioIAD = £ (x - Sip)p(x | AiDj. VTMR;) (7)
x=Sjo+1

where
Ai =mean customer arrival rate at the depot (from above)
Dj = average depot repair time

The total expected system delay is the expected number of units which are delayed at
the depot at a random point in time multiplied by the length of the depot repair time.
METRIC is concerned with the average delay per demand. To obtain this. divide the total
expected system delay by the expected number of demands on the depot. The average

delay per demand is (Sherbrooke. 1968:133):

Y (x - Sip(x | AiDi. VTMR{VAifi = 8(Si0)D; (8)
x=Sijo+1

where
Ait; =expected number of demands on the depot per day for item i

o0

8Si) = X (x - Sipp(x | AiDi. VTMR{/AiDif;
x=Sij0+1

In stage two of the METRIC solution process. the expected backorders. as a function
of the base stock. S;j. are computed for each level of depot stock. Sj(). and each base.
This is done by using Equation 6 where S = Sj;. & = Aji. and T = rjAj; + (1 - 1| Oy +

d(S;0)D;4] (Ajj = average base repair time) (Sherbrooke. 1968:133). The resupply time.
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T. then. considers the time it takes to repair items at the base and the time it tukes to
repair items at the depot. based on the fraction of items going to the base ( Tjj) for repair
and the traction ot items going to the depot (1 - rjj) for repair.

A marginal analysis is performed within the third stage of the METRIC solution
process. The marginal analysis 1s used to optimally allocate the [first. second....} units of
depot stock to the several bases in order to minimize the sum of expected backorders at all
bases. This marginal allocation procedure is performed for each level of depot stock. S
Ateach step of the procedure. the next unit of stock is given to the base where the

greatest decrease in expected backorders will be realized (Sherbrooke. 1968:133).
Within stage four a table is constructed showing the expected backorders by item
given depot stock. Sjo. and the total stock across bases, S; under optimal allocation. The

(southwest to northeast) diagonals of this table represent constant total system stock tor
J
an item. Sj() + XS;. For each of these alternative system-wide stock levels. the minimum
i=1
expected system backorders is identified and the corresponding stock allocations recorded

(Sherbrooke. 1968:133).

Stage five considers all items. Another marginal analysis is performed within this
stage. Using the backorders computed in stage four, the next investment is allocated to
that item which provides the greatest benefit-to-cost ratio (decrease in expected
backorders divided by unit cost. ¢j). This item is the most efficient purchase alternative.
After each allocation of funding. the system investment and system backorders are
computed. The allocation procedure ends whenever the investment constraint is just
exceeded or the expected backorders are just less than a specified target value
(Sherbrooke. 1968:134),

The result of METRIC is a "shopping list” of what items should be purchased. This

list also gives the optimal allocation of the items among bases and depot.




As stated in assumption five. lateral resupply between bases is ignored in METRIC.
It a serviceable item is not available at the depot to resupply a base. the base must wait
until an item returns from depot repair. Sherbrooke states that this is appropriate. because
the number of lateral shipments that would be required is "typically small” (Sherbrooke.
1968:129). By ignoring lateral resupply. transportation costs and special costs of
expediting can be avoided (Sherbrooke, 196%:129).

Summary. METRIC was the first multi-item. multi-echelon. reparable

inventory model "ever proposed for implementation” (Sherbrooke. 1968:123).

Sherbrooke describes its advantages over existent USAF inventory models in 1968:

Compared to current Air Force policy our technique has the
advantage that unit cost is considered in the calculation. But even more
important in our view is the system approach. which displays a range of
optimal cost-etfectiveness alternatives to management. Instead of
computing stock levels on the basis of artificial estimates of holding cost
rate and backorder cost. this approach focuses management attention on
the entire weapon system so that an appropriate combination of system
etfectiveness and system cost can be selected. (Sherbrooke. 196%:123)

Stationary Demand, Multi-Echelon, Multi-Indenture.

Mod-METRIC. Mod-METRIC models a multi-item. multi-echelon. multi-
indenture inventory system. The model. like METRIC. is multi-echelon in that it
considers two echelons of repair and supply. bases and a depot. Unlike METRIC. the
model is multi-indenture. It "perniits the explicit consideration of a hierarchical parts
structure” (Muckstadt. 1973:472). This "hierarchical parts structure” consists of two
levels of indenture--an LRU ("major assembly") made up of SRUSs ("components™)
(Muckstadt. 1973:472).

The first objective of Mod-METRIC is to describe the logistics relationship between
an LRU and its SRUs. Considering this logistics relationship. the second objective is to
compute spare stock levels for both echelons and both indentures. To determine the spare

stock levels. Mod-METRIC minimizes the total expected base backorders for the LRU
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subject to an investment constraint on the total system (bases and depot. LRU and SRU)
stock (Muckstadt, 1973:472).

Assumptions. The assumptions of Mod-METRIC are identical to those of
METRIC except for the tollowing: items may have difterent essentialiies ¢ Muckstadt.
1973:474). METRIC assumes that the relative backorder cost ot all items is the same.
Maod-METRIC assumes that the backorder cost of an LRU is different than that of an
SRU. An LRU backorder grounds an aircratt. An SRU backorder only delays the repair
of an LRU (Muckstadt. 1973:475). Mod-METRIC is primarily concerned with
minimizing the LRU backorders at minimal cost. It determines the most cost effective
inventory mix that reduces LRU backorders.

Demand Computational Process. In order to compute how ettective the
supply system is in meeting the demands for LRUs. the system's relationship between
LRUs and SRUs must be described. This relationship is expressed in the equation which
represents the average LRU resupply time (Muckstadt, 1973:475).

Throughout the following discussion of the computations performed within
Mod-METRIC. i refers to LRU. j refers to base. and k refers to SRU (1 = total number of
LRUs. J = total number of bases. and K = total number of SRUs on LRU 1).

The average LRU resupply time for item i at base j. Tij- depends on the resupply time
at the base and the resupply time at the depot. considering that an item can be repaired at a
base or the depot. If an item is repaired at a base. the resupply time is the time it takes to
move through the base maintenance system. If an item is repaired at the depot. the
resupply time is the time it takes to submit an order for a serviceable item to the depot and
to receive the item from the depot. This assumes that the depot has a serviceable item. It
the depot has no serviceable item. an expected delay 1s included in the resupply time. This
delay is a function of the depot LRU stock level (Muckstadt. 1973:475).

The average resupply time. it the LRU is to be repaired at the depot. is the sum of the

average order and ship time. Oj;. and the average delay at the depot due to the luck ot a




serviceable item. The computation of this average depot resupply time within Mod-
METRIC is identical to the computation within METRIC (refer to the first stage of the
"Solution Process™ within the "METRIC" discussion). The expected number of items
incurring a delay at the depot at a random point in time is computed using Equation 7
except that the VTMR,; is ditferent. The VTMR within Mod-METRIC varies by part but
1s typically between 1.5 and 2.0 (Niklas, 1994:unnumbered). Equation & is then used to
compute the average delay at the depot per demand of an LRU. &(Sj())D;. The sum of the
average order and ship time. Oij~ and this delay is the average resupply time tfor an LRU
given that it is to be repaired at the depot (Muckstadt. 1973:476).

It the LRU is to be repaired at the base. the average resupply time is Bi_i- Bij 1s the
sum of the average repair ime. Ay;. given that the SRU needed to repair the LRU is
available. and the expected delay in the base LRU repair due to the lack of a serviceable
SRU. djj. Then. Bjj = Ajj + djj (Muckstadt. 1973:476).

There are two assumptions in this calculation. The first assumption is that only one
SRU breaks an LRU. The second assumption is that it the LRU is repaired at the base.
the tailure of the LRU is due to the failure of one of its SRUs (Muckstadt. 1973:476).

The expected delay in the base LRU repair due to the lack of serviceable SRU k is
represented by djjx (Muckstadt. 1973:476):

dijk = X (xijk - Sijk)p(xijk l;\ijkTijk~ \'TMRijk) / kijk (Y)
Xijk=Sijk+
where
Ajjk = average daily demands of SRU k on LRU i at base |
Sijk = stock level of SRU k on LRU i at base j
Tjjk = average resupply time for SRU k on LRU 1 at base |
The average SRU resupply time. Tjjk. is (Muckstadt. 1973:476):
Tijk = rijkBijk + (1 - rjjk)(Ojjk + 8Dy (1)

where

AR




rijk = the probability that a failure of SRU k will be
repaired at the base
Bjjk = average base repair time for SRU K at base j
O{;k = average order and ship time for SRU Kk at base j
Dy = average depot repair time for SRU k
The expected depot delay per demand of SRU K. 8 Dk. is computed in the same

manner as the expected depot delay per demand of an LRU. The expected number ot
items of SRU k on which a delay will be incurred at the depot is divided by the expected

depot demands for SRU k (Muckstadt. 1973:476):

o0

8Dk = T (x - SykIp(x |6xDk. VTMRy) / 6 (1
x=S(k+I1

where
Sok = stock level of SRU Kk at the depot
J
By = expected daily depot demands tor SRU k = X Ajjk( L-rijk)
=1

The expected delay of LRU i's repair at base j. then, due to the lack of an available

SRU at base j 1s (Muckstadt. 1973:476):

K
dij= (M rihip) T A (12)
k=1
where
K
T Ajjkdijk = totul expected delay due to all SRUs on the LRU
k=1

rijhjj = number of daily LRU demands at the base
Thus. the average resupply time for LRU i. Tj;. is the sum of the base resupply time
and the depot resupply time weighted by the probability that the item can be repaired at

the base or at the depot (Muckstadt. 1973:477):

Tjj = rijtAjj + dij) + (1 - 1 Ojj + 8(S;)Dy) (13)




The ditterence between METRIC and Mod-METRIC is within this calculation. The
incorporation of the average delay in base LRU repair due to the lack of a serviceabie
SRU. djj- is new in Mod-METRIC. A similar delay in depot LRU repair due to the lack of
a serviceable SRU does not appear to be incorporated within 8(S;))D;. It is assumed that
D;. the average depot repair time. includes a delay for the unavailability of SRUSs (Niklas.
1991:unnumbered). Repair at the depot involves the repair of an entire LRU. The time to
repair an entire LRU incorporates the time to repair any SRUSs that mayv be unserviceuable.
Thus. the depot repair time for an LRU represents the total time required to repair that
LRU. which includes the delay required tor the repair of associated SRUSs.,

Formulation. The problem to be solved by Mod-METRIC is the
minimization of total expected base LRU backorders subject to an investment constraint
on the total system (bases and depot. LRUs and SRUs) stock (Muckstadt. 1973:481). The
solution of this problem results in the optimal allocation of spare stock for both LRUS and
SRUs among the depot and several bases (Muckstadt. 1973:477):

J oo

min £ T (x- Sipp(xjj | ATij. VIMRy))
|:| Xl|=Sl|+]

St

I ) K K
I {X lCiSij + ZCkSijkl + chsmk + ¢Si01 <=C (i
i=1 j=I k=1 k=1

where

Sjj = stock level of spare LRU i at base j
Cj = unitcost of LRU i
ck= unit cost of SRU k
C = dollar budget limit
Solution Process. In order to obtain optimal spare stock levels tor several
LRUs and SRUS. this problem is solved for each LRU and its associated SRUS. Then. a

marginal analysis. using each individual LRU performance/cost tunction. i+ performed.




The result is an optimal allocation of spare stock among the several LRUs and their
associated SRUs and among the depot and several bases (Muckstadt. 1972:481).

Summary. In 1973, the Air Force implemented Mod-METRIC as the
method for computing recoverable spare stock levels for the F-15 weapon system
(Muckstadt. 1973:481). Currently. Mod-METRIC is used to compute spare stock levels
for engines and their associated modules.

Aircraft Av;';ilg bility Model. Minimizing expected backorders. alone. as in
METRIC and Mod-METRIC. is not a particularly useful performance measure. A more
appropriate measure of performance would be the number of available aircraft. which
takes into account the number of backorders. Recall from chapter . an available aircratt is
one that has all of its essential parts and is capable of performing its mission. An available
aircraft has no broken parts. or in other words, no backorders outstanding. A backorder.
then. can cause an aircraft to be unavailable to perform its mission. The Aircraft
Availability Model (AAM). as its nume implies. computes aircratt availability rates as they
relate to vanous funding constraints.

The AAM models a multi-item. multi-echelon, multi-indenture inventory system.

Like Mod-METRIC. it considers two echelons of repair and supply. a depot and several
bases. Unlike Mod-METRIC. it can simultaneously consider 40 types of aircratt with 250
subtypes and 92.000 total components with commonality: that is. a proportion ot the items
can be on two or more types. or subtypes. ot aircratt (O'Malley. 1983:3-8).

The objective of the AAM is to maximize the aircraft availability rate for a particular
arrcratt type. Mission Design (MD). subject to an investment constraint on total system
stock. The purpose of the model is to answer the following question for each MD: "With
a given amount of money. what spare items should be procured to achieve the highest
possible availability rate?” ((YMalley. 1983:3-1).

Assumptions. The assumptions ot the AAM are 1dentical to those of

METRIC except that the objective of the AAM i< to achieve a target availability rate at a




minimum cost. Itis not to minimize the sum ot expected backorders only as in METRIC
and Mod-METRIC. The AAM also allows for asset condemnations and models all
recoverable LRUs as having equal essentialities. In addition. the AAM assumes that all
bases modeled are identical. there are unlimited repair resources. and the removal and
replacement of an LRU is instantaneous (Rexroad. 1992:unnumbered).

Computational Process. In calculating the aircraft availability rate, the AAM
takes into consideration the number of LRU backorders upon an aircraft. In fact. an
available aircraft is defined as "one with no LRU backorders outstanding” (O'Malley.
1983:2-1). The availability rate then is the percentage of aircratt available over a certain
period of time (O'Malley. [1983:1-1). The expected number ot backorders do not explain
the etiects of a backorder upon an aircraft. The availability rate represents the probable
effect of backorders upon support of the arrcratt (O'Muiley. 1983:2-1).

Given an inventory of spare stock. the AAM computes the availability rate in two
steps. First. the expected number of backorders for each LRU on the aircraft are
computed. Second. the probability of one or more of the expected backorders occurring
on the aircratt is computed (O'Malley. 1983:2-1).

In computing the expected number ot backorders for each LRU on the aircraft, the
AAM uses the expected backorder calculations derived from METRIC and
Mod-METRIC (O'Malley. 1983:2-1).

