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PREFACE

In November 1989, RAND presented a series of hypotheses and results from ex-
ploratory research to a group of senior Naval logisticians at the Naval Postgraduate School,
Monterey, California, as the basis of a proposed project on Naval aviation logistics. The pro-
posed project was to consider how lessons learned in previous RAND logistics research might
apply to the Naval aviation logistics system, particularly the operation of the Naval aviation
depots (NADEPs), and to consider how the detrimental effects of uncertainty on mission ca-
pability, particularly in wartime, might be offset by management adaptations. One of the
most pressing problems discussed at the meeting was how to supply repair parts to the
NADEPs in a timely fashion. It was decided then that one part of the project would focus on
this materiel problem in an attempt to understand its dimensions and to arrive at possible
solutions.

This report documents part of that research effort, describing methods for allocating
investment funds among piece parts and repairable components and a method for making
short-run supply decisions related to repair parts. The methods given here lend themselves
to more general issues in resource allocation in repair operations, although these more gen-
eral issues are discussed only briefly. The methods were developed in support of work de-
scribed in MR-311-A/USN, Using Value to Manage Repair Parts, by Marygail K. Brauner,
James S. Hodges, and Daniel A. Relles, 1993, and MR-313-A/USN, An Approach to Under-
standing the Relative Value of Parts, by Marygail K. Brauner, James S. Hodges, and Daniel
A. Relles, forthcoming, and grew out of work documented in N-3473-A/USN, Materiel
Problems at a Naval Aviation Depot: A Case Study of the TF-30 Engine, by Lionel A. Galway,
1992, and in other unpublished research. This work is part of a larger RAND project entitled
Enhancing the Logistics System: The Depot Perspective, sponsored jointly by the Navy
Secretariat, Naval Air Systems Command (AIR-43), Naval Supply System, and Aviation
Supply Office.

This report should be of interest to logisticians in all Services and in commercial re-
manufacturing.
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SUMMARY

The Armed Services use end-items, such as aircraft, that rely on expensive repairable
components. Because of this reliance, the Services operate networks of facilities for supply
and maintenance of end-items and repairable components. The Services must invest in the
elements of the supply and maintenance system, allocating funds among spare repairable
components, repair parts, repair capacity, second-destination transportation, and so on. At
any given time, the managers of these facilities must also make operating decisions—which
components to induct, which repair parts to order—that affect the performance of the main-
tenance and supply system and the cost of achieving that performance.

This report proposes a way to think about these investments and operating decisions,
focusing on spare repairable components and repair parts. We distinguish between a long-
run or investment problem and a short-run or operating problem. Our approach to both
problems begins by defining the value of each part or supply action, so that the costs of either
can be related to their effects, thereby permitting managers to select courses of action that
maximize value given the cost of the actions. This report focuses on specific long-run and
short-run problems and on the context of Service maintenance depots, but we suggest how
our approach and methods can be adapted for other uses.

THE LONG-RUN (INVESTMENT) PROBLEM
The long-run or investment problem discussed here is the following.

How should a depot make investments in repair parts—that is, how should it set
authorized stock levels for repairable and consumable repair parts—to minimize the
expected value of the repair pipeline for a given level of investment?

For this problem, we attribute value to units of authorized stock in terms of the effect they
have on the value of the repair pipeline: efficient choices yield the lowest-value repair
pipeline for a given investment in stock. Our method presumes that the depot is financially
at arm’s length with its suppliers. It takes as inputs

¢ Weapon-replaceable assembly (WRA) and shop-replaceable assembly (SRA) char-
acteristics: depot repair induction rates, unit prices, and bills-of-material; and

e  Piece part characteristics: replacement factors,! unit prices, and order-and-ship
times (OSTs)

and computes expected awaiting-parts (AWP) times for given authorized stock levels. Once
expected AWP times are available, the value of the AWP contribution to the repair pipeline is
easily computed. The value of an addition to authorized stock is the amount that it decreases
the value of the AWP contribution to the repair pipeline. In this method, authorized stock is
viewed as an investment, a one-time buy replenished continually, that yields a return in the
form of shorter AWP times and a less costly repair pipeline.

