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Sect ion I

Introduction

This paper presents the results of a simulation study to evaluate the relative

performance of 13 specific methods proposed for the management of Air Force

recoverable items. An important feature of the study is the use of actual histories

of Air Force recoverable item flows for F-15 and F-Ill aircraft for the period

FY74 through FY78. Using this data and a simulation model designed specifically

for this study, we obtain answers to the question "How well wo:,id each of the

proposed methods have performed had they been used during the FY74-78

interval?"

The paper has five major sections. In Section II we discuis the major features

of the logistics system used to support the majority of AFLC recoverable items.

The major mathematical models proposed for use in the management of this system

are also discussed in Section II. In Section III, we discuss the types of data

currently available for the development of a detailed model of Air Force

recoverable item management systems. This chapter describes the data collection

efforts undertaken to support this study, as well as the results of these efforts. In

Section IV, we discuss the scenario which served as the basis of our simulation

efforts. This section describes the computational policies which were evaluated,

the materiel flows simulated in the RIME Evaluation Model, and the relationships

among initial provisioning and replenishment calculations in the simulated system.

Sections V and VI present the results of our simulation experiments. These sections

present cost-effectiveness curves which compare the relative buy dollar and

- ,-



1 1-2

backorder performance associated with each of the proposed policies. Section V

J discusses aggregate results, i.e., results obtained when simulation values were

totalled across all items included in the simulation study. Section VI, on the other

jhand, presents separate cost-effectiveness curves for each of the LRU groups

simulated. Finally, Section VU summarizes the results of our study.

i/
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Section I1

Recoverable Item Materiel Flows

and

Associated Mathematical Models

Recoverable items represent an important sub-set of the total population of

AFLC management items. This class includes items which may be repaired on

failure and thus returned to a serviceable condition. Assemblies such as naviga-

tional computers, pumps, radio sets, and torque converters are examples of this

class of items. Approximately 170,000 Federal Stock Numbers with inventories

valued in excess of $5 billion fall into this category.

In general, recoverable itens are supported by a two-echelon Anventory/repair

system such as that illustra.ed in Figure 11-1. When a weapon system is first added

to the Air Force inventory, initial provisioning includes procurement of a number

of serviceable spares to support the new weapon. These spares are then dispersed

to appropriate base locations to provide on-site support for operating forces.

Usually, some serviceable spares are also maintained at a depot supply location.

These depot stocks are used both to support depot repair activities, and to provide

a backup source of supply for bases with unexpectedly high requirements.

When a recoverable item fails at base level, it is turned in to base supply and a

new serviceable unit is isued. If possible, a failed item is then repaired by the

base maintenance organization and returned to base supply. Sometimes, however,

the failed item must be returned to the depot where more sophisticated equipment

.. V
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11-3

and specialized skills are available. In this event, the base subm~ts a requisition to

the depot supply organization to obtain a serviceable replacement for the failed

item. The depot in turn attempts to fill these requisitions. If serviceable units are

available at the depot, the requisition is filled immediately. Otherwise the

requisition is backordered until additional serviceable units are obtained from

either the depot repair facility or from replenishment orders placed with outside

vendors.

Occasionally, failed items cannot be economically repaired. In this case, the

item is condemned, and the inventory system manager must then determine

whether to order a replacement for the failed item, or to operate the system with

one less spare asset.

As aircraft or other major end items age, it eventually becomes desireable to

return the aircraft to an overhaul facility for major repairs and refurbishment. As

a part of the overhaul process, certain components may be removed from the craft

and seplaced by serviceable units. The removed assets are in turn sent to

appropriate repair facilities. We refer to such assets as "depot reparable

generations", or "rep gens" for short. Hence, depot rep gens are. another source of

unserviceable assets.

LRU/SRU Relationships

The above discussion describes the materiel flows associated with a single

federal stock number. In many instances, however, the materiel flows of different

items may be closely related.