For a given component. the model computes the total worldwide EBO tor many
ditferent total worldwide asset levels. For each worldwide asset level. the
model considers every possible way to distribute those assets between base and
depot and selects the distribution with the lowest total EBO. (O'Malley.
1983:B-3)

The probability that an aircraft is not waiting for a spare. the aircraft availability rate.
is computed using the calculated number of expected backorders. EBO;. for LRU;. The

basic atrcraft availability calculation does not consider either commonality or levels of
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indenture. The application percentage. or percentage of the aircratt that contain LRU; 18
also assumed to be one: all of the aircratt of a certain MD contain LRU;.

Formulation. The total number of LRLU; installed on an aircratt type. or the
total number of LRU; which should be functioning for a particular MD. 1s the number of
aircratt. AC. multiplied by the quantity per application on the aircratt type. Q;. For a given
level ot spare units, n. of LRUj. the probability that LRU; is backordered is EBO); ;,/(AC x
;). The assumption is that backorders are unitformly disuributed among the number of
required LRU; on the aircraft. A backorder of LRUj 1s as likely to vccur on one aircratt as
itis to occur on another. The probability that the aircraft is not waiting for one spare of
LRU; (Q;=hris 1 - [EBO;j ,/AC|. For an aircraft requiring Q; ot LRUY. the probability
that the aircratt is not waiting for a spare ot LRU; (Q; >iVis (1 - [EBO; p/(AC - Q)
(O'Malley. 1983:2-3). Assuming independence of backorders among all LRUS on an
aircraft. the probability that a random aircraft ot type MD is not missing any of its
reparable LRUS 18 the product of ati the individual LRV probabilities. The aircratt

availability rate is then (O'Malley. 1983:2-6):

|
AA =T11(1 - [EBO;/ (AC x Q) Qi (15)
i=l

Solution Process. O'Malley explains the technique used by the AAM to tie

aircraft availability to funding constraints:

The AAM uses a marginal analysis technique. i.e.. it ranks the candidates

for procurement and repair in decreasing order of benefit per cost to form an
ordered shopping list.” Buying and repairing from this list in the order indicated
assures that items which give the greater increase in availability rate per dollar
(of procurement cost or repair cost. as appropriate) will be acquired earlier.
Thu-. the AAM optimizes aircraft availability for any tunding constraint and
produces optimum shopping lists and optimum repair strategies. by component.
tor each funding level. (O'Malley. 1983:v)
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The AAM uses a "sort value” in order to sort candidate units for procurement
(Rexroad. 1992:17). The sort value is computed using the aircraft availability rate
caiculation.

Equation 16 represents the availability rate of a certain type of aircratt betore
procurement of the first additional unit and can be written as (Rexroad. 1992:15-16)

|
AA =TT 4p i i
1=1

=[ I gp i) | dh.j.ang) (16
%)

where
dh.i.n(i) = the probability that an aircratt of Mission Design Series
(MDS) h 1s not missing a4 unit of component i with n spare
units of component i in the system (Rexroad. 1992:10)

After procurement ot the tirst additional unit of component j. the availability rate
calculation 1s (Rexroad. 1992:16):

AA" = [Tl 4ghindi, Nh.j.n(j)+1 (F7
1#]

The ratio of the new to the old availability rates is:
AATAA =dhjng)+1/ dhjng) (1%
This ratio is dependent on the spares level of component j only and is referred to as the
"improvement tactor due to unit n(j) + 1 of component j” (Rexroad. 1992:16). This
improvement factor is written as (Rexroad. 1992:16)
Th.in = dhin/dhin-t (rn
The sort value of the nth unit of component i is then (Rexroad. 1992:16-17):
Shin=Intpjn/ C
=InWhin/dhin-1/C (20)
where

Cj = cost of component i




"The sort value is the measure of benefit per cost that is used to sort the candidate units
tor procurement” (Rexroad. 1992:17). The natural logarithm tunction is used to simplity
the calculation. Without using the natural logarithm tunction. the calculation ot the sort
value would involve multiplication and division of very small increments (the improvement
tactors. mentioned above). Using the natural logarithm function allows for addition of the
increments, simplifying the calculation of the sort value while providing equivalent results
(Rexroad. 1992:17).

Using this sort value calculation. a "shopping list". identitying what spare items to buy
in order to achieve a target availability rate at a minimum cost. is developed (Rexroad.
1992:15). The "'starting availability rate’. AA" for each type of aircraft is calculated using
Eqguation 16 (Rexroad. 1992:17). AAq provides a baseline availability rate. "The first unit
on the shopping list will be that with the highest sort value. say unit n(j) + 1 of component
J" (Rexroad. 1992:18). After this unit is bought. the availability rate 1s calculated by
(Rexroad. 1992:18)

AA=AAg - (dpjngr+l 7 Yhgng)
I

=1 Mdapind) 1 Cdngag+t 7 dhjng) )
i=1

= Mqnind) | 9hgnG)  Cdhjngi+t / dhjng))
1%

=1 M ahind) ] dhjnG)+l (2
i#
This product of the item availabilities incorporates the new spares levels. Items are added
to the shopping list in decreasing order of sort value: the one with the second highest sort
value is added. then the one with the third highest sort value, etc. Equation 21 is used to
calculate the availability rate after each subsequent unit is added to the shopping list
(Rexroad. 1992:18). Items are added to the shopping list until the desired availability rate

is achieved. "This shopping list contains only optimal solutions. For any desired




availability rate, buying in order trom this list until the rate i~ attained minimizes the tunds
required” (Rexroad. 1992:19).
Summary. The AAM has been implemented into D041, the Recoverable

Consumption Items Requirements System:

In DU41. the AAM is computing the Air Force worldwide peacetime requirement tor
reparable spare parts. It permits the Air Force to set availability goals by arrcraft
type and compute a worldwide requirement for reparable parts which will satisty
these goals at a minimum cost. (Rexroad. 1992:1)
Var-METRIC. Vari-METRIC was developed to improve upon the estimation of
expected backorders within METRIC and other. METRIC-based. multi-indenture.

models. Sherbrooke explains the problem:

Multi-indenture models for (s-1. s) inventory policies. such as Mod-METRIC
and the Logistics Management Institute (LMD Aircratt Availability Model.
understate the delay 1 the repair of g higher indenture item caused by
backorders on the item's lower indenture components. These models also
understate the multi-echelon delay in the resupply of a base trom a depot that
has backorders. Consequently. the models tend to understate expected
backorders and overstate expected availability of repair items. (Sherbrooke.
1986:311)

Items due-in at the base can either be on their way (in the process ot being shipped
trom the depot) or waiting at the depot for a lower indenture item that is backordered at
the depot (Slay. 1993:unnumbered). Vari-METRIC. unlike METRIC and other
METRIC-based models. considers these two situations and models them producing a
more accurate estimate of the expected backorders.

Assumptions. Although the assumptions of Van-METRIC are identical to
those of METRIC. Vari-METRIC ditfers from METRIC in its computation ot the
variance. The incorporation of this variance computation within Vari-METRIC "produces
an estimate of backorders that exceeds that of METRIC in all cases except when stock
levels are zero (when the two models agree)” (Sherbrooke. 1986:318). Sherbrooke

explains:
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In multi-indenture cases. and in multi-indenture, multi-echelon cases, we have
shown a tew examples indicating that the Vari-METRIC estimate of expected
backorders can be much larger than METRIC. Furthermore. the Vari-METRIC
estimate of backorders is close to the ‘true’ value obtained by simulation. We
have shown that Vari-METRIC might lead to a different allocation in such
cases. and 1n these cases the Vari-METRIC solution is better. (Sherbrooke.
[9R6:318)

Computationgl Process. Recall the multi-indenture. multi-echelon repair
process. When an LRU breaks. it is brought into base repair. If base supply has a spare
LRU. the LRU is replaced. If not. the base incurs an LRU backorder. The broken LRU
has a probability of being repaired at the base: if it cannot be repaired at the base. it is sent
to the depot tor reparr and a resupply request tor the LRU is placed on the depot
(Sherbrooke. 1986:315).

Assume. as in Mod-METRIC. that if the LRU is repaired at the base. the tailure of
the LRU 1s due to the tailure of one. and only one. of its SRUs (Muckstadt. 1973:476). It
base supply has a spare SRU. it is put on the LRU. and the LRU is repaired. It not. the
broken SRU has a probability of being repaired at the base: if it cannot be repaired at the
base. the SRU is sent to the depot tor repair and a resupply request for the SRU is placed
on the depot (Sherbrooke. 1986:315)

“If the LRU 1s not repaired at the base. a similar process for SRU repair occurs at the
depot” (Sherbrooke. 1986:315). An assumption is that all SRUs can be repaired at the
depot (Sherbrooke. 1986:315).

As in the discussion of the computations performed within Mod-METRIC. j reters to
base (0 = depot). and k refers to SRU (J = total number of bases and K = total number ot
SRU's). The discussion to tollow on the computations performed within Vari-METRIC
concentrates on a single item group (one LRU and its associated SRUs). Thus. k=0
refers to the LRU.

The essence of Vari-METRIC is in the enhancement of the calculation of the
expected base LRU backorders. Before discussing this calculation. an equation for the

demand rate tor the kth SRU at the depot must be developed (Sherbronke. 1986:316).
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The mean demand rate (arrival rate) at the depot for the LRU. A¢y). is “the sum of
LRU demands at the bases that resuit in resupply of LRUSs from the depot” (Sherbrooke.
1986:316). Mathematically. A(y) is the sum over all bases of Aj(1 - rj)) where Aj) is the
base LRU demand rates for j > 0. rj) is the probability that a failure at base j can be
repaired at the base and (1 - rj() is the probability that the failure must be repaired at the
depot (Sherbrooke. 1986:316).

The demand rate at base j for SRU k is that portion of the LRU demands that can be
repaired at the base which result in a demand for the kth SRU: Ak = Ajory Mijk- J.K > 0.
where ik is the conditional probability that an LRU repaired at base j will be due to SRU
k which is broken and results in a demand for SRU k (Sherbrooke. 1986:316).

Within Vari-METRIC. the demand rate for the kth SRU at the depot is comprised of
two terms, "the resupply demand rate from each base plus the SRU demand rate resulting
trom LRU repairs at the depot” (Sherbrooke. 1986:316). The resupply demand rate trom
each base is the number of demands at the base tor the kth SRU that are not repairable at
the base and must be sent to the depot. The SRU demand rate resulting from LRU repairs
at the depot is that portion of the LRU demands at the depot that are due to SRU k.
(Mod-METRIC does not include this second source of SRU demand.) The demand rate

tor the kth SRU at the depot. then. is (Sherbrooke, 1986:316):

J
Aok = 2 Ajkt - rjk) + Apodok k>0 (22)
j=1

This equation is essential to the calculation of the expected base LRU backorders that
follows. This calctlation requires a three-step procedure for any item group with given

stock levels.

(Sherbrooke, 1986:316). The portion of the demands for SRU k at the depot that is due

to LRU repairs is (Sherbrooke. 1986:316):




fok = Aoodok / Mok k>0 (23
The number of LRUSs in depot repair consists of two parts: the number of LRUS that
are actually being repaired within Djk- the average depot repair time. and the number of
LRUSs that are waiting for an SRU which is backordered (Sherbrooke, 1986:316). These
two parts are independent because an awaiting LRU at a random point in time. t. is due to
an LRU demand prior to t - Djk (Sherbrooke. 1986:313). In other words. an LRU cannot
be awaiting an SRU and be in actual repair at the same time. The total expected number

of LRUs in depot repair. then. is (Sherbrooke, 1986:316):

K

Exap) = AooDoo + = fokEIBsok | Aok Dok)] (24)
k=1

where
Sk = Stock level at the depot for the kth SRU
The expected number of LRUs that are actually being repaired (the first term in
equation 24) is Poisson with mean. AgDyy. The expected number of SRU backorders at
the depot (the second term in equation 24} i> binomialiy distributed with parameters
p = fpk and n = B(sk). The variance of the expected number of LRUs in depot repair.

then. is (Sherbrooke. 1986:316):

K
Var(x() =ApoDog + 2 fok(1 - fo EIBGk | Ak Dok +
k=1
K
T k2 Var B(sk | A Dog)] (25
k=1

(Sherbrooke. 1986:316). The portion of the demands for SRU k at the depot that is being

resupplied to base j is (Sherbrooke, 1986:316):

fik = Akl -rik) Aok k>0 (26)
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The number of SRUS in repair/resupply consists of three parts: the number of SRUSs
that are being resupplied trom the depot it the depot has stock on hand. the number ot
SRUs that are being repaired at the base when repair parts are on hand. and the number ot
depot SRU backorders that are delaying SRU resupply. The expected number of SRUs
that are being resupplied from the depot and repaired at the base (the first term in
equation 27) is Poisson with mean. Kjk[( I'-rjk)Ojk + rikAjkl. The expected number of
SRU backorders at the depot (the second term in equation 27) is binomially distributed
with parameters p = fjk and n = B(sk). The expected number and variance of SRUs in
base repair/resupply. then. are (Sherbrooke. 1986:316):

Etxjk) = AklC1-rjpOk + rikAjkl +

fjkE[B(Snk l Mok Do) j-k>0 (27)
Varxig) = AglC1- 100k + rigAjgl +

fik(1 - T EIB(sk | AokDokl +

ik 2 Var[B(sok | AokDok )] k> (28)

where

Ojx = average order and ship time from the depot to any base. j. of
"~ the kth SRU
Ajk = average base repair time at base j for the kth SRU

(Sherbrooke, 1986:316). The portion of the LRU demand at the depot that came trom
base j is (Sherbrooke. 1986:316):
fop = Aol - T A0 >0 (29)

The number of LRUS in base repair/resupply consists of three parts: (1) the number
of LRUSs that are in repair/resupply when the base and depot have stock on hand: (2) the
number of LRUS that are waiting at the depot for an SRU which is backordered (this
delays LRU resupply since there is a shortage of LRU's at the depoty: and. (3) the number
of depot SRU backorders that are delaying SRU resupply (this delays base LRU repair

because there is a shortage of SRUS at the base) (Sherbrooke. 1986.316-317). As stated
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previously. each LRU failure is assumed to be due to the fuilure ot only one SRU. Thus.
the expected number and variance of LRUS delayed in base repair (the third part above is
Just the sum of the means and variances tor the SRUSs backordered at the depot: each SRU
backorder at the depot equals an LRU delayed in base repair. The mean and variance for

LRUs in repair/resupply at base j. then, are (Sherbrooke. 1986:317):
Exj) = Aol 1-1ji0jo + rjnAjol +
fj()E[B(S()“ | E(xxgo).Vartxponl +

K
L E[B(sjk | E(xjk). Var(xjx 1] >0 (30)
k=1 ‘ ' ‘

Vartxjo) = AjolC - rjg)Oj + ripAjy! +
fj(1-Fij ELBeson | Exge. Varixgl +
fjqu‘dle‘SnniE‘Xnn)-Vur(X(m))l +

K
kZI \'ar[B(sjk l E(x‘ik).Vur(xJ'km >0 (3h

Within Vari-METRIC. then. the expected base LRU backorders are computed using the
expected backorder calculation from the AAM. Equations 30 and the quotient ot
Equation 31/Equation 30 are used to estimate the negative binomial parameters. mean and
VTMR. respectively.