The long-run method can be applied in any kind of remanufacturing plant. Also, the
method can be used as part of larger-scale considerations. such as trade-offs between differ-
ent parts of the depot repair pipeline, including OSTSs of repair parts, or in smaller-scale con-
siderations, such as comparing different reliability or maintainability investments. Although

IDefined for each repair part, this is the chance that this part will be needed for each repair job.




this report concentrates on setting stock levels, it is likely that the greatest payoffs would
come from investments in reducing OST.

THE SHORT-RUN (OPERATING) PROBLEM

We presume that in any given time period, a depot is willing to spend some budget on
extraordinary actions to alleviate short-run supply problems. The short-run or operating
problem, then, is the following:

Given a repair schedule over a (short) time horizon, with given parts on the shelf and a
given schedule of repair parts due in from suppliers, what actions should be taken to
alter the schedule of due-ins to achieve the greatest aircraft availability for a given
expenditure?

For this problem, we attribute value to supply actions—e.g., speedup of delivery of due-in
items—in terms of the effect that they have on the availability of aircraft at the end of a spe-
cific time horizon. The depot selectively pays more for better supply service, targeting the
expenditures to specific items that will yield the largest improvement in aircraft availability.
The method takes as inputs

e  WRA characteristics: bills-of-material, a schedule of WRA inductions, and the
amount each unit of each WRA contributes to aircraft availability at the end of
the repair horizon; and

e  SRA and piece part characteristics: replacement factors, OSTs, the number of
units on the shelf at the depot, and the due-in schedule

and computes the expected shortfall in WRA contributions to aircraft availability resulting
from parts supply shortages. The value of a supply action is the amount that it reduces this
shortfall. We presume that the short-run method would be used in conjunction with a depot
induction scheduler that maximizes aircraft availability.

For both long-run and short-run problems, we give the definition of value relevant to
that problem, an algorithm to maximize value for a given cost, and methods for computing
value. We derive the methods in detail in Appendix A. Appendix B lists the assumptions of
both methods and discusses what we know about their consequences.
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1. INTRODUCTION

1.1. BACKGROUND

The Armed Services use end-items, such as aircraft, that rely on expensive repairable
components. Because of this reliance, the Services operate networks of facilities for supply
and maintenance of end-items and repairable components. The Services must invest in the
elements of the supply and maintenance system, allocating funds among spare repairable
components, repair parts, repair capacity, second-destination transportation, and so on. At
any given time, the managers of these facilities must also make operating decisions—which
components to induct, which repair parts to order—that affect the performance of the
maintenance and supply system and the cost of achieving that performance. To make
analytical progress on these problems, it is necessarv to specify measures of merit, to
measure the effects of possible investments or operating actions, and thereby to develop
reasonably efficient investment and operating policies.

1.2. OBJECTIVES

This report proposcs a way to proceed, focusing on spare repairable components and
repair parts. We distinguish between a long-run or investment problem and a short-run or
operating problem. The basis of our approach to both problems is to define the value of each
part or each supply action, so that costs of either can be related to their effects and managers
can select courses of action that give good value for their cost. This report focuses on specific
long-run and short-run problems in the context of Service maintenance depots, but we
suggest how our approach can be adapted for other uses.

1.2.1. The Long-Run (Investment) Problem
For repair parts management in Service maintenance depots, the long-run or
investment problem discussed here is the following:

How should the depot make investments in repair parts—that is, how should it set
authorized stock levels for repairable and consumable repair parts—to minimize the
expected value of the repair pipeline for a given level of investment?

For this problem, we attribute value to units of authorized stock in terms of their effect
on the value of the repair pipeline: Efficient choices yield the lowest-cost repair pipeline for a
given investment in authorized stock. The method to be described in Sections 2 and 4 takes
as inputs:

e  Weapon-replaceable assembly (WRA) and shop-replaceable assembly (SRA)
characteristics: depot repair induction rates, unit prices, and bills-of-material;
and

. Piece part characteristics: replacement factors! (RFs), unit prices, and order-
and-ship times (OSTSs)

1Defined for each repair part, this is the chance that this part will be needed for each repair job.
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and computes expected awaiting-parts (AWP) times for given authorized stock levels. Once
expected AWP times are available, the value of the AWP contribution to the repair pipeline is
easily computed. The value of an addition to authorized stock is the amount that it decreases
the value of the AWP contribution to the repair pipeline.