Many modern weapon systems are built on a modular basis. The term Line

Replaceable Unit (LRU) is used to describe a major assembly that r.ay be removed

and replaced on an aircraft at the flight line. If a failed LRU cannot be repaired at

"iq



base level, the faulty unit would be forwarded to the depot. Otherwise, the LRU is

moved to a base maintendnce shop for repair. Repair of these modularly designed

systems often consists of the removal and replacement of one or more of its

components, or modules. These components of the LRU are called Shop Replace-

able Units, or SRUs tor short. Thus, SRUs represent a second level, or indenture,

in the parts heirarchy o the aircraft. If the SRU cannot be repaired at the base,

the failed SRU is either condemned or shipped to the depot. Otherwise, base

maintenance personnel attempt to repair the SRU, perhaps by the removal and

replacement of one of its components.

The activities of disassembly, removal and replacement continue until the

faulty unit(s) is identified and corrected. Of course, similar activities also

performed at the depcc level to return failed LRUs and SRUs to a serviceable

condition.

As in most real s)stems, there are a number of items which do not fit the

pretty picture described above. At times, forward base locations will be supplied

from another closely located base -- resulting in a three-echelon supply system for

this item. For other items, a manufacturer may provide both a source of

procurement for new assets as well as the source of repair for failed items. When

tens of thousands of items are involved, there of course many other variations that

can be observed. However, the above discussion appears to provide a good

approximation to the logistics support system in existence for the majority of

AFLC recoverable items.

Analytical Models of the AFLC Recoverable Item Flows.

Several mathematical models have been developed to assist in the manage-

ment of AFLC recoverable items. Each of these models differ in terms of (a) the

,Aq
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H1-5

underlying assumptions of the mathematical model, (b) the objf-ctive function to be

optimized, (c) the mathematical optimization procedures used to find "optimal"

solutions, and (d) computational shortcuts utilized to reduce the computational

resources required to obtain solutions. Demmy and Presutti (1979) provide a

detailed discussion of the analytical features of the major AFLC multi-echelon

models. In this section, we provide only a qualitative discussion of these models.

This discussion is presented to provide an overview of the policies to be evaluated

later in this paper. The major models to be discussed include.

1. AFLC Regulation 57-27. This regulation describei the current pro-

cedure for initial provisioning of Air Force recoverable items.

2. METRIC. This is the acroymn for the "Multi-Echelor, Technique for

Recoverable Item Control", a two-echelon model originally developed by the

RAND Corporation to determine base and depot stock levels far recoverable items.

The term METRIC is used to describe both the original mathematical model and

optimization technique, as well as the computer code which implements the

method.

3. MOD-METRIC. An extension of the METRIC model which considers

assembly/sub-assembly relationships.

4. The Variable Safety Level Computation (VSL). VSL is a modification

of the RAND METRIC model whith utilizes a different optimization procedure and

which includes several computational shortcuts. The Variable Safety Level

Computation is currently used to compute requirements for AFLC replenishment

spares.

Let us now consider the major features of each of these models.

• ] *



1 11-6

I
AFLCR 57-27.

Air Force Logistics Command Regulation 57-27 describes the rules to be used

in the computation of initial requirements for expense, investment, and equipment

items. Although the regulation does not explicitly state the underlying assumptions

embedded in the computation, the regulation is essentially based on the assumption

that all item parameters such as failure rates, base repair fractions, and condem-

nation rates are known with certainty, and that there is no variability of demand.

The model then sets the initial provisioning requirement equal to the amount of

stock required to fill the repair/resupply pipeline, that is, the amount of stock

which has failed and is either in unserviceable condition and undergoing repair or

which has been condemned and is in the process of being replaced by replenishment

procurements. Figure 11-2 presents a computation worksheet used in the appli-

cation of AFLCR 57-27.

The METRIC Model.