Fommulation and Solution. The formulation and solution processes of Vari-
METRIC are very similar to that of the AAM previously discussed. Vari-METRIC
calculates an availability by computing the expected backorders just as in AAM. The
essential difference is in the calculation of the expected LRU backorders as defined above.

Summary. Vari-METRIC was developed for incorporation into existing
maodels such as Mod-METRIC. the AAM. and the Aircraft Sustainability Model (ASN).
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The Van-METRIC theory is not used in the AAM (Rexroad. 1994:unnumbered). but it is

used in the ASM. to be discussed later. According to Sherbrooke:

Vari-METRIC theory is used by a number of manutacturers in the United States.
particularly those involved with aircraft and related systems. In most cases the
applicauon is initial stockage lists. but it is hard to know the full range of model
usage. (Sherbrooke. 1992:201)

Dynamic Demand, Multi-Echelon, Multi-Indenture.

Dyna-METRIC. Dyna-METRIC maodels the Air Force reparable item inventory
system. It 1s multi-indenture as well as multi-echelon. 1t is multi-indenture in that it
considers three levels of components. LRUs. SRUSs. and subSRUs. SubSRUs are
“subcomponents of an SRU. including bits and pieces that are often consumed during
repair of the SRU" (Isaacson and others, 1Y88:xv-xvi). Dyna-METRIC is multi-echelon
in that it considers logistics activities (supply. maintenance. and transportation) within a
five level hierarchical structure: tlight lines. local base repair shops. centralized
intermediate repair tacilities (CIRFs). depots. and vanous suppliers of components
(Isaacson and others, 1988:5).

Dyna-METRIC builds upon previous METRIC-based models. It uses the expected
backorder calculation from METRIC and Mod-METRIC and calculates aircraft
availability as in the AAM. Dyna-METRIC. though. ofters several improvements over
previous METRIC-based models. The major improvement of Dyna-METRIC is that it
considers "time-varying demands" (Isaacson and others, 1988:8). This is essential in
modeling a dynamic wartime scenario. Dyna-METRIC was developed to provide the
kinds of information logisticians need "to improve wartime logistics support within a
single theater.” (Isaacson and others. 1988:1). The kinds of new information that Dyna-

METRIC provides are:
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operational performance measures

effects of wartime dynamics

ettects of repair capacity and priority repair
problem detection and diagnosis

spares requirements (Isaacson and others, 1988:1)

' b -

o

Dyna-METRIC is applied. then. in three major areas: capability assessments. problem
parts identification. and spares requirements computations (Niklas. 1992:unnumbered).

Assumptions. This thesis focuses directly on Dyna-METRIC's ability to
assess a unit's performance. Critical to the assessment of a unit's performance is the
calculation of the aircraft availability rate for that unit. The aircraft availability rate can be
computed in two ways -- under a no cannibalization policy (as with the AAM) and under
a tull cannibalization policy. Cannibalization is:

the practice of transferring a serviceable component from one aircraft to
repair another. The [donor] aircraft must already be unserviceable because
of another component tailure, and the needed serviceable component cannot
be obtained from local supplies. (Isaacson and others. 1988:xv)

Under a full cannibalization policy, all LRUs can be cannibalized, while under a no
cannibalization policy, no LRUSs can be cannibalized. In computing the aircraft availability
under full cannibalization, three assumptions are made. The first is that all aircraft at a
base are identical. The second is that cannibalization is always 100% successful. and the
third is that "cannibalization can be done instantly and without consuming resources "
(Isaacson and others. 1988:95). These a-sumptions are inherent in Dyna-METRIC's
aircraft availability calculations.

Other assumptions of Dyna-METRIC are that demands for spare parts are driven by
flying hours: there are always sufficient personnel and facilities to perform repair: and
repair and resupply are based on a First In, First Out (FIFO) policy. Simulated war
exercises, such as Coronet Warrior 1. I1. and 111 and Bull Rider. as well as Desert Storm
have validated these assumptions (Niklas. 1992:unnumbered).

Computationa} Process. The average daily demand rate. 8. within previous

METRIC-based models is based on a stationary probability distribution. Itis calculated
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using averages -- the average number ot aircratt and the average number of sorties per day
per aircratt. Within Dyna-METRIC the daily demand rate is a function of time. It is

based on varnables that may change over time:

For example. the number ot aircratt can change in time according to
the time sequence of deployment or because ot aiicraft attrition. The
number of sorties per day per aircraft changes as a result of
programmed changes in flving rates. and the flying hours per sortie
change as missions change. (Hillestad, 1982:9)

The repair time used in Dyna-METRIC is not a constant average repair time. T. as 1t is in
previous METRIC-based models. Dyna-METRIC uses "the probability that a component
entering repair at time s is still in repair at time t. This probability tunction. F(t.s) 1s called
the repair function.” (Hillestad, 1982:9),
The repair tunction is defined by (Hillestad. 1982:9):
F(t.s) = Prob {Component entering at s is still in repair at t}
= Prob {Repair time > t-s when started at s}
This retinement is important since the repair capability can now vary over time. The
tollowing examples demonstrate how this function is obtained for most instances in

component repair (Hillestad, 1982:9):

1. Deterministic (constant or tixed) repair time. T. This is typical of
METRIC. Mod-METRIC. and AAM

Fts)= 1ift-s<T
0ift-s2T

it. Exponentially distributed repair time with average T.

F(t.s) = e-(t8)/T

iii. No repair capability until time. T. with exponentially distributed
repair time after T.

Fts)= | itt<t

SUSIA RTINS P
e (ST jrtes<t
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iv. Fixed transportation lag. S. with exponentially distributed repair
time after transportation occurs.

F(ts)=1 ift-s < S
e ST jf s> S

Each of these repair functions is independent of the demand function. Other repair
functions could be modeled provided they too are independent of the demand function
(Hillestad. 1982:11).

"Dyna-METRIC combines the repair and demand functions to determine the average
number of parts in the pipeline” (Hillestad. 1982:11). Looking at the interval of time. As.
centered at time s. the expected number of assets in the repair pipeline at time tis
(Hillestad. 1982:11):

AA(Ls) = OB(s) - F(1.3) - As (32

where

AA(ts) = expected number of components in the repair pipeline at
time t that arrived during the interval around s
0(s) = daily demand rate at time s
F(t.s)= probability of component not out of repair by time t
As = interval of time centered at s

If we assume that the number of failures arriving in the interval As is
independent of the number of failures arriving in similar intervals
centered at other times other than s and that the repair probability
function is independent of the probability distribution generating the
demand rate. we can sum the contributions of all intervals to obtain
(Hillestad. 1982:11)

A1) = T AA(L.S)
<t

=X 0(s) - F(t.8)As (33
s<t

Making the time interval, As. arbitrarily small (Hillestad. 1982:12)
t

MU = [ 0(s)F(ts)ds (34)
0
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Equation 34 represents the average number of components in the repair pipeline at time t
(Hillestad. 1982:12) and is the dynamic analog of AT in the METRIC. Mod-METRIC. and
AAM models.

Assuming "that the component failure probability distribution is Poisson, A(t) is the
mean of a nonhomogeneous (time varying) Poisson process. That is. the probability of k
components in repair at time t 18" (Hillestad. 1982:12)

P(k) = Mn)Ke- AU / k! (35)
where Equation 34 is used to compute A(t) (Hillestad. 1982:12).

Dvna-METRIC uses the generalized. or dynamic, form ot Palm’s Theorem to
compute the expected contents of the pipeline. This theorem states that if parts are
demanded according to a non-homogeneous Poisson process and it the repair function is
independent of the demand tunction, then the average number of parts in the pipeline at
time t has a Poisson distribution with mean equal to A(t) (Isaacson and others. 1988:78).

Formulation. As mentioned previously. Dyna-METRIC is used to assess u
unit's performance. To do this. it calculates the aircraft availability rate for that unit. The
arcratt availability rate can be computed in three ways -- under a policy of no
cannibalization. full cannibalization. or partial cannibalization (Niklas. 199 |:unnumbered).

In computing the aircratt availability under no cannibalization. the calculation is
identical to that within the AAM (Equation 16). The EBO;. though. are calculated
according to Equation 4 with Equation 34 replacing AT (Niklas. 1991 :unnumbered).

In computing the aircraft availability under full cannibalization. the Expected Not
Mission Capable Supply (ENMCS) aircraft is first calculated. ENMCS aircraft are aircraft
that are unable to perform their mission due to the need for spare parts that the supply
system is unable to provide (Niklas, 1991:unnumbered).

With tull cannibalization. the maximum number ot a particular part. i. that can be

broken and yet not create more than Z NMCS aircraft (where Z=0.1.....AC) is:
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Si+ (QiZ. The number of part i available for cannibalization is represented by Q;Z. This is
the total number of part i on the broken aircratt and are considered ax additional spare
stock. P(x | A VTMR;) is the probability that exactly x parts are broken and 1s
represented by any discrete probability function (Poisson. binomial. or negative binomial)
with mean. A(t);. and VTMR; greater than 0. The VTMR is one when using a Poisson.
between zero and one when using a binomial. and greater than one when using a negative
binomial. The probability ot less than Z aircratt being NMCS due to part 1. then is (Niklas.
199 :unnumbered)

Si+ QiZ

P(SZNMCS)= X Pix Ay VTMR)) (36)
x=(}

To obtain the P( £ Z NMCS) due te all parts, L the PO < Z NMCSy due to each part
(Equation 36) must be multiplied together. This 1s because the parts are independent (in
most cases the breaking of one part does not impact the breaking ot another part) (Niklas.
1991 :unnumbered):

I S§+QZ

r T Px A VTMR;) (37)
i=1 x=0

This product represents the Pt £ Z NMCS) due to all parts. The quantity | - Pc<Z

NMCS) is the P( >Z NMCS). Summing the probability. Pt > Z NMCS). tor

Z=0_1....AC-1 would give the ENMCS (Niklas. 199 :unnumberedy:
AC-1 | Si+QiZ
ENMCS= X (1- TI T Pix| i) VIMR;) (3%)
Z=0 i=1 x=0

Since this is the expected number of not mission capable aircraft. or unavailable aircratt.
the number of available aircratt would be AC - ENMCS. Using this number. the aircratt
availability rate under full cannibalization would then be (Niklas, 199 :unnumbered)

Full-Cann AA =( AC - ENMCS)/ AC (39)
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Solution Process. Dyvna-METRIC can be run to provide one of two types of

information -- spares assessment performance reports (resulting in problem parts
identificationy or spares requirements.  The solution process within the performance mode
nvolves computing pipelines. expected backorders. and the aircratt availability rates as
discussed in the Computational Process and Formulation sections above. The solution
process within the requirements mode is very similar to that within the AAM except that
Dynu-METRIC does not compute a sorted list of candidate units to purchase. It
computes the marginal improvement in the aircratt availability rate per unit cost due to
incrementing each part’s stock level and then increments the stock tor that item that
provides the maximum improvement per cost. With this new stock level tor the chosen
item. the system aircratt availability is computed. The process ends when the system
atrcraft availability is greater than or equal o o rpecitied target system aircratt availability
(Niklas. 199]:unnumbered).

Summary. Dyna-METRIC is the accepted Air Force capability assessment
model. Units are rated on their war-fighting capability based on the assessments provided
by this model. Dyna-METRIC is also used within the Air Force Materiel Command to
evaluate Readiness Spares Package (RSP) requirements (Niklas, 1992:unnumbered).

Aircratt Sustainability Mode] (ASM). The ASM is derived trom the AAM. The

AAM 18 a "peacetime readiness model” (Slay and King, 1987:1-2): the ASM is an
extension of the AAM that evaluates wartime sustainability (Slay and King. 1987:1.3).

The ASM 15 a

model of wartime sustainability that relates resources to tighting ability over a
period of tme. Specifically. it relates funding by weapon system to the
probability - day by day - of being able to attain the flving levels specitied in the
Air Force War and Mobilization Plan (WMP). (Slay and King. 1987:iii)

The ASM is a "two-indenture. two-echelon requirements model tor a single weapon
svatem.” (Slay and King. 1987:2-2). Tt is not onfy an assessment model but also a

requirements model. It projects the aircratt avatlability rates given the asset positions




(stock levels) tor the parts being modeled. as well as computes the stock levels "needed to
tly the WMP. with a specitied level of confidence. over a given period of time.” (Slay and
King, 1987:1-3). The user is allowed to specity the desired goal. such as an expected
availability goal or a tunding constraint (Sherbrooke. 1992:184). The ASM then provides
a "shopping list" (as discussed in the AAM "Solution Process™). identifying what spare
items to buy in order to achieve a target availability rate at a minimum cost (Rexroad.
1992:15).

The ASM computes the relationship between funding and sustainability in such a way
that planners can easily develop and evaluate various budgets for War Reserve Materiel
(WRM) spares (Slay and King. 1987:iii).

Assumptions. The assumptions of the ASM are similar to those of other.
previously discussed. METRIC-based models. An aircraft is down (not available) upon
tailure of an LRU for which no spare is available. If a part cannot be repaired at the base.
itis shipped to the depot for possible repair. A replenishment from the depot is requested
immediately. Both the base and depot operaie under an (>-1.5) inventory policy. Ateither
the base or the depot. repair of the LRU consists of replacing a failed SRU. A failed SRU
delays LRU repair: a failed LRU causes an aircraft to be unavailable. Like AAM. the
bases are assumed to be uniform with respect to demands, resupply times, and repair
capabilities. All failures occur at the base. At the depot. the part may be repaired or
condemned. If a part is condemned. a replenishment from an outside source of supply is
reauested (Slay and King. 1987:2-2). Unlike AAM. the ASM incorporates the etfects of
cannibalization (as described within the "Assumptions” of the Dyna-METRIC model).
Each part can be tlagged as either cannibalizable or not cannibalizable (Slay.
1994:unnumbered).