This long-run problem can be part of a larger supply and maintenance system trade-
off: When the value of repair parts is defined in terms of repair pipeline value, investments
in repair parts can be compared with other investments that reduce the value of the repair
pipeline. A given amount of investment produces so much reduction of pipeline value if
invested in repair parts, so much reduction if invested in second-destination transportation,
and so on. An efficient investment yields the lowest-cost repair pipeline.

This definition of the value of parts can be used in other ways as well. For example,
suppose the F-14’s radar antenna is a problem. Which repair parts contribute most to the
antenna’s problem, and how can they be made less problematic? Our long-run method can be
used to compute the value of each repair part on the antenna. Sorting the parts in
decreasing order of value is equivalent to sorting them in decreasing order of contribution to
the antenna’s problem. Suppose a circuit card is the Jart with the highest value. If its OST
is reduced, its value decreases by some amount; if the card is modified so that it breaks less
frequently, its value decreases by a different amount. The relative payoffs of these or other
fixes for the circuit card can be assessed by comparing their costs and the changes in value
they induce.

Alternatively, this method can be used to plan capacity for warehousing and parts-
handling, by sizing appropriate authorized stock and in-flows of requisitions.

Value of parts has other uses, but this suggests the possibilities. In the rest of this
report, we will use value to stock parts.

Although we will focus on Service maintenance depots, the long-run method may be
useful in a variety of remanufacturing plants, e.g., plants in which most major
subcomponents are manufactured or remanufactured internally, or plants in which few
major subcomponents are manufactured or remanufactured internally.

1.2.2. The Short-Run (Operating) Problem

We presume that in any given time period, a depot is willing to spend some budget on
extraordinary actions to alleviate short-run supply problems. The short-run or operating
problem, then, is the following:

Given a repair schedule over a (short) time horizon, with given parts on the shelf and a
given schedule of repair parts due in from suppliers, what actions should be taken to
alter the schedule of due-ins to achieve the greatest aircraft availability for a given
expenditure?

For this problem, we attribute value to supply actions—e.g., speedup of delivery of
due-in items—in terms of the effect they have on the availability of aircraft at the end of a
specific time horizon. The method to be discussed in Sections 3 and 5 takes as inputs:

¢  WRA characteristics: bills-of-material, a schedule of WRA inductions, and the
amount each unit of each WRA contributes to aircraft availability at the end of
the repair horizon; and

¢  SRA and piece part characteristics: RFs, OSTs, the number of units on the shelf
at the depot, and the due-in schedule
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and computes the expected shortfall in WRA contributions to aircraft availability resulting
from parts supply shortages. The value of a supply action is the amount that it reduces this
shortfall. As with the long-run problem, this short-run or operating problem can be posed in
many different kinds of remanufacturing operations.

1.2.3. Relationship of the Long-Run and Short-Run Methods

The long-run and short-run methods discussed in later sections are not formally
related: the long-run method does not take into account the kinds of adaptations that the
short-run method would help to select. If the models underlying the methods were exact
replicas of the actual repair and maintenance world, it is probably true that the long-run
method would minimize the need for the expediting actions that the short-run method
considers.

1.2.4. Attitude Toward Assumptions and Approximations

We have developed some theory and some methods based on the theory. We believe
our methods should be judged by their payoff in application, not by the apparent realism of
the theory, although failures of fidelity may suggest potential sources of inefficiency.
Accordingly, in developing these methods we have been prejudiced toward simplicity in
derivation and computation. We have paper-tested our long-run method extensively and find
no systematic inefficiencies. However, these paper tests cannot address some important
assumptions, and our methods’ utility must be determined in field tests.

This document is intended to be self-contained, so all of the formulas given are derived
in Appendix A. Many of the subsidiary results use specifications familiar from queuing
theory and other areas of applied probability. We will give references to relevant work, but
the exposition stands on its own.

1.3. ORGANIZATION OF THIS DOCUMENT

This report has three parts. The first part, in Sections 2 and 3, is intended for a broad
logistics readership. It concentrates on aspects of the long-run and short-run methods of
particular interest to executives, specifically on the analytical setup, cost issues, and the
general idea of how the methods are computed. The second part, in Sections 4 and 5, is
somewhat more technical. It describes the methods in a way suitable for someone who needs
to implement them (e.g., socmeone writing computer code). The third part, the Appendices, is
much more technical and is intended for readers who need to understand the methods in
detail, e.g., to extend them or to apply them to other logistics problems. Appendix A derives
the formulas in Sections 4 and 5. Appendix B gives the assumptions underlying the methods
and discusses their consequences.
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2. THE LONG-RUN (INVESTMENT) PROBLEM

The basis of our approach to the long-run problem is attributing a value to each unit of
each repair part. What is an investment in the next unit of a repair part worth? Repair
parts are often valued by their unit price. But unit price does not measure a part’s worth: a
buggy-whip has no value to the Navy, whatever it costs. We define the value of a unit of a
part in terms of the benefit the Navy derives from it, where “benefit” is measured in days
that end-items do not wait because of that part. (We will be more specific below.) Once value
is expressed in days of end-item AWP time, it can be turned into familiar measures like
“dollar value of the repair pipeline,” appropriate for thinking about return on investments in
parts.

Section 2.1 defines value, and Section 2.2 shows how to use value to efficiently stock
parts at depots. Section 2.3 discusses how we compute value.

2.1. DEFINING THE VALUE OF PARTS

Before we can define the value of parts, we need to describe the stylized view of the
depot that underlies it.

Consider a WRA, say, the radar antenna, repaired by a particular depot. The process
for fixing antennas is represented in Figure 1. Units of the antenna are inducted onto an
antenna repair line. Repairing them involves removing not-ready-for-issue (NRFI)
repairable subcomponents, SRAs, and replacing them with ready-for-issue (RFI) SRAs, and
removing and discarding NRFI piece parts and replacing them with RFI piece parts. Some
types of SRAs are repaired at this depot. RFI units of those SRAs are obtained by inducting

RAND#544-1-0793

—>)

Antenna repair line

NRFI RFI

SRAs SRAs Piece parts/SRAs

SRA repairs

Supply
system

Piece parts/SRAs

Figure 1—Schematic of Depot Repair
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NRFI units onto an SRA repair line and repairing them, using piece parts and other SRAs.
(Depots do not always have distinct WRA and SRA repair lines, but it is a convenient mental
image.) Piece parts are either on hand at the depot or are obtained by placing requisitions to
the supply system, which includes Naval Supply Centers (NSCs), supply depots of other ser-
vices, Defense Logistics Agency (DLA) depots, commercial vendors, and local manufacture.
Repair parts flow out of depot stores onto antennas, and flow into depot stores in re-
sponse to requisitions. The purpose of an inventory of parts—of authorized stock—is to put a
buffer between the outflow onto antennas and the inflow from the supply system, so that re-
pair jobs are inconvenienced as little as possible by requisition servicing or by repair of SRAs.
If the buffer of authorized stock is made larger or more efficient, then the AWP time of
WRASs will be smaller, so fewer WRAs will be in the repair pipeline at any given time. In
other words, putting more or “smarter” parts into authorized stock takes boxes out of the re-
pair pipeline. To see how this happens, consider Figures 2 and 3, depicting a notional WRA
that uses a single repair part. Figure 2 shows the situation when authorized stock of that
part is zero. Each time the WRA needs a unit of the repair part, it waits an OST for it. In
the figure, OST is 40 days and the repair part is needed by some unit of the WRA every 30
days. One unit of the WRA is in AWP status two-thirds of the time and two units are in
AWP status one-third of the time, so the average number of units in AWP status is 4/3.
Figure 3 depicts the situation when the authorized stock of the repair part is one unit. The
first WRA is serviced immediately, and a part is ordered to replenish the authorized stock.
Although OST is still 40 days and a unit of the WRA needs the repair part every 30 days,
each WRA (except the first) waits only 10 days instead of 40. For 20 days out of every 30 no

RAND#544-2-0793

WRA 3

‘ SRA 3 |
WRA 2

‘ SRA 2 |
WRA 1
| SRA 1 |

L ] i ] |
0 30 60 90 120

Number of days

Figure 2—When Authorized Stock of the Repair Part Is Zero, Each WRA Waits an
OST Each Time It Needs One
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WRA 1r
Stock
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Figure 3—When Authorized Stock of the Repair Part Is One, WRAs Wait a Shorter Interval
Each Time They Need One, and Fewer WRAs Are in the Repair Pipeline

units of the WRA are in AWP status, so the average number of units of the WRA in AWP sta-
tus is 1/3. Stocking one unit of the repair part removes a unit of the WRA from the repair
pipeline.!