Computational Process. Tt is difficult to model war because it is difficult to
quantity sustainability (Slay and King. [987:1-1). Because war is dynamic in nature.

performance over time cannot be represented with just one number. Related to this is the
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problem of "computing. in a dynami¢ environment, the number ot units in the various
logistics resupply pipelines.” (Slay and King. 1987:1-1). The term pipeline "denotes the
mean value of the number of items in a specific resupply process” (King. 1985:2-1). The
most significant difference between AAM and ASM lies in the computation ot these
dynamic pipelines (Slay and King. 1987:2-1).

ASM uses the Dyna-METRIC approach to derive these dyvnamic pipeline quantities
(refer to the "Computational Process” within the "Dyna-METRIC" section). For example.
the number of LRUs that are in repair/resupply at the base and depot are computed using
the dynamic pipeline computation from Dyna-METRIC (King. 1985:2-6). Resupply
pipelines within the ASM are then computed by applying Van-METRIC theory to the
dynamic environment. Both the mean and the varance of the number of units in the
resupply pipelines are computed as a function of ime {Slay and King. 1987:1-1).
Applying Vani-METRIC theory to the dynamic environment, Equations 30 and 31 tor
computing the mean and variance for the number of LRUs in base repair/resupply become

(King. 1985:4-6)
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The expected backorder calculation within ASM uses a negative binomial distribution.
The parameters for the negative binomial distribution are the mean and the variance-to-
mean ratio(VTMR) -- mean=E( Xj()) (Equation 40) and VTMR=Var( Xj())/E(Xj())

(Equation 41/Equation 40). respectively.

Formulation and Solution Process. The furmulation and solution processes
of ASM are very similar to that of the AAM previously discussed. The essential difference
is in the objective of each model. The objective of the AAM is to maximize the aircratt
availability rate tor a particular weapon system. subject to an investment constraint on
total system stock. The objective of the ASM is to minimize the Expected Not Mission
Capable Supply (ENMCS) aircratt for a particular weapon system. subject to an
investment constraint. This is essentially the same objective since the ENMCS aircraft can
be used to obtain the aircraft availability rate (Equation 39). When cannibalization is not
considered. the objective functions are very similar (refer to Equation 15 which gives the
probability that a randomly chosen plane is not NMCS for any part). When
cannibalization is considered, the objective function within ASM is to minimize the
ENMCS as computed by Equation 3% (Slay. 1994:unnumbered). The objective tunction
within the ASM becomes more complicated than that within the AAM when
cannibalization is considered.

Summary. The ASM has been incorporated into the Weapon System

Management Intormation System (WSMIS). It is the "heart” of the
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Requirements/Execution Availability Logistics Module (REALM) Mobility Readiness
Spares Package (MRSP)/In-place Readiness Spares Package (IRSP) computation system.
The ASM not only performs MRSP/IRSP requirements computations but also performs
the budget allocation tunction (DRC. 1992:2-7). The ASM is also embedded in another
subsystem of WSMIS. the Major Command Dyna-METRIC Microcomputer Analysis
System (MAJCOM DMAS). The ASM is used within the MAJCOM DMAS to pertorm

requirements computations of spares requirements for unit deployments (DRC. 1993:2-4).

Summary
The METRIC-based models (METRIC. Mod-METRIC. AAM. Vari-METRIC,

Dyna-METRIC. and ASM) use the system approach to project the number ot spare parts
to buy for an item. The system approach provides the optimal number of spare parts to
buy for each item to achieve a desired aircraft availability within a budgetary constraint.

METRIC and Mod-METRIC do not provide an actual aircratt availability rate. such
as the others, but they do provide the optimal spares levels tor minimizing the expected
backorders within a budgetary constraint. This is still more efficient and economical than
the spares levels provided by current FMS reparable sparing models.

Current FMS sparing models tollow an item approach. Because the item approach
considers only one part at a time. it can provide for spares levels that result in a very low
system availability or a tunding requirement that exceeds the overall budget. A model that
uses the system approach is needed tor use in FMS reparable sparing to provide adequate

aircraft availability without spending more than a given dollar amount.
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Overview

pomt

J—

Methodology

The purpose of this research is to determine it an inventory model exists that can be

used in Foreign Military Sales (FMS) reparable sparing to provide the most aircraft

availability possible from a given inventory investment. As shown in chapter [, several

models exist that maximize availability for a given investment level. Table 3-1 provides a

comparison of all the METRIC-based models presented in chapter II.

Table 3-1. Comparison of METRIC-Based Models

METRIC | Mod-METRIC| AAM [ Vari-METRIC | Dyna-METRIC ASM
Objecuve Minimize Expected Maxunize Aircraft Availability Minimize
Function & Backorders subject to subject to Budget ENMCS
Constraint Budget subject to
Budget
Performance | Expected LRU Expected Backorders by Part,
Measures Backorders Aircraft Availability Rate
Uses Compute | Compute Compute Compute Pertorm Compute
Regmt spare Air Force Reqmt for Air Force MRSP &
for Parts: | stock for Worldwide | Parts; not Capabihty IRSP
currently | engine Regmt currently Assessments | Regmits
notused | modules for Parts used as
stand-alone
model
Convenience | N/A Easily run Runs on N/A Easily run Easily run
on micro- mainframe on micro- on micro-
computer computer; computer computer:
not easily easily
distributed distributed

Referring to Table 3-1. the AAM. Vari-METRIC model. Dyna-METRIC model. and

ASM provide an aircraft availability measure. The AAM. Van-METRIC model. and
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ASM actually provide an ordered shopping list of parts to buy to maximize availability for
a given investment. The Dyna-METRIC model can compute stock level requirements but
is primarily used for assessing the capability of pre-determined stock levels. Even though
the Vari-METRIC model could be used as a stand-alone model. in practice. it is not:
however, the logic has been incorporated into other models, such as the ASM. There are
actually only two METRIC-based modeis. then. that could be most readily used in FMS
reparable sparing. They are AAM and ASM.

The criteria for selecting a model. as defined within chapter I, "Scope and
Limitations”. were that the model is convenient to use. provides performance measures
(i.e. expected backorders. aircraft availability rate). ensures an efficient inventory
investment. and maximizes aircraft availability subject to a cost constraint. Both the AAM
and the ASM tultill the last three criteria. but the ASM is more convenient to use. The
AAM is computationally demanding and runs only on a mainframe computer: the ASM
can run very quickly on both a maintrame and a micro-computer. The ASM is easily
distributed to muitiple users: the AAM is currently run by only one user within the Air
Force. Not only is the ASM more convenient to use. but it also provides more features by
incorporating the Vari-METRIC logic and by allowing tor cannibalization of parts. For
these reasons. the ASM was chosen as the model to be used in FMS reparable sparing.

The remaining tasks are adaptation of the ASM to the FMS environment and
validation of the ASM for use in FMS reparable sparing. The results ot the ASM are
compared to the current FMS spaning models in terms of dollars spent. mix ot spare parts.
and aircratt availability. The comparison involves the following steps: data collection,
model development. model validation, and model use. This research demonstrates that the
ASM can be used in FMS reparable sparing to provide the most efficient and economical

inventory purchase.
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Data Collection

Data collection involves gathering the data from two ditterent FMS systems.
analyzing the data. and converting the data tor use in the ASM.

Data Gathering. Mr Gary Bingham. Ogden Air Logistics Center (ALC). provided a
"Spares Negotiation Listing for FMS" from the International Data System (IDS) for a
subset of F16 parts (177 parts) recently sold to a foreign country. Mr Tony Castillo, San
Antonio ALC. provided a "Spares Negotiation Listing for FMS" from the International
Weapon ltem Projection System (IWIPS) for a subset of F5 parts (88 parts). The "Spares
Negotiation Listing for FMS" contains part data. program data. and actual recommended
quantities calculated by the FMS svstem. IDS and IWIPS. respectively.

The spares negotiation listings provide the necessary input data for the ASM. as well
as the actual stock levels (by part) computed by the FMS systems. The part data includes:
National Stock Number (NSN), cost. quantity per end item, application fraction. next
higher assembly NSN. NRTS. and condemnation rate. The program data includes:
procurement lead time. total number of aircraft, flying hours per month, base repair days.
and depot repair days. The base repair days and depot repair days‘are the same across all
parts in the listing. The actual stock levels computed by the FMS systems are compared
to the stock levels computed by the ASM.

Data Analysis Plan. The data provided by the centers is used as provided. The ASM
has built-in screening and range checking capability. This capability is relied upon to
ensure the correctness of the data. If any questionable data elements are encountered. the
model flags the situation by putting out a warning. Under certain conditions, the model
defaults to appropriate values. Two difterent representative data files. IDS and IWIPS,
were provided. Multiple data sets ensure that the model does not accommodate only one
situation.

Data Conversion. Although the negotiation listing provides the required data for the

ASM. the listing is not in the correct format for the ASM. A conversion program was
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written to put the FMS data into the ASM format. The program determines indenture
relationships among the parts. computes pipeline quantities according to both the
appropriate FMS system and the ASM. computes a maximum stock level for each part.
and builds the ASM input files. The computation of the pipeline quantities and a
maximum stock level for each part will be discussed within "Model Validation”.

A user interface was also developed tor the convenience of the FMS program
manager. The interface manages data, runs the ASM. and provides the capability to view
and/or print output reports. The interfuce in managing data provides the capability to:
convert existing FMS data to the ASM format. load existing data files to be rerun. input
new FMS data to run through the ASM. and edit and save existing data. A database
structure is used to manage the data. The data to be used by the ASM is entered and

maintained in a format familiar to the FMS customer.

Model Developmen

Model development involves making assumptions. designing an approach. and
summarizing the results. Several assumptions are made in running the ASM to compute
stock level requirements for the FMS data. These assumptions are made to provide a
comparable technique to that used within the FMS systems. The ASM not only computes
the FMS stock levels but also assesses both the IDS/IWIPS computed stock levels and the
ASM computed stock levels. Summaries of the resulting stock levels and associated cost
tigures and aircraft availabilities are provided.

Assumptions. The assumptions made in running the ASM to compute FMS
requirements are:

I. There is vnly one base and no depot. Modeling the entire supply system as if at
one base accounts tor all demand (base. depot. and condemnations) but provides a

"worldwide" stock level for each part. or the total requirement by part tor the particular
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customer country. The current FMS sparing models also provide a total requirement by
part: the requirement is not separated into a base portion and a depot portion.

2. The FMS requirements computation represents a peacetime computation. The Air
Force currently uses ASM to compute wartime requirements. but it also can be used to
compute peacetime requirements.

3. The probability distribution of the pipeline quantity is modeled as a pure Poisson.
Thus. the Vari-METRIC feature is not used in computing the FMS requirements.

4. As mentioned in chapter I. the models discussed within this thesis are reparable
sparing models. Requirements for consumable items, items that cannot be repaired and
are consumed in use. are not computed using METRIC-based models. For this reason.
consumable items are not included in the requirements computations.

5. The FMS spares negotiation histings do not identity items as LRUs and SRUs.
The ASM relies upon indenture relationships in performing its computations. The
tollowing strategy is used to distinguish LRUSs from SRUs: if a part appears on the listing
as a next higher assembly NSN for another part, the part is an LRU. The part having a
next higher assembly NSN located in the listing is an SRU. If the next higher assembly for
a part can not be found in the listing, that part is an LRU. [f 4 part appears more than
once in the listing with identical data elements. the additional occurrences of the part are
removed from the listing. If a part appears more than once in the listing without identical
data elements. the additional parts are given an extension ("F" for first, "S" for second.
“T" tor third. "O" for fourth, etc.). The extension ensures that each part on the listing has
a unique NSN. This is required by the ASM.

6. Cannibalization is not considered when running the ASM. This is consistent with
the current FMS sparing process.

7. The FMS spares negotiation listing does not provide a demand rate for each part.
The listing does provide a condemnation rate. a NRTS rate. and a RTS rate (base

processing rate). Because the demand rate is used in computing these rates, the demand
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rate for each part 18 determined by setting the equation for each of the above rates equal to
the value provided in the listing and then solving for the demand rate. This results in
identical pipeline quantities between the ASM and the current FMS models.

. The repair times used in the FMS requirements computation are fixed
tdeterministic). allowing for no variability. Thus. the same fixed times are used in the
ASM.

9. The order and ship time (OST) is assumed to be 14 days based on discussions with
system program managers. The OST is included in the depot repair time (DRT) in current
FMS sparing models. For the ASM requirements computation. the DRT is the difterence
between the given FMS DRT and a 14 day OST.

10. To ensure that the ASM does not spend more than the current FMS models. the
cost of the requirements computed by the FMS sparing model (either IDS or IWIPS) is
used as the desired cost target. The objective of the ASM run is to minimize the Expected
Not Mission Capable Supply (ENMCS) aircraft (maximize aircraft availability) subject to
this cost constraint.

Approach. The overall approach demonstrating that the ASM model is preferable to
current FMS reparable sparing techniques involves the comparison of stock levels. cost
figures. and aircraft availabilities of the current FMS sparing models (IDS and IWIPS)
with those of the ASM. A comparison of the current models and the ASM displays the
benetits of using the system approach as opposed to the item approach. The following
procedure is used to make this comparison.

After obtaining the spares negotiation listings trom the FMS system managers. the
tirst step is to verify the pipeline quantities and thus. the FMS requirements. Using the
equations presented in Appendix A for computing IDS and IWIPS pipeline quantities and
the data from the FMS listings, pipeline quantities are computed. This is done for two
reasons. First, the IDS spares negotiation listing does not provide the actual pipeline

quantity but only a requirement. The actual pipeline quantity is required tor comparison




with the ASM pipeline quantity: the two should be the same. This will be discussed in
"Model Validation”. Second. the IWIPS pipeline quantities incorporate the Quantity Per
Configuration (QPC). The QPC is not a data element on the listing but rather a tactor
used by the equipment specialists to adjust the Quantity Per Application (QPA). The QPC
tactor is determined by recalculating the pipeline quantity. The QPA is then factored by
the QPC so that the correct QPA is input to the ASM.

The next step is to run the ASM in requirements mode to compute the stock level
requirements for the FMS data. Two runs are made--one using the IDS data and one
using the IWIPS data. The first run computes requirements for the parts on the IDS
spares negotiation listing using the total cost ot the requirements on the IDS listing as the
investment constraint. The second run computes requirements for the parts on the IWIPS
spares negotiation listing using the totai cost of the requirements on the IWIPS listing as
the investment constraint. The previously discussed assumptions are incorporated into the
ASM input files to ensure consistent modeling of the FMS pipelines. The results of each
requirements computation are presented in Chapter [V,

The final step is to run the ASM in assessment mode to evaluate the various
computed stock levels. Four assessments are run. The first is an assessment of the stock
levels computed using the ASM with the IDS data. The second is an assessment of the
stock levels computed using the IDS system. The third is an assessment of the stock
tevels computed using the ASM with the IWIPS data. and the final assessment is ot the
stock levels computed using the IWIPS system. The results of the assessments are
performance measures (i.e. expected backorders. aircraft availability rate) and cost figures
to be used in evaluating and comparing the ASM with the FMS systems. These results are
presented in Chapter 1V,

Representation of Results. The ASM and the current FMS models are compared with
respect to the computed stock levels (actual number of parts (depth) as well as the number

of parts with an actual requirement (range)). the resulting cost figures. and the associated
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atrcratt availabilities. The comparisons are made by evaluating the absolute differences
between the values. Two reports represent the results. The first report is a
"Computations Summary”: the second report is a “Performance/Cost Summary”.

The "Computations Summary” presents the stock level comparison. For each part
(NSN) it displays the pipeline. the requirement and expected backorders tor both the ASM
computation and the FMS computation. the cost. and the stockuge cap. The pipeline is
the same under both models. the ASM and the FMS (IDS or IWIPS). The expected
backorder figure represents the number of backorders expected given the specified stock
level (requirement).

The "Performance/Cost Summary" presents the cost and aircraft availability
comparison. This report is simple in that it only displays the cost and aircratt availability
associated with each model - the readiness based sparing (RBS) model (ASM) and the

FMS model.

Model Validation

The result of this study is a model that can be used in FMS reparable sparing to
provide the greatest aircraft availability possible from a given inventory investment. In
order to show that the model provides the most etficient and the most economical
inventory purchase. the model is validated. In validating the readiness based sparing
technique, system approach. of the ASM. the following four components ot Sargent's

“validation program” (Sargent. 1988:33) are addressed:

conceptual model validation
computerized model verification
operational validation

input data validation

‘> 1D -

=

"Input data validity” (Sargent. 1988:34) was addressed in "Data Analvsis Plan”.
Conceptual Model Validation. Conceptual model validation is determining that the

underlving assumptions and theories are correct and that the model logic and mathematical
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toundation is sound (Sargent. 1988:35). The vulidation technigues that are used in the
conceptual model validation are mathematical proot (the correctness of the mathematical
toundation ot the model has been documented in the literature: refer to Chapter 1) and
"face validity"” (Sargent. 198&:34). Face validity involves having experts in the area of
readiness based sparing review the FMS application of the ASM model and its
assumptions and explain whether or not it appears "reasonable” (Sargent. 1988:34).

Computerized Model Veritication. Computerized model verification is determining
the correctness ot the computer program and incorporation of the conceptual model
(Sargent, 1988:35). The validation techniques that are used in the computerized model
veritication are "walking through" (Sargent. 1988:35) the code and "extreme-condition
tests” (Sargent. 1UKK:33),

Walking through the code involves stepping through the computation of the pipeline
quantities. The ASM pipeline computation is very similar to that of the FMS models (both
the IDS and the IWIPS). For this reason. the ASM pioeline quantities should equai the
FMS pipeline quantities. If the two quantities ditter. the correctness of the data
conversion program, discussed in "Data Conversion”. 1s verified. If the data conversion
program is not correct. the resuits of the ASM runs are not correct.

Extreme-condition tests involve structuring the model to be robust in handling
extreme conditions and "restricting behavior vutside of normal operating ranges” (Sargent.
198%:33). The built-in range checking capability of the ASM is relied upon heavily. It any
extreme conditions occur. the model flags the situation and under certain conditions
defaults to appropriate values. If the condition does not prevent the mode! trom running.
the situation is marked so that the user can investigate. The model may abnormally
terminate. but it provides explanatory warning messages.

Operational Validation. Operational validation is determining that the model's output

is accurate and usetul (Sargent. [988:35). The technique that is used in the operational

validation s "comparisons to other models™ (Sargent. 198%8:33-34).
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Fin computing the FMS requirements the ASM computes identical pipeline quantities
to that provided 1n the spares negotiation listings, the accuracy of the model is
demonstrated. It 1n assessing the FMS requirements the ASM computes an identical cost
(the model recomputes the associated cost) to that provided in the spares negotiation
fistings. the accuracy of the model is again demonstrated.

The usefulness ot the model is demonstrated if the ASM provides reasonable stock
levels. spends no more than the current FMS models. and provides better aircraft
availability. Reasonable stock levels are those that are not too different in range and depth
trom the current models. The ASM can be run allowing for a4 maximum stock level
(stockage cap) for each part. The stockage caps provide a more stable. robust
computation. especially when the accuracy of the data is a concern. These caps ensure
that the marginal analysis process does not compute extremely high safety stock quantities
tfor low cost items. This helps reduce excess inventory and warehouse requirements.
Stockage caps are not applied. but the cap is computed tor review. Reviewing the
stockage cap reveals 1t the stockage cap could be applied to ensure reasonable stock

levels.

Model Use

After the ASM i« validated as the model to use in FMS reparable sparing.
authorization for incorporating the model into the current FMS svstems (IDS and IWIPS)
must be obtained. Once authorization is obtained. the model can be used by the FMS
program managers to provide customer countries with the most aircraft availability
possible from a given inventory investment. The equipment specialists at San Antonio
ALC. specifically Mr Tony Castillo (mentioned in "Data Gathering” as the source of the
IWIPS data). are currently looking into using the ASM with the data conversion program
and user intertace developed in this research eftort. They are verv interested in

incorporating readiness based sparing into the ITWIPS,
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This research seeks to demonstrate that the ASM is superior to current FMS
reparable sparing models in providing the most efticient and economical inventory
purchase. Data used in the analysis was collected tfrom system program managers at
Ogden ALC and San Antonio ALC. This data 1s analyzed and converted into the proper
tormat for the ASM. After making several assumptions. pipeline computations are
ventied, a cost target is chosen. and the ASM is run to not only compute the FMS stock
levels but also to assess both the IDS/IWIPS computed stock levels and the ASM
computed stock levels. The resulting stock levels and associated cost figures and aircratt
availabilities are compared to validate the model. If the ASM computes reasonable stock
levels and provides better aircrart availability tor a given level of expenditure than the
current FMS models. then it is validated. The model can then be used by FMS program

managers to provide better support to customer countries.
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Overview

The approach used to demonstrate that the ASM is preferable to current FMS
reparable sparing techniques is outlined in chapter IIl. The first step in the approach is to
verify pipeline quantities. Pipeline quantities are computed in the data conversion program
using both the appropriate FMS equations (IDS and IWIPS) and the ASM equations. The
next step in the approach is to run the ASM twice in requirements mode. The first run
computes the stock level requirements using the IDS input data. The second run
computes the stock level requirements using the IWIPS input data. Running the ASM n
assessment mode to evaluate the various computed stock levels is the final step in the
approach. Four assessments are run (refer to chapter I11. "Approach”).

The results of the data conversion program and the various ASM runs are now
presented. There are two sets of results: the IDS as compared to the ASM and the
IWIPS as compared to the ASM. Buth sets of results are presented and then analyzed.
An evaluation of the analysis is also provided.

In following the approach. three modifications are made. The tirst modification
involves the investment constraint used in the ASM requirements computation. The
original investment constraint was the total cost of the requirements computed by the
FMS sparing model (IDS or IWIPS. as appropriate). The actual investment constraint is
the FMS total cost less the unit cost of the most expensive part in the input data tile.
Using this moditied investment constraint ensures that ASM does not spend more than the
FMS sparing muodel.

The second modification involves the stockage cap calculation.  As mentioned 1n

chapter HI. the stockage caps are not apphied in this research. but they are computed tor

review of applicability. The standard IWIPS satety stock computation, /3 pipeline .
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(refer to Appendix A). is not used. A slight modification is made to this computation so
that the stockage cap 1s the pipeline plus W . The minimum value of the
stockage cap is two so that if the pipeline tor a part is very small the maximum stock level
tor that part is at least two. The modified stockage cap computation provides basically the
same results as the standard IWIPS computation. The differences are that when the
pipeline tor a part is very small the minimum stockage cap of twuo is applied and when the
pipeline tor a part is large the modified stockage cap allows for larger amounts of stock.
In either case. the modified stockage cap allows for only a slightly greater amount of stock
but stll provides the extra that may be needed with larger pipelines.

The third modification involves the addition of another "Performance/Cost Summary”
report. The additional report provides more details on the range and depth of parts and
the average and maximum expected backorders. 1t is used with the performance/cost

summary described in chapter L1

IDS versus ASM

Data Conversion Results. The data conversion program produces five tiles--the ASM
input files (four files) and an intermediate part file containing pipeline qu:.rtities (IDS and
ASM computed quantities) and the stockage cap tor each part.

The ASM input files include a parameters file. a scenario file. an LRU component
data file. and an SRU component data tfile. The parameters file contains all the processing
options for the ASM run. The assumptions discussed in chapter I are represented in this
tile.

The scenario tile contains the flying program in hours per day for the ASM run. The
IDS run is for 50 aircraft tlying an average ot 13 hours per aircraft per month so that the
flving hours per day equal 21.67 assuming 30 days in a month (50 - 13/ 30 = 21.67).

The LRU component data file and the SRU component data file contain all the part

data as provided on the spares negotiation listing described in chapter 111, "Data
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Gathering”. The data conversion program uses the strategy described in chapter 11,
assumption 5, to determine whether a part is an LRU or an SRU. Based on this strategy.
the IDS data contains 95 LRUSs and 82 SRUSs.

The ASM uses the indenture relationships to determine the stock level requirements
as explained in chapter II. Current FMS techniques do not distinguish between LRUS and
SRUs. Because of this. all parts in the output reports are listed together without
distinguishing between LRUs and SRUs.

Reviewing the intermediate part file confirms that the 1DS pipeline quantities equal
the ASM pipeline quantities. This verifies the accuracy of the data conversion program
and the accuracy of assumption 7 (chapter [II) which explains the determination of
demand rates. The pipeline quantity as well as the computed stockage cap for each part
are presented in Appendix B. Tablc B-1. "Computaticns Summary for the ASM/IDS
Comparison”.

Model Results. The ASM is run once in requirements mode to compute the required
stock levels using the IDS input data and then twice in assessment mode to evaluate both
the ASM computed requirements and the IDS computed requirements. The results of the
requirements run are presented in Appendix B, Table B-1. The results of the assessment
run are presented in Table 4-1. "Performance/Cost Summary for the ASM/IDS
Comparison”.

All data in Table B-1 is presented by part. "NSN". The third column of Table B-1.
"RBS Computation Reqmt”. represents the requirement computed using the ASM. The
fifth column. "FMS Computation Regmt”, represents the requirement computed using the
IDS system. Columns four and six represent the number of expected backorders. "EBOs".
associated with the RBS (ASM) requirements and the FMS (IDS) requirements.
respectively. The pipeline quantity. "Pipeline”. is presented in column two. The unit cost.
"Cost". is presented in column seven. and the stockage cap. "Stock Cap”. is presented in

the last column.
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A preliminary look at Table B-1 demonstrates that the ASM computes a larger
requirement than the IDS for 168 out of the 177 parts. Of the nine remaining parts. four
parts have very small pipelines indicating a very low demand for these parts and the other
five parts are five of the most expensive parts. Because the five expensive parts have
relatively low pipelines. the marginal analysis technigue ot the ASM accommodates the

need for a cheaper part with a larger pipeline. or greater demand.

Table 4-1. Performance/Cost Summary for the ASM/IDS Comparison

PERFORMANCE/COST SUMMARY
Cost of RBS: $11.846.728.00

Aircraft Availability associated with this cost: 66%

Cost of FMS Sparing: $12.112,378.00
Aircraft Availability associated with this cost: 21%

Table 4-1 presents the total cost and the aircratt availability associated with the cost
tor both the RBS (ASM) and the FMS (IDS) computations. The total cost of the ASM
computed requirements is $11.846.728.00. The aircraft availability associated with this
cost is 66%: that is. of the 50 total aircraft 33 aircraft would be operational given the
ASM computed stock levels from Table B-1 are maintained. The total cost of the IDS
computed requirements is $12.112.378.00. The aircraft availability associated with this
cost is 21%: of the 50 total aircraft approximately 11 aircraft would be operational given

the IDS computed stock levels.

JWIPS versus ASM

Data Conversion Results. The results of the data conversion program using the

IWIPS input data are very similar to the results using the IDS input data. Five files are
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produced --the ASM input files (four files) and an intermediate part file containing pipeline
quantities (IWIPS and ASM computed quantities) and the stockage cap for each part.

The parameters file is identical to that used in the IDS and ASM comparison. except
for weapon system name and number of aircraft.

The IWIPS run is for 20 aircraft flying an average of 10 hours per aircraft per month.
so that the scenario tile contains 6.67 tlying hours per day (20 - 10/ 30 = 6.67).

Based on the strategy described in chapter 111, assumption 5. for distinguishing LRUs
trom SRUSs. the IWIPS data contains 87 LRUs and no SRUs. An SRU component data
tile is produced. but contains no data. The LRU component data file contains all the part
data as provided on the spares negotiation listing described in chapter 11, "Data
Gathering”.

Reviewing the intermediate part file contirms thut the IWIPS pipeline quantities equal
the ASM pipeline quantities. This again verifies the accuracy ot the data conversion
program and the accuracy of assumption 7 (chapter [, The pipeline quantity as well as
the computed stockage cap for each part are presented in Appendix C. Table C-1.
"Computations Summary for the ASM/IWIPS Comparison”.

Model Results. The ASM is run once in requirements mode to compute the required
stock levels using the IWIPS input data and then twice in assessment mode to evaluate
both the ASM computed requirements and the IWIPS computed requirements. The
results of the requirements run are presented in Appendix C. Table C-1. The results of the
assessment run are presented in Table 4-2. "Performance/Cost Summary for the
ASM/IWIPS Comparison”.

Table C-1 i~ identical to Table B-1. except that the tifth column. "FMS Computation
Regmt”. represents the requirement computed using the IWIPS system. Column six also
represents the number of expected backorders associated with the IWIPS requirements.

The data in Table C-1 shows that the ASM computes a larger requirement than the

IWIPS tor 82 out of the N7 parts. The five remaining parts are the tive most expensive
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parts. Like the IDS comparison. the tive most expensive parts have relatively low
pipelines so that the ASM recognizes the need for more cheaper parts with larger

pipelines.