We can now define value. A given set of stock levels yields particular expected AWP
times for each WRA and a corresponding value for the repair pipeline. Add a unit of some
repair part to authorized stock; the expected AWP time for the affectcd WRA will decrease,
with a corresponding decrease in the value of the repair pipeline. The decrease in the value
of the repair pipeline is the value of the unit added to authorized stock.

The foregoing discussion can be expressed mathematically. The standard formula for
the value of the repair pipeline for the radar antenna is

{unit price of the antenna} x {# of antennas in the repair pipeline}
= {unit price of the antenna} x

{antenna inductions per day} x !-lays of turnaround time for the antenna}.

To see this last equality, suppose an NRFI antenna is inducted each day and that two days
elapse between induction of an antenna and completion of repairs. (Suppose also that two
antennas can be repaired at a time.) When the depot opens its antenna repair line, it has
zero antennas in work. On the first day an NRFI antenna is inducted into repair, so the de-
pot has one antenna in work, and after the second day, it has two antennas in work. At the
beginning of the third day, an RFI antenna leaves repair, but an NRFI antenna is inducted,
and from then on, the depot always has two antennas in work. That is, its repair pipeline is

1Although 40 days may seem long, for many combinations of inventory control points (ICPs) and weapon
systems (special material identification codes or SMICs, actually), the average customer wait time at depots is 40
days or greater. Reducing average OST may be a higher-payoff strategy than stocking a unit of an item.
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two antennas, which is the product of the rate of antenna inductions (one per day) and the
time each antenna spends in work (two days).

We assume that {days of turnaround time for the antenna) = {days of AWP time for the
antenna) + {other components of turnaround time for the antenna}, and that stocks of parts
affect only the AWP component of turnaround time. Among other things, this means that
the processing time for an antenna is not affected by the list of parts that are needed to re-
pair it, nor by their availability. Thus, stocks of parts affect only the contribution of AWP
time to the value of the antenna repair pipeline, which is:

{unit price of the antenna} x {antenna inductions per day)
x {days of AWP time for the antenna}.

If this argument is applied to all WRAs, then stocks of parts affect only the contribution of
AWP time to the value of the depot repair pipeline, which is the last expression summed
across all WRAs. We actually compute the expected contribution of AWP time to the repair
pipeline:

Sum ( {unit price of the WRA} x E{inductions of that WRA per day)
x E{days of AWP time for that WRA} ),

where “E(X)” means “the mathematical expectation of X” and the sum is across all WRAs.

In these terms, the value of a repair part is defined as follows. For given part and an-
tenna characteristics (to be discussed below) and given authorized stock levels, the value of
the next unit of a part used to fix the antenna is the reduction in the value of the antenna’s
repair pipeline from adding that unit to authorized stock:

{unit price of the antenna) x E{antenna inductions per day)
x A E{days of AWP time for the antenna},

where A E{days of AWP time for the antenna) is the change in the antenna’s expected AWP
time caused by the addition to authorized stock.

The value of the next unit of a part depends on the authorized levels of the other re-
pair parts. Adding a unit of, say, a circuit card will cause different reductions in average
AWP time, depending on the authorized stock levels of all repair parts, including the circuit
card itself. We discuss this more explicitly in Section 2.3, below.

The notion of value discussed here implicitly assumes that the probability distribution
describing part demands does not change over a long time period. In reality, the values of
parts are not static: they change over time as induction rates of WRAs change, as OSTs
change, and so on. Thus, the efficiency of a set of authorized stock levels also changes over
time, so that an inventory that is efficient now will not be efficient in five years. This need
not reflect badly on the people who buy the inventory. On the contrary, a program to im-
prove reliability and maintainability will reduce the values of parts that are made less prob-
lematic. Depots must periodically reevaluate their authorized stock and consider changing
it. This reevaluation is an important and complicated task that we do not have space to dis-
cuss here.
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2.2. STOCKING PARTS TO MAXIMIZE VALUE FOR A GIVEN INVESTMENT
Given this definition of the value of the next unit of a part, it is simple to specify an al-
gorithm to stock parts efficiently for a given investment.