Table 4-2. Performance/Cost Summary for the ASM/IWIPS Comparison

PERFORMANCE/COST SUMMARY
Cost of RBS: $1.229.314.00

Aircratt Availability associated with this cost: 53%

Cost of FMS Sparing: $1.273.282.00
Aircraft Availability associated with this cost: 4%

Table 4-2 presents the total cost and the aircraft availability associated with the cost
for both the RBS (ASM) and the FMS (IWIPS) computations. The total cost of the ASM
computed requirements is $1.229.314.00. The aircraft availability associated with this
cost is 53%. Of the 20 total aircraft approximately 11 aircraft would be operational given
the ASM computed stock levels from Table C-1 are maintained. The total cost of the
TWIPS computed requirements is $1.273.282.00. The aircraft availability associated with

this cost is 4%. Of the 20 total aircraft approximately | aircraft would be operational

given the IWIPS computed stock levels.

Although two sets of results have been presented. the more significant comparison is
between the ASM and the current FMS techniques. The two sets ot results presented
verity that the ASM is preterable to current FMS reparable sparing technigues in the

computation of stock level requirements.
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Expert Opinion. The Division of Management Sciences, Headquarters. Air Force
Matenel Command, (HQ AFMC/XPS). is the technical office of primary responsibility
(OPR) for several of the METRIC-based models --Mod-METRIC. the AAM. and Dyna-
METRIC. Analysts within HQ AFMC/XPS are considered experts by the Air Force
logistics community with regard to these models and readiness based sparing. The FMS
application of the ASM has been reviewed by several of the analysts within HQ
AFMC/XPS. These analysts approve of this application of readiness based sparing to the
FMS situation. finding it reasonable as well as long overdue.

The true experts in FMS reparable sparing are the actual equipment specialists. such
as Mr Tony Castillo, San Antonio ALC. Mr Castillo provided the IWIPS data used in the
ASM/IWIPS comparison. In reviewing the results. he 1s very impressed with the fact that
the ASM computed a larger requirement for most parcs while spending less and providing
a higher aircraft availability. He is also impressed that his data could easily and accurately
be converted to the ASM format. Mr Castilio 18 very interested in actually using the FMS
application of the ASM.

Walking Through Pipeline Computations. Pipeline quantities are computed in the
data conversion program using both the appropriate FMS equations (IDS and IWIPS) and
the ASM equations. The computed FMS pipeline quantities equal the computed ASM
pipeline quantties in both situations.

As added verification of the computed pipeline quantities and the accuracy of the
input data to the ASM. the actual pipeline quantities computed by the ASM are compared
to those computed in the data conversion program. All pipeline quantities are identical.
The FMS quantities equal the preliminary ASM quantities which equal the actual
quantities computed by the ASM. Because the actual ASM pipeline quantities are the
same as those from the FMS models. the ASM 1s considered to accurately represent the

current FMS reparable sparing environment.
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Stock Level Comparisons. In comparing stock levels between the ASM and the
current FMS maodels. looking at the quantities by part, as presented in "Model Results” for
both the IDS and the IWIPS comparisons. is not enough. Looking at the depth and range
of parts is also important. The ASM provides reasonable stock levels if the computed
stock level requirements are not too difterent in depth and range from the current FMS
models. Reviewing the stockage caps will reveal if the stockage cap could be applied to
control the depth and range ensuring reasonable stock levels.

The depth is the total number of parts required. The ASM as demonstrated in "Model
Results” computes a larger requirement for most of the parts. This results in a larger
number of available spares. If the cost target is not exceeded this is good. The depth ot
parts with the ASM should be larger than that with the current FMS models.

The range is the number of parts with an actual requirement. Storing spare parts
requires warehouse space. Requiring new parts that previously have not been required
can increase warehouse requirements. For this reason. the range of parts with the ASM
should be no greater than that with the current FMS models.

Table 4-3 presents the "Detailed Performance/Cost Summary for the ASM/IDS
Comparison"; Table 4-4 presents the "Detailed Pertormance/Cost Summary for the
ASM/IWIPS Comparison”.

From Table 4-3. the depth ot parts with the ASM is 3673 while the depth of parts
with the IDS is 2743 --a difference of 930 parts. The range of parts with the ASM is 170
while the range of parts with the IDS is 177 --a difference ot seven parts. The ASM
provides a larger total number of parts while requiring no new parts. The ASM stock

level requirements. then, are reasonable.
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Table 4-3. Detailed Performance/Cost Summary for the ASM/IDS Comparison

ASM IDS
Cost of Spares $11.846.756.00 $12.112.412.00
Number ot Spares (Depth) 3673 2743
Number of Items with
Requirement > 0 (Range) 170 177
Average EBOs 0.17 1.07
Maximum EBOs 3.14 10.89
Aircraft Availability 66% 21%

Table 4-4. Detailed Performance/Cost Summary for the ASM/IWIPS Comparison

ASM IWIPS
Cost of Spares $1.229.353.88 $1.273.321.63
Number of Spares (Depth) 1235 842
Number of Items with
Requirement > () (Range) 83 K0
Average EBOs 0.15 .75
Maximum EBOs 1.53 7.07
Aircraft Availability 53% 4%

From Table 4-4. the depth of parts with the ASM is 1235 while the depth of parts
with the IWIPS is 842 --a ditference of 393 parts. The range of parts with the ASM is 83

while the range of parts with the IWIPS is 80 --the ASM requires 3 additional parts. The
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ASM, then. provides a larger total number of parts while requiring 3 additional parts. At
first this does not appear reasonable, but the following analysis demonstrates that the
ASM stock levels are not unreasonable.

Referring to Table C-1. the ASM computes a requirement for seven parts for which
the IWIPS does not compute a requirement. The total cost of the requirements for these
seven parts is $37.294.00. The IWIPS computes a requirement for four parts tor which
the ASM does not compute a requirement. The total cost of the requirements for these
four parts is $439.245.11. In computing a requirement for 3 additional parts. the ASM is
still spending $401.951.11 less on these parts. The ASM stock level requirements. then,
appedar to be reasonable.

The marginal analysis process of the ASM may compute large stock level
requirements for low cost items. To ensure that stock level requirements do not become
too unreasonable. stockage caps can be applied to provide maximum stock levels.

Table B-1 contains the stockage cups for the IDS data, and Table C-1 contains the
stuckage caps for the IWIPS data.

Reviewing these caps indicates that the ASM is providing stock levels that are very
close to these caps for both sets of FMS data. 1f the cap is exceeded. it is not by much. It
is exceeded because the parts are cheaper than other parts.

Applying the stockage caps does not appear to be necessary. The depth of parts
would not be significantly aftected. The depth of parts would only decrease by 188 parts
with the IDS data and 134 parts with the IWIPS data. The range would also not be
affected. The stockage cap controls the requirement from becoming too large. It a part
has no requirement. the cap would not affect this. Stockage caps. then, are not needed in
the ASM/FMS comparison. The ASM not only provides larger stock levels than the

current FMS models, but it also provides reasonable stock levels.

arisons. The ASM spends less and provides better aircratt

availability than both ot the current FMS models (IDS and IWIPS).
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Referring to Table 4-1. the ASM spends $265.650 less than the IDS model and
provides three times the availability (33 aircraft. as compared to 11 aircratt). From
Table 4-2. the ASM spends $43.968 less than the IWIPS model and provides over 10
times the availability (11 aircraft, as compared to | aircraft).

The accuracy of the ASM is demonstrated in the recalculation of the FMS cost. The
actual cost of the IDS requirements is $12.112.412 (Table 4-3). In assessing the IDS
requirements. the ASM computes a total IDS cost of $12.112.378 (Table 4-1). The
ditterence ot $34 is due to rounding: the ASM does not round the costs associated with
individual parts while the IDS model does.

The actual cost of the IWIPS requirements is $1,273.321.63 (Tuable 4-4). The ASM
computes a total IWIPS cost of $1.273.282.00 (Table 4-2). Again, the ditference of
$39.63 is due to rounding.

The improved aircraft availability provided by the ASM is also demonstrated through
review of the expected backorders (EBOs) resulting from the ASM and the FMS stock
level requirements. The average EBOs across all parts of the ASM using the IDS data is
0.17: the average EBOs across all parts of the IDS model is 1.07. The maximum EBOs
tor any part ot the ASM is 3.14: the maximum EBOs for any part of the IDS model is
10.X9 (refer to Table 4-3).

The average EBOs across all parts of the ASM using the IWIPS data is (). 15: the
average EBOs across all parts of the IWIPS model is 0.75. The maximum EBOs for any
part of the ASM is 1.53: the maximum EBOs for any part of the IWIPS maodel is 7.07
(refer to Table 4-4).

Compared to both the IDS and the IWIPS. the ASM stock levels result in less
expected backorders. or less unfilled demands. Thus. the ASM provides better aircraft

availability than the current FMS models.
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Evaluation of Analysis

The FMS application of the ASM has been validated. The underlying assumptions.
theories. and mathematical foundation ot the application of the ASM are correct and
sound. The logic and the output of the model are accurate and usetul. Readiness based
sparing techniques can and should be applied to the FMS environment. This has been
shown. Because of this. the analvsis is meaningtul.

The analysis is also as expected. Readiness based sparing is known tor providing the
most aircraft availability possible for a given investment. The system approach of the
ASM. as opposed to the item approach of current FMS reparable sparing models.
provides a more efficient and economical inventory purchase.

The analysis has application. Customer countries can be assured that their investment
level will be maintained while they obtain an cptunal mix ot spare parts. By entering the
investment level as a cost target. the country is assurad that the ASM will spend no more
than the investment level.

The analysis will have an impact. The use of the ASM in FMS reparable sparing will

provide better support to our customer countrics.

Summary

The results of the ASM/FMS comparison demonstrate that the ASM provides
reasonable stock levels. spends no more than the current FMS models. and provides better
aircraft availability. The research is a success. The ASM cun be used in FMS reparable
sparing to provide the most aircraft availability possible from a given inventory

investment.
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Y. Summary, Conclusions and Recommendations

Summary of Research Effort

Current FMS reparable sparing models use the item approach. The number of spare
parts for an item are determined without considering the other items on the system. By
considering only one item at a time. the current FMS models may provide stock levels that
result in a very low system availability or a funding requirement that exceeds the overall
budget. An inventory model is needed that can be used in FMS reparable sparing to
provide the most aircraft availability possible trom a given inventory investment. The
ASM is such a model. 1t uses the system approach. which provides the most aircraft
availability possible from a given inventory investment by computing the optimal number
of spare parts to buy for each item.

FMS data was obtained trom two sources: the IDS and the IWIPS. Both the IDS
and the IWIPS are currently used in FMS reparable sparing to provide stock level
requirements to customer countries. The DS is used at Ogden Air Logistics Center. and
the IWIPS is used at San Antonio Air Logistics Center. The data obtained trom these
FMS systems included part data. program data. and actual recommended stock ievei
quantities calculated by the respective FMS systems.

The ASM was run twice in requirements mode to compute stock level requirements
using the part and program data trom each FMS system. The stock levels recommended
by the IDS and IWIPS and the stock levels tfrom the two ASM requirements runs were
then evaluated using the ASM in assessment mode. The ASM and the current FMS
models were compared with respect to the computed stock levels, the resulting cost
tfigures. and the associated aircratt availabilities. The two sets of results veritied that the
ASM is preterable to current FMS reparable sparing techniques in the computation ot

stock level requirements.
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The current FMS models. both the IDS and the IWIPS. recommended stock levels
that resulted in much lower aircratt availability estimates than the ASM. To obtain a
higher aircratt availability with the mix of parts specified by the IDS and the IWIPS. u
lurger investment level (greater than the budget provided) would be required. These
results demonstrate the drawbacks of the item approach.

The stock levels computed by the ASM provided a greater depth of parts than the

current FMS models while not varying much in range. The stock levels also resulted in a

much higher aircraft availability and a slightly smaller investment. Two conclusions can be
made trom the results presented in chapter I'V. The first conclusion is the ASM is superior
to current FMS reparable sparing models in providing the most efficient and economical
inventory purchase. The second conciusion is that the ASM provides more teatures than
the current FMS models. such as the choice of using a cost or aircraft availability target.
the application of stockage caps and the cannibalization of parts.

The objective of the ASM is to minimize the Expected Not Mission Capable due to
Supply (ENMCS) aircraft subject tc an investment constraint. To achieve this objective. a
cost target as well as an aircraft availability target can be applied. The cost target was
used 1n this research etfort. The aircraft availability target can be used when a particulur
ENMCS level is desired. Using the desired ENMCS level (aircraft availability target). the
ASM will compute the stock levels required to achieve this target at the least level of
investment. The ASM can then be run to achieve the maximum aircraft availability for a
sivennvestment level ccost target) or to achieve a given aircraft availability at the
o amvestment level carcratt availability target).

Fhe ASM allows tor the application of stockage caps. Stockage caps can be applied

parts s owelhas ononly selected parts. The application of stockage caps

e starle stock leved requirements that are not exceptionally high or




The ASM can compute stock level requirements considering cannibalization. The
cannibalization of parts can improve uircraft availability. It Spare parts are not availuble
trom supply. a serviceable part (one that is not broken) can be taken trom an aircratt that
is already unavailable because of the failure of a different part. This serviceable part can
then be used in the repair of another aircraft that is waiting on a part from supply. The
cannibalization of a serviceable part from an already unavailable aircraft makes another
aircratt available. Without cannibalization, both aircratt would have been unavailable.
Thus. cannibalization can improve aircratt availability and should therefore be considered
in & realistic model.

This research has demonstrated that the system approach can be applied to FMS
reparable sparing and that it can be applied through the use of the ASM. The ASM was
demonstrated to be efficient in that it buys those parts that contribute the most to aircratt
availability. The ASM was also demonstrated to be economical in that it does not spend
more than a given dollar amount. The results of this research have demonstrated that
when compared with current techniques. the ASM is the inventory model to use in FMS

reparable sparing.

Recommendations

The equipment specialists. specitically Mr Tony Castillo. at San Antomo Air Logistics
Center, FS Technical Support. are currently looking into deseloping a new system. similar
to IWIPS. that incorporates readiness based sparing. [t 1s this author's recommendation
that the equipment specialists use the ASM with the data conversion program and user
intertace developed in this research ettort. The data converston program simphties the
transter of data trom the IWIPS to the ASM. and the userintertuce allows tor convenient
use of the data conversion program and the ASM - The ASNEwould provide customer

countries with recommended stock guantities that can be purchased within then budweet




constraints and with an assessment of how the stock quantities would atfect their
performance (aircratt availability).

Recommendations tor tollow-on work include: determining a more etticient and
economical technique for computing requirements of consumable parts. incorporating
readiness based sparing into the Security Assistance Management Information System
(SAMIS). and developing a better forecast of the demands for parts.

The FMS data includes many consumable parts. This research effort excluded
consumable parts, primarily because readiness based sparing is not currently applied to
consumables. Consumable parts are usually very cheap parts that are bought in large
quantities at a specified reorder point. The complexity involved in computing optimal
stock level requirements tor consumable items requires a different technique than the
marginal analysis technique of readiness based sparing models such as the ASM. Further
research should be conducted into how the US Air Force computes its consumable
requirements and how this computation compares with the current readiness based sparing
muodels.

SAMIS is the primary data system containing FMS data. The data maintained by
SAMIS includes requisition data (past and present). country data. part data. and weapon
system data. The data is tor all countries. all parts. and all weapons systems involved in
US toreign military sales. The various FMS systems at the air logistics centers. such as
the IWIPS. are linked to SAMIS. SAMIS receives and maintatns data from the various
FMS systems and also passes required data to other US Air Force svstems, such as D041,
the Recoverable Consumption ftems Requirements System (reter to chapter 11, " Aircratt
Avatfability Model™). The stock level requirements trom ssystems such as IWIPS are
passed te D041 and then used in the computation ot the overall US Aar Foree
reguarsmients It the stock leved requirements passed through SAMIS are not accurate. the
requirements computed py DodEowall not be accurate Further research ito the

requirements bemne passed throueh SANIES wonld indicate if the apphoation of readiness




based sparing within SAMIS would be appropriate for ensuring the accuracy of all stock
level computations. Stock levels could be computed for all parts within SAMIS and then
passed onto the FMS systems at the centers, such as IWIPS. and the other US Air Force
systems, such as DG41.

The demand rates used in this research were approximated using the part data that
was given (reter to Chapter III. assumption 7). Demand data is essential to the
calculations performed within the ASM, so having accurate demand data is very
important. Since SAMIS maintains requisition data (past and present) for all FMS parts.
further research into the SAMIS requisition data could provide information on the

demands for parts. The requisition data may be of use in forecasting demands. providing

more accurate demand rates.




Appendix A: ations of Current EMS Reparable Sparing Models

There are four pipeline computations used in the calculation of the total initial spares
requirement tor a part within AFLCR 57-27. The four pipeline segments include the base repair
pipeline. the base order and ship time (OST) quantity. the depot repair pipeline. and the base level
and depot level condemnation quantity (Department of the Air Force, 1991:28-29).

The average number of parts in the base repair pipeline is the base repair cycle quantity. The
base repair cycle

is the average time (in days) required to repair an item at base level. exclusive ot
days awaiting parts (AWP). In essence. a stardard base repair cycle consists of
minimum shop tflow time and not more than | day tor moving the reparable from
point of generation to point of repair. (Department of the Air Force, 1991:530)

The base repair cycle quantity. then. represents the total number of parts at base level. These

parts are either repaired. or condemned. at base level:
Base repair cycle quantity = BRC - Peak FH- Q - APPL - DR - (1 - NRTS)/30 (I)

where
BRC=base repair cycle (1n days)
Peak FH= peak monthly aircraft inventory - average operating
hours per month
Q = quantity per end item
APPL = application percent
DR = demand rate = total organization and intermediate
demand rate
= estimated failures per 100 tlying hours

NRTS = | - base processing rate = percent of reparable
generations occurring at the base that are repaired at
the deput

I - NRTS = buse processing rate = percent of reparable generations

occurring at the base that are repaired at the base

The base OST quantity is the average number ot parts that have been requisitioned trom the

depot. These parts are either in-transit or awaiting transportation trom the depot to the base

Base OST gquantity = OST - Peah FH - Q- APPL - DRONRTS 7 30 {

~
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where
OST= base order and ship time (in days)

The average number of parts in the depot repair pipeline is the depot repair cycle quantity.
The depot repair cycle "is the calendar time in days from date a reparable item is removed to the
date the item is made serviceable by a depot tevel repair activity. less dead storage and AWP item
at base or depot” (Department of the Air Force. 1991:530). The depot repair cycle quantity. then.

represents the number ot broken parts that will be repaired at the depot:

Depot repair cycle quantity =
DRC - Average FH - Q - APPL - DR - NRTS /30 (3

where
DRC = depot repair cycle (in days)
Average FH = average monthly aircraft inventory -
average operating hours per month

The base level and depot level condemnation quantity is the average number of parts that will
be condemned at the base and the depot. The number ot parts condemned at the base is the
percentage of parts that, even though the base has the capability to repair, are damaged beyond
repair. The number of parts condemned at the depot is the percentage of parts sent to the depot
tor repair that are damaged beyond repair. Once a part is condemned at the depot a replacement
is ordered trom an outside supplier (Issacson and others. 198%:7). It tukes time for replacements
to arnive: this time 1s included in the calculation of the total (base level and depot level)

condemnation quantity:

Base level and depot level condemnation quantity =
{3+ PCLT - Q- APPL - DR - Average FH - | (1 - NRTS) - Beond
+(NRTS) - Dcond| 14

where
PCLT = procurement fead time = the sum ot administratinve lead ume
and production fead tme
Heond = base condemnation rate
Dcond = depot condemnation rate




The total initial spares requirement for a part is the sum of equations one through four
(Department of the Air Force, 1991:32). Note. this total initial spares requirement provides for

the item's procurement lead time and incorporates a three month safety level (3 + PCLT).

International Weapon ftem Projection System (IWIP
The initial spares computations within the IWIPS are based on the computations within
AFLCR 57-27 (Mueller. 1992:unnumbered). These IWIPS computations are as follows.
The calculation of the base pipeline quantity within the IWIPS is very similar to the buse
pipeline calculation within AFLCR 57-27 except that the base pipeline calculation within IWIPS
represents only those parts actually repaired at the base. It excludes those parts condemned at the

base. The application percent (APPL). also. is assumed to be vne:

Buse pipeline quantity = Average FH - BRC/ 30 - ¢ 1 - (NRTS + Beond))
-DR-Q (5

The average FH is the product of the average operating hours per month for one end article and
the total number of aircraft. This number is then divided by 100 "to factor out program units in
10605 of hours” (Peterson. 1992:unnumbered).

The depot pipeline quantity within the IWIPS 18 wdentical to that within AFLCR 57-27

assuming an application percent ot one:

Depot pipehine quantity = Average FH - DRC/ 30 - NRTS - DR - Q (6

The calculation of the condemnation pipeline quantity within the IWTPS o similar to the
calculation ot the condemnation quantity within AFLCR 57-27 except tor a ditterence i the
calcudation of base condemnations The base condemnation rate within IWIPS 15 g percentage ot
all broken parts that are beyond repair at base level  The base condemnation rate within AR CR
ST 27 v the percentage of those hroken parts at the base that are bevond sepanr Assuminy an

apphication percent ot one

Comdemnation pipenne gquantits \verape FH PONM NGO Q)
ot NKRITS - oo o | 'K




The PGM MO is "the number of months support that are projected for during the spares buy”
(Peterson. 1992:unnumbered). Generally, the PGM MO is 24 months.
The total initial spares requirement is the sum of equations five through seven and a safety

stock level (Mueller, 1992:unnumbered). The safety stock level is:

3+ basic pipeline quantity (%)
where

basic pipeline quantity = base pipeline quantity + depot pipeline quantity
+ condemnation pipeline quantity (Peterson,
1992:unnumbered)

The total initial spares requirement then is the sum of the basic pipeline quantity and the safety

stock level.




Appendix B: Computations Summary for the ASM/IDS Computation

Table B-1. Computations Summary for the ASM/IDS Computation

NSN
2840011465636JF
2840011465637JF
2840011465651JF
284001 1465652JF
284001 1465656JF
2R40011465657JF
2840011465735JF
284001 1467481JF
284001 1469387JF
284001 1469390PR
2840011469391JF
284001 1470468JF
284001 1470474JF
284001 1474566JF
284001 1610494JF
284001 1712515JF
2840011712720JF
284001 1735492]F
283001 190688 PR
284001 1906882PR
284001 1906884PR
4001 1906909PR
ANJO0T 9069 [OPR
28400 1909262PR
284001 1920855PR
DRIN0T192087T4PR
2R400119KT3I6IPR
IRAONTTURT362PR
INJO0 L TURI2 L)F
IRA00 1 1990545PR
NSO 19978 3IPR
IR 20000132 PR
2RAGO ] 2008337PR
A0 2008 39PR
INB ] 200N UISPR
ORI 2008 A 1TPR
INGne L 2o1ose PR
INAn 20 a R APR

Pipeline
0.35
0.35
2.75
0.73
(.51
0.75
1.05
0.46
0.82
0.00
1.08
0.70
0.70

16.3%
3.90
2.15
0.55
0.54
0.38
.04
9.06
0.25
(1.25
1.35
861
1.07
(0.87
N7
2.54
| 41
1l6
062
1 41
| S
R
LYY
2

[ 0ty

RBS Computation FMS Computation

_Regmt EBOs
3 0.00
3 0.00
7 0.01
3 0.01
3 0.00
4 0.00
1 0.39
3 0.00
4 0.00
() 0.00
5 0.00
4 0.00
4 0.00

28 0.01
10 0.00)
8 0.00
2 (ARAR!
2 (1.12
2 (.01
0 .04
1% (.00
1 .03
2 0.(0)
5 £).00)
14 0.00
| (.41
4 0.00)
4 0).00
S 0.07
5 0.00
0] 1.00)
2 (IXIR
S (INEIN
S 0o
S trhn
19 N
t [RNNT]
i g

—_— 1) = e p) = p) e o = Py e— e

o) — —

1O 4o TN o orm e e e e e o - -

L

-~

to ot

Regmt EBOs

(.00
0.00
0.51
(.56
0.12
0.20
(139
0.10
0.2%
0.00
0.45
0.00
0.00
2.04
0.75
0.63
0.14
0.12
0.06
0.00
I.10
0.03
0.03
(.59
3.X¥5
(1.41
(2K
(2%
0.43
06l
(O.8S
017
06|
3
4N
R
NN

1 aS

Cost
258.67

1355.48
7734.09
679.80)
850.84
7630.24
296.11
704.00
214.49
230.6%
6()7.40
256.47
504.70
929().87
13043.85
43745.13
1093.26
6579.64
4966.43
27%9.37
132.87
7302.54
2275.25
1726.19
745,91
77096
0674
N624 74
151401
1460 18
UL TRIY)
2NA 6
INdU 74
LAY ST
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=
&

i

i
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Table B-1. Computations Summary for the ASM/IDS Computation (continued)

NSN
2840012105099PR
2840012153664PR
284001 2153607PR
2RJ0012218303]F
2840012218304JF
2840012269004PR
284001250687 I XN
2840012665905PR
2840012823686PR
2840013076359PR
2840013079562PR
2840013079563PR
2840013079564PR
28400130808 1SPR
2840013080841 PR
284001308546YPR
2RJ0013085480PR
284001308548 1PR
2R40013085484PR
28400 130K5486PR
2830013085487PR
2810013085488 PR
2RI00130854K9PR
284001 3085490PR
2RI00 1308549 PR
2830013086 147PR
2840013086 16YPR
IR400 130861 TOPR
283001 3087027PR
28400 13087038PR
IN40013087046PR
IRI00 1308 7605PR
2R4001 308KRSO6PR
INA00 1 3ORRSOTPR
AN001 3091 [YIPR
8400 30IUKIVSPR
2IN00 1 3104076PR
INAOO T3P LANDYPR
INA00 ] 3 INOSPR
INGDO] A AROGPR
ONJOD A ANOTPR

Pipelin

2.10
0.45
0.43
2.73
1.56
().86
0.52
(.66
30.43
3.01
1.26
3.01
19.89
2.15
().62
1.56
1.26
2.86
2.12
8.42
2.34
7.8%
4.80)
33.25
0.44
312
7.04
3252
0.43
1.54
.43
1.55
7.03
RESID
R
.09
204
Y718
D62
21280

294

RBS Computation

Regmt  EBOs
6 0.01
3 (.00
2 .01
6 0.03
2 0.10
3 0.01
1 0.12
0 0).6%

4 0.02
4 (.33
] 0.53
4 0.33

29 0.05
4 .10
2 0.03
4 063
3 0.05
4 .27
4 0,17
17 0ol
2 1.03
1o 0.01
12 0.00

49 0.01
2 0.11
7 0.02
13 (.02
9 (.00
l 0.0K8
3 0.10
| 0.0%
3 010
14 0.01

30 0.04
0 2.9
I (.00
4 021

IR t) (i

17 o

240 014
N [ANRIR!

i

FMS Computation Stock
Regmt EBOs _Cost Cup
2 0.62  2584.20 5
! 0.06 243474 2

| (.08 2829.28 2
3 0.55 13200.00 6
2 0.29  10300.00 4
| 0.28 3633.51 3
I (.12 28503.71 2
| 0.19  44105.67 2
30 2.48 2042.00 41
3 0.69  |584%.00 6
| 0.53 25100000 3
3 0.69  71390.37 6
20 1.71 320.00 29
2 0.63  17269.00 5
| 0.16  3565.00 2
2 0.31 3287.00 4
| 0.55 15693.00 4
3 (.60 52243.00 6
2 1.33  47522.00 5
X 1.54 1400.00 14
2 2.300 152776.00 5
H 1.04 325.82 13
5 0.75 237.00 Y
33 2.49 304.00 45
] 1.6 3166114 2
3 0.74  5000.00 7
7 .06 SI3.84 12
3 1.00 42210 7
| 008 25940.00 )
2 031 24961.00 4
] 008 3193000 2
2 0,31 35000.00 4
7 .06 29356 12
2N 20X JAN8S 34
3 1.26 24556300 {
3 .08 JIN RS 7
3 (049 34261 o0 0
U1 411 a7 no o 117
Yi) 330 199 O (RKE]
2in (2 121000 2432
3 ] IRRUNETE N




Table B-1. Computations Summary for the ASM/IDS Computation (continued)