Step 1. Begin with zero authorized stock for all parts.

Step 2. For each part, compute the value of the next unit of the part (we discuss
how to do this in Section 2.3) and divide its value by its unit price to ob-
tain the rate of return from stocking that unit.

Step 3. Select the part with the highest rate of return, and stock a unit of it.

Step 4. Is the total cost of authorized stock less than the total investment to be
made? If so, return to step 2; if not, stop.

Steps 2 and 3 refer to evaluating and stocking the next unit of each item. It is not necessary
to work with single units: Any increment to stock can be evaluated. For cheap items, such
as washers, or for items with units per application (UPA) greater than one, it would usually
make sense to work with increments greater than one unit. Step 4 discusses stopping the al-
gorithm when a budget constraint is reached, but other criteria could be used to stop the al-
gorithm. For example, stocking could continue until the average AWP time is acceptable or
until the return reaches some predetermined value, such as a 2:1 return.

The stockage problem we have posed is an instance of the classic knapsack problem.
Our algorithm is a heuristic solution, a so-called “greedy” algorithm, which has been exten-
sively studied. This greedy algorithm does not, in general, maximize the objective function
subject to the constraints, but it is known to produce good solutions as long as the costs of the
individual increments to stock are not large relative to the budget constraint. This optimiza-
tion problem could be formulated as an infinite-stage dynamic program with an average re-
ward criterion.?2 For simplicity, we did not use this formulation.

What is the relevant measure of cost? Step 3 of the algorithm uses the unit price
of each repair part as the measure of cost. To see that this is the relevant measure, consider
the following. We presume that the depot is at financial arm’s length with its suppliers. In
other words, it must buy every part it uses, including carcasses of SRAs. If the depot had au-
thorized stock levels of zero for all parts, it would need to buy from the supply system every
part required for every repair job. If, instead, the depot has some authorized stock, it still
must make the same sequence of buys from the supply system to replenish its authorized
stock. The only difference is that the depot made a one-time purchase of parts up to autho-
rized stock levels, so the repair lines receive parts more quickly. The purchase up to autho-
rized stock levels is an outlay made in addition to the cost of parts needed for jobs, which
would be incurred whatever the authorized stock levels were. The cost of authorized stock is
determined by the depth of stockage and by unit prices; the return for buying that inventory
is reduced AWP time. An efficient inventory is the set of authorized stock levels that makes
AWP time (actually, the value of the repair pipeline) shortest (smallest) for a given invest-
ment.

Implicit in this notion of authorized stock is that it will be replenished until the parts
are removed from the inventory, so the authorized stock all becomes obsolete. In reality, it
will have some value as excess, so our measure of cost errs on the high side. However, if the
scrap value of authorized stock is placed at some percentage of unit price, with the same per-

2See, for example, S.M. Ross, Introduction to Stochastic Dynamic Programming, New York: Academic Press,
1983, Chapter V.
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centage for all items, our measure of cost produces the right ranking of additions to autho-
rized stock. By a similar argument, we do not explicitly account for holding costs.

Our notion of costs is most sensible for weapon systems that are just being moved to
organic depot repair, when the outlay for repair parts trades off directly for an outlay on
WRAS to fill the repair pipeline. Our notion of costs and payoff cannot be taken literally for
mature systems, because shortening the depot repair pipeline for such systems means that
more RFI WRAs are available, not that fewer WRAs are procured to fill the repair pipeline.
Computing actual savings for mature systems would be complicated and is beyond the scope
of this report.

2.3. COMPUTING THE VALUE OF PARTS

So far we have defined value and an algorithm for stocking to maximize value without
giving any details about how to compute value. This subsection discusses how we have im-
plemented the value measure, becoming more technical as it proceeds.

Some specific assumptions needed to compute value. The ideas underlying the
computation of value are illustrated by the hypothetical example in Figures 4-6. Figure 4
shows how requisitions are serviced if the depot has no authorized stock. Demands for a
part, say, a circuit card for the radar antenna, occur on day 0 and on every third day after-
ward. If authorized stock is zero, then each time a demand for the card occurs, a unit is req-
uisitioned from the supply system and arrives an OST later, which in Figures 4-6 is 7 days.
The double line represents the amount of time each demand waits: 7 days.
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Figure 4—How Requisitions Are Serviced with No Authorized Stock
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Figure 5 shows how requisitions are serviced if the depot is authorized to have one
unit of stock of the card. At day 0, the depot has one unit on the shelf, which is used to fill
the demand that occurs on day 0. A requisition is placed to replenish authorized stock; it is
filled an OST later, on day 7. In the meantime, the second demand for the card occurs on day
3. This second demand is filled by the card that was ordered on day 0. After the second de-
mand, a requisition is placed to replenish authorized stock; it is filled an OST later, on day
10. In the meantime, the third demand for the card occurs on day 6; and so on. As in Figure
4, the double line represents the amount of time each demand waits: with one unit of autho-
rized stock, the wait is 4 days instead of 7.

Figure 6 shows how requisitions are serviced if the depot is authorized to have two
units of stock of the card. At time 0, the depot has two units on the shelf. One of these units
is used to fill the demand that occurs on day 0. A requisition is placed to replenish
authorized stock; it is filled an OST later, on day 7. In the meantime, the second demand for
the card occurs on day 3 and is filled by the second unit that was on the shelf at time 0.
Another requisition is placed to replenish authorized stock; it is filled an OST later, on day
10. In the meantime, the third demand for the card occurs on day 6 and is filled by the unit
that was ordered on day 0, so the third demand is kept waiting for a day. And so on. With
two units of authorized stock, each demand waits 1 day.

This example indicates the assumptions needed to compute the value of parts. We
need to describe when, in the course of an antenna repair job, the need for the circuit card
becomes known, and when in the repair the card is needed. These two things are needed to
define AWP time. In the example shown in Figures 4-6, we finessed these data require-
ments by representing the occurrence of demands for the circuit card. To use our method, we
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Figure 5—How Requisitions Are Serviced with One Unit of Authorized Stock
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Figure 6—How Requisitions Are Serviced with Two Units of Authorized Stock

need to describe WRA inductiens and how part demands arise from WRA inductions. We
also need to know how depots replenish authorized stock. In Figures 4-6, each demand for
the card triggered a replenishment requisition. Finally, we need to describe OST. We have
used particular assumptions in each of these areas, which we discuss in the paragraphs that
follow.

When part requirements for a job become known, and when in the repair
those parts are needed. Computing AWP time requires assumptions about the timing of
repair part demands during repair jobs. We assume that as soon as a WRA is inducted, the
parts needed to repair it are known, and that they are needed immediately. These two as-
sumptions mean that the clock measuring AWP time starts as soon as a WRA is inducted
and runs until the last repair part arrives.

Neither of these assumptions is an accurate description of actual repairs, and they
yield a definition of AWP time that is not consistent with Navy terminology. They will be
least accurate for end-items for which processing is complicated and parts are not needed
until late in the process, e.g., engine rework. Neither of our assumptions is necessary to
compute value, but they greatly simplify the computation and substantially reduce its data
requirements. In particular, unless the sequence and timing of actions within a job are un-
derstood and measured well, we believe it is pointless to try to replace our assumptions with
assumptions having more face validity.

How depots replenish authorized stock. We assume that a replenishment requi-
sition for part i is placed after every sth demand for part i. This is often called (S - s, S)3 or-
dering, where S is the authorized stock level. If S = 0—the part has no authorized stock—
then s is set to 1 and an order is placed after each demand. As Figures 4-6 suggest, given

3See, for example, S.M. Ross, Stochastic Processes, New York: Wiley, 1983, p. 69.
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the high OSTs currently experienced by the Navy, a depot usually will not have the autho-
rized stock of a part on the shelf, particularly for high-demand items. Instead, units are de-
manded for repair jobs and replacement units are ordered; if demands occur in an orderly
fashion, the bulk of authorized stock will be in the due-in pipeline. Thus, the buffer of autho-
rized stock serves two functions. Stock on the shelf is insurance against demands for slow-
moving items and against surges in demand for faster-moving items. Stock in the due-in
pipeline has, in effect, been proactively ordered. If OSTs were radically shortened, most of
the authorized stock would be on the shelf at any time.