NSN
2840013114795PR
2840013114797PR
2840013117417PR
28400131 19046PR
2840013119976PR
2840013123481PR
2840013126039PR
2K40013129285PR
2840013129286PR
2840013187654PR
2840013193709PR
2840013206433PR
2840013206832PR
2840013206833PR
2840013225347PR
2810013225348PR
2840013225354PR
2840013225357PR
2840013226203PR
284001322627 1PR
2840013226274PR
2840013226275PR
2840013226276PR
2840013234299PR
2840013372542PR
2840013392176PR
2810013392177PR
2840013392178PR
2840013392 179PR
2K10013396139PR
2840013432465PR
28400134708 1K8PR
2RI001 33708 19PR
2RI0013470837PR
2R40013472190PR
INO03472191PR
2R400H] 3472207PR
I8N0 3472208PR
NGO 34T6S2T7PR
INDO0 ] 3370595PR
N0 339902 ipR

Pipeline

25.73
28.68
16.69
1.03
2.15
25.74
26.03
43992
505.44
4.29
3.93
3.09
0.77
0.76
1.54
79.47
4.42
2.00
1.56
0.18
28.16
28.16
24.64
390092
0.82
2.30
4.74
.58
1.58
.66
.68
374
374
[.63
17.89
.66
1.6X
W
(TR
S

7

I —

RBS Computation
_Regmt EBOy
39 0.01
43 (.01
28 0.01
| .37
4 0.10
35 0.09
3X 0.03
489 0.07
549 0.23
10 0.01
4 (.98
2 1.35
2 0.05
2 0.06
2 0.10
57 .22
9 0.02
3 (121
3 (1o
i 0.01
39 0.00
40 0.04
35 0.03
437 0.08
] 0.26
8 (.00
13 (.00
7 (L0O0
7 (.00
() 1.67
] 0.8
6t 0.15
6 0.14
2 0,35
19 120
2 077
2 1. SN
0 314
13
S i

1Ly

b

FMS Computation Stock
Regmt EBOs _Cost Cup
25 2.4 1770.51 36
28 2.3Y 422.34 39
16 2.03 304.00 25
| 0.37  51950.00 3

2 0.63 20160.00 5
25 2.39 777.00 36
26 2.04  2914.00 36
440 8.16 299.00 482
505 8.99 609.00 550
4 0.95 1244.62 8

4 1.99 139701.25 8

3 1.45 174636.34 7

| 0,21 25735.00 3

| 026 37251.00 3

2 0.30  11017.35 4
79 426  4461.50 97
4 1.00) 475.43 9

2 0.53 41454.32 5

2 0.31  14090.65 4

i 001  58303.94 2
28 218 267.00 39
2» 218 259.00 39
24 2.30 255.00 35
386 10.89 299.00 430
| 0.26 111039.60 3

2 ().68 175.34 5

5 (.84 179.65 Y

2 .35 180.37 3

2 0.35 I83.24 4

2 0.36 237163.75 4

2 0.37 13907]1.25 4

4 0.67  13784.52 N

4 0.62  [3K(6.0N by

2 0.35 10174413 4
X 162 T0Ol3 N 20
2 1 41 T6RITN 6O 4

2 1168 1 36KRGE N 4

3 | 25 32737278 7

] ity 96129 29 3

2 oAl 102 A8 4

fA N R A S o




Table B-1. Computations Summary for the ASM/IDS Computation (continued)

NSN Pipeline
284001351 1391PR 2.70
2840013513397PR 3.03
2840013513398PR 2.61
2840013574300PR .83
284001360797 1PR 1.52
201501 1909267PR 4.18
2915011920847PR 3.72
2915012665925PR 12.00
2915013102142PR 12.64
2915013102881PR 9.60)
2915013102883PR 7.41
2915013102884PR 0.62
2915013102888PR 10.68
2915013102891PR 3.72
2915013105595PR 7.80
2915013432931PR 4.68
2915013470854PR 3.43
2915013548333PR 3.72
2015013576591PR 4.05
291501358 1344PR (.68
2925011909213PR 3.42
2925013086220PR 1.72
2925013093075PR (.86
2935013195010 3.86
2995013072945PR 3.86
20°5013130342PR 3.86
209501 3386479PR 3.86
299501 3568687PR 5.00
301001 3079073PR 2.22
30T0013079079PR 13.07
304001 [99TIN2PR 1.54
RIRIY 296
3001 146931 2JF 764
ATT0011470338PR N.TN
31100 1473486PR N Y
3100 T474488PR 0. NO
Mool 1474dv0]E 1.3
Lo 1474491 PR N Lo
S0 donT PR T
23200 AONNNTGPR RS
P20 330 08PR o4

RBS Computation

_Regmt EBOs
6 0.03
3 (.70
3 1.01
0 1.08
4 0.02

11 (.00
8 0.02
23 0.00
22 0.01
15 0.07
15 (.01
4 (.00
17 .05
A 0.14
16 .00
9 0.04
9 (.00
7 0.06
4 (). X
3 (.01
7 0.04
5 0.01]
4 0.60
X 0.03
10 (.00
7 0.07
9 0.0]
5 113
5 0.04
21 .03
5 .00
N Ul
17 .00
20 (O}
| 6y T
| S 000
S 1)t
[ o
IS o
|1 [AEEAY

Joy

o

FMS Computation
Regmt EBOs _Cost
3 0.52 6661.09
3 (.70 79354.09
3 1.49 150467.66
1 1.50 264527.94
| (172 13864.00
4 (1.85 32995
4 0.63  4186.01
12 1.26 194.62
12 1.60 737.00
9 1.53  14389.00)
7 1.28 591.00
] .16 589.00)
10) 1.65  9781.00
4 0.63 43431.00
¥ 1.01 591.00
5 0.71 10554.51
3 .94 1459.03
4 (.63 15622.85
4 0.80 126107.09
1 019 2317.00
3 0.94 7293.011
2 (1.3% 2765.00
1 0.28 1571.00
4 0.69 N345.90
3 0.69 1532.00
4 .69  17802.56
4 (L6Y 3799 45
5 4.45 [36535.8Y
2 0.67 1313288
13 149 563200
2 26 4471.25
3 116N 2NT7S.36
N TGN 403
Y [ 0l 0t n?
b }.22 16U NN
2 a7 902 0N
| t6S 2INTS e
b [ JVd2 SN
B AR IBAYEIER
t [ 1 Sad
. TR SN TR

Stock

Cap
6
7

6

2
]

4
8
]
19

20
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Table B-1. Computations Summary for the ASM/IDS Computation (continued)

NSN
4710013093158PR
5930012154689PR
5998013487546PR
59980 13490589PR
5998013496077PR
5998013496078PR
SY98013497545PR
S998013537280PR
5998013540550PR
5998013540551PR
59980135688 19PR
6130013542835PR
668501 1388075JF
668501 3080858PR
6685013103587PR
6695013633031PR

Pipeline
1.56
1.56
6.2%
6.28
6.28
6.28
6.28
6.28
6.28
6.28
6.28
6.28
1.36
2.34
5.85
2.17

RBS Computation

Regymt EBOs
6 (.00
6 0.00
1 0.05
11 0.05
11 0.05
11 0.05
11 (.05
11 0.05
11 0.05
11 0.05
11 0.05
12 .62
5 0.00
5 V.05
12 (.01
O (.01

Regmt  EBOs
2 0.31
2 0.29
6 1.12
6 1.12
6 1.12
6 112
6 1.12
6 1.12
6 1.12
6 1.12
O 1.12
6 1.12
] 0.59
2 0.76
6 ().88
2 ).65

FMS Computation

Stock

Cost Cap

319.00 4

627.16 4

5561.27 |1
5561.27 11
5561.27 11
5561.27 1
5561.27 bl
5561.27 11
5561.27 Il
5561.27 1
TO28.7K 11
200000 1
3130.00 4
9419.00 5
3091.00 11
4242.00 N




Appendix C: Computations Summary tor the ASM/AIWIPS Computation

Table C-1. Computations Summary tor the ASM/IWIFS Computation

RBS Computation FMS Computation Stock

NSN Pipeline _Regmt EBOs Regmt EBOs _Cost Cuap
28400001 10704RX 0.78 2 0.05 1 0.24  3590.67 3
284000 1053844R X 1.56 4 .03 2 0.31 1677.70 4
284000106764 IRX 1.15 2 0.15 | 0.47 608743 3
2840001 106672RX 0.7% 2 0.05 | 0.24  4926.87 3
284000160 1685RX .78 2 (.05 ] 0.24 A868.30) 3
284000493444 IRX (1.78 0 0.7% ] 0.24 6246999 3
2810003628039R X 1,66 | 0,18 ] 0.1¥  23896.16 2
IRH000T7RO3IIR6R X 1.89 2 .48 2 0.48  16443.40 5
2840007951507RX 2.88 15 0.0 3 0.60 0.01 6
2840007951513RX 0.78 2 0.05 | .24 5069.9% 3
28400083233 13RX (1.39 | 0.7 0 0.39  15639.09 2
2R40008635157RX 1.32 2 0.21 ] (.59  9755.24 4
2RI000REY [ 8IVRX 1.32 2 0.21 ] 0.59 1094959 4
2R40009084520R X (L78 2 .05 1 0.24 770793 3
AR10009 1 19484R X 1.32 | .59 | (.59 33142.12 4
2840009315747RX 1.56 4 (.03 2 (.31 1733.08 4
2840009874040 345.60 49 0.0 346 7.07 21.38 383
2RA0010043187RX (.78 2 .05 I .24 342488 3
284001004891 IRX 0.78 2 0.05 | (.24 2069 .46 3
2R40010053050R X 1.32 ] (0.59 | (.59 37331.42 4
2840010074233RX 1.32 1 (+.59 1 (L.59  20448.50 4
2RA0010352030RX 0.7%8 | 0.24 ] .24 9961 .88 3
2R40010389105RX 1.32 3 (.06 | (.59  6278.08 4
2R40010404257R X 0.7% 2 .05 ] 0.24  6133.09 3
2RA00H07T0702RX 1.32 3 0.06 1 .59  4467.86 4
2R400107707028SX 1.32 3 (.06 1 (.39 4467 .86 4
284001 1150305RX 2.30 5 0.04 2 073  2316.65 5
N0 TISTA4IRX 2.30 5 (104 2 0.73 1997.03 5
2400 HIR3603RX 1.32 2 .21 | (.59 1443633 4
284001 1327297RX 1.32 0 1.32 | (1.59 134792.00 4
2NJO0 113272978 X 1.2 () 1.20 1 (.50 134792.00 3
2RA00 T TIRS6SURX 5.64 7 .44 6 .77  14436.33 1o
INJOOI23T 1OIRR X 385 5 .36 4 070 457822 N
INJOFX thdN 7 0.00) {) .48 t 2
2X400X TINES 7 0.00 () .48 (0 A
2NADSX 1138 7 (.00 N 0O IN ny A
INJOTN 04N 7 (.00 { 04N g ’
INJONVX 172 80 23N 0,00 173 0T v o




Table C-1. Computations Summary for the ASM/IWIPS Computation (continued)

NSN
2915001065464R X
2915001436107RX
2015001436107S
2915001679145RX
2915004834282RX
2915007821759RX
29150087 10942RX
2015008960173RX
2915009092305RX
29150090991 19R X
2915010139243RX
2015010996143RX
291501 1 114882RX
2925009970633RX
2935008573659R X
2995004750698R X
299350091 14336RX
29950091 14336SX
2995010074738¥RX
299501 [382303RX
AHIOOOTKOTIOTRX
3110004004409R X
3110004360215RX
31000618 1388RX
311000618 1388SX
JTTO006T8S8ENORX
I TO00825486YR X
3110008256048R X
J110008256048SX
I 10008265078RX
3110008265078S X
3110008265079RX
31100083496 16RX
3110008475136RX
3110008938233RX
J110009282285R X
3110009898932R X
3100098989328 X
4320007371397RX
43200091708344R X
43200091708448X

lin
4618
.94
0.3%
1.32
1.32
9.22
58.80
1.89
0.94
30.21
1.54

(D) e —
VI IS0
1o o

RENSN

A W

RBS Computation
Regmt EBOs

o))

P ARSI S SRS S ]

4 W
D) ) = = = —

LUSERUS I IS ]

[V SRV IRV SRS IRV, BT R, N RV RV I SR R )

19 "W = h ' DN A

0.03
0.02
0.01
0.06
0.06
0.01
0.01
0.02
0.02
(.01
1.53
023
.75
0.18
(.06
0.21
.06
0.06
0.19
010
0.03
0.00
.01
0.00
0.00
0.00
(.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
(.00}
0.06
018
0.03

RS

FMS Computation
Regmt EBQs _Cost
46 2.79 603.15
| (.33 2440.65
0 .38 2263.3Y
I 0.59 2714.02
1 0.59  3571.15
9 1.31 200.91
59 2.94 146.09
2 0.48 1654.02
| 0.33  1390.20
30 2.29 232,99
2 0.30  53595.56
1 0.23  25K850.85
2 0.30 38156.71
2 0.48 10175.98
1 (.59  4623.86
1 0.59 17127.85
| 0.59 6101.75
I 0.59 6101.75
4 .76 5894.43
) 0.48 17127.85
7 LI5S 1126.07
| 0.59 478.54
1 .52 524.78
| 0.47 185.87
7 0.99 185.87
2 0.73 307.77
| .59 149.94
l 0.59 204.32
| 0.59 220.27
] (.59 191.47
] (.59 212.60
i 0.59 243.34
1 .59 165.70
I 0.59 337.54
| 0.59 373.14
2 0.30 268.53
i 0.59 243.34
| 0.59 243.34
2 (.48 360723
2 048  7334.61
| 0.23  7334.61

Stock

Lap
60
3

2

4

4

15
74

5

]

f

F
S N

FERY N S SO T T SO T SO TUE 2N TV I (S IR FVIRUUEN SOR IV N B (I TR TON OURN SURY R N
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Table C-1. Computations Summary for the ASM/IWIPS Computation (continued)

NSN
4320010423944RX
43200104239448
4810008668 132RX
4820001689832RX
4820007 100849R X
4820007 100978R X
S310008057553RX
6620007852251

1.32
1.32
2.30
3.78
1.56
1.56
62.21
1.32

RBS Computation
Regymt EBOs

3 0.06

3 0.06

4 0.13

7 0.06

5 0.01

5 0.01

77 0.11

3 (.06

X6

FMS Computation
Regmt EBOs
| 0.59
i 0.59
2 0.73
4 0.66
2 0.31
2 0.31
62 3.22
I 0.59

g 0S8
S065.26
5068.26
5318.32
2084.90

720.43

757.10
1534.67
3315.09

Stock
Cap

X h = =
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