Induction of WRA jobs and OST. In Section 4, we discuss different sets of assump-
tions about induction of WRA jobs and OST. Here is one set of assumptions (called the “U”
assumptions in Section 4):4

*  Induction of units of WRA k is a homogeneous Poisson process with rate A;.
. OST of part j ordered from the supply system follows a negative exponential dis-
tribution with mean 1/5;.

The other sets of assumptions incorporate less uncertainty about the timing of WRA induc-
tions and OST. We make several other assumptions, which we discuss at the end of this
section.

Computing the value of a unit of an item. Consider the circuit card going on the
radar antenna. Suppose we want to assess the value of the next unit of that circuit card. For
given

. Part characteristics: RFs, OSTSs, unit prices, and (for SRAs) bills-of-materials
*  Antenna characteristics: bill-of-materials, unit price, and daily induction rate
¢  Authorized stock levels for all parts,5

the value of the next unit of the circuit card is computed by the following steps.

1. For each SRA that is repaired locally, compute the expected AWP time for that
SRA when it is repaired. This is done by:

— For each part going on the SRA, computing the expected time the SRA waits
for that part if it needs one (using formulas discussed below). This expected
waiting time depends on the number of units of that part in authorized stock.

— Plugging these and the RF's of the parts into the “tall-pole formula,” which we
discuss below.

2. Compute the expected AWP for the antenna. This is done by:

— For each piece part going directly on the antenna and each SRA not repaired
locally, computing the expected wait for that part if the antenna needs one
(using formulas discussed below). This expected waiting time for each part
depends on the number of units of that part in authorized stock.

— For each SRA repaired locally, computing the expected wait for that SRA if
the antenna needs one, using the expected AWP time computed in step 1 and

4For these assumptions, and assuming that in each WRA or SRA job, each part is demanded independently
with constant probability, each part defines an M/M/n//FIFO (First In, First Out) queue. See, for example, D.
Gross and C.M. Harris, Fundamentals of Queueing Theory, Wiley: New York, 1974.

5Availabi]ity of some of these data may be problematic; the data sources we used in applying these methods
for the Navy are discussed in MR-313-A/USN, An Approach to Understanding the Relative Value of Parts, by
Marygail K. Brauner, James S. Hodges, and Daniel A. Relles.
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formulas discussed below. This expected waiting time depends on the num-
ber of units of that SRA in authorized stock.

— Plugging these and the RFs of the parts that go on the WRA into the tall-pole
formula.

3. Increment the circuit card’s authorized stock by cne unit, repeat the first two
steps, and compute the change in the antenna’s expected AWP time due to the
extra card.

4. Compute the value of the next unit of the circuit card by multiplying the change
in expected AWP time, obtained in Step 3, by the antenna’s daily demand rate
and unit price.

The computation just described assumes that only piece parts are used to repair SRAs. This
is not true in general, and our method can be extended in an obvious way to more levels of
indenture. However, as discussed in Appendix B, extending the computation to more levels
of indenture may not be advisable.

The description just given assumes that we have two things: the “tall-pole formula”
for computing expected AWP time given RFs and expected waits for individual parts, and a
formula for the expected wait for a part if that part is needed. These are discussed in detail
in Section 4 and Appendix A. The remainder of this section describes the tall-pole formula
and gives some intuition for the expected wait for a part if it is needed and for how character-
istics of parts and WRASs determine the value of parts.

The tall-pole formula. We use the tall-pole formula repeatedly in computing value.
To understand it, consider a hypothetical WRA with four piece parts, described by Table 1.

Table 1
Part Characteristics for a
Hypothetical WRA

Wait If
NIIN= RF Needed
0001 0.05 40
0002 0.10 35
0003 0.50 25
0004 0.01 10

2National item identification number.

For each of the four parts, we have the RF and the amount of time that the artisan will wait
for the part if it is needed. For now, assume that these waiting times are deterministic. If
the repair job requires NIIN 0001, then no matter what other parts are demanded, the job
will wait 40 days for NIIN 0001: it will be the “tall pole in the tent.” If the repair job does
not require NIIN 0001 but it does require NIIN 0002, then regardless o