As noted above, METRIC was orginally developed by Craig Sherbrooke (1968)

of the RAND Corporation as a tool for managing Air Force recoverable item

inventories. This model provides a methodology for computing stock levels in a

two-echelon inventory/repair system consisting of a depot and possibly several

bases. The objective of the model is to determine the base and depot stock levels

which minimize total expected base level backorders summed across all items in

the system subject to an Investment constraint. By definition, a backorder exists

at any point in time at which theiv is an unsatisfied demand at base level. If

backorder- days are accumulated over a fixed length of time, the average daily

h number of backorders can be found by dividing the accumulated backorder-days by

the number of days in the data period. METRIC seeks stock levels which minimize

ji the mathematical expectation of this quantity. In METRIC, no penalty is directly

L,
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I 11-8

I assessed for depot backorders. Depot backorders are considered only insofar as

they influence base backorders.

Many data elemenis are required as input parameters to the METRIC model.

I These include the average base and depot repair times for each item, unit cost,

Not-Reparable-This-Station (NRTS) rates, and average order and ship times.

Minimum and maximum stock levels can qlso be specified, but are typically not

used in applications of the model. In addition, the following assumptions are made:

1. A stationary compound Poisson probability distribution describes the

demand process for each item.

2. There is no lateral resupply between bases.

3. There are no condemnations (all failed parts are repaired), nor are

there any other gains or losses of assets to the system.

4. A failure of one type of item is statistically independent of those

that occur for any other type of item. .1
5. Repair times are statistically independent.

6. There is no batching of items or other scheduling delays before repair

is started on an item.

7. The level aL which repair is performed depends only on the com-

plexity of the repair.

8. All demand rates, NRTS rates, and other parameters required by the

model are assumed known with certainty.

9. Items may have different essentialities; however, all items at a given

base are considered to be equally essential.

The METRIC model computes a set of base stock levels and depot stock levelsIwhich are consistent with a given investment constraint. When used in this form,

i
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U1-9

the model can be used to determine the number of assets that should be procured

to operate the system to support a given flying program. However, METRIC can

also be used to resolve distribution problems. That is, the METRIC model can also

be used to determine how to distribute a given number of assets across the depot

and the bases so as to achieve the minimum expected backorder rate for this

system.

MOD-METRIC Model

In METRIC a backorder of one item is assumed to be equally undesirable with

a backorder with any other item. As noted above, however, many of the today's

weapon systems have modular designs. In this case, the assumption that all

backorders are equally undesirable is not necessarily a good approximation to the

actual situation.

At best, a backorder for an LRU results in an aircraft that is not fully

equipped to perform its assigned missions, while the worst situation corresponds to

a grounded aircraft. On the other hand, backorders for SRJs result in delays in

repairing the associated LRU. If these SRU backorders persist long enough, LRU

backorders and inoperable aircraft will eventually result; howevet, this effect is

usually not immediate. Clearly, aircraft availability is more immediately affected

by LRU backorders than by SRU backorders.

In MOD-METRIC, it is assumed that the average base repair time B for a

specific LRU is given by:

B=R+D

where:

iI
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I 11-10

I R Average repair time for the LRU assuming that all required SRUs are1 available, and

D = The average delay in the repair of the LRU due to the unavailability of

Il needed SRUs.

The average LRU delay D may then be related to the stockage policies for the

individual SRUs which are components of the LRU. For details of this calculation,

[ see reference i.

Recall that in METRIC, the objective is to minimize expected base backorders

summed over all items (including both LRUs and SRUs) subject to an investment

constraint; in MOD-METRIC, the objective is to minimize the expected base

backorders of LRUs subject to an investment constraint on the total dollars

allocated to both the LIRU and its components. In MOD-METRIC, assumptions 2

through 8 of the METRIC model are assumed to hold. However, the METRIC

assumption of the statiorary compound Poisson probability distribution of demand

(Assumption 1) is replaced by the assumption that demand obeys a simple Poisson

process whose mean, M, is an unknown random variable. The prior probability

distribution of this mean M is assumed to be gamma distributed. These MOD-

METRIC assumptions for the demand process imply that the number of assets in

the repair/resupply pipeline obey a negative -binomial distribution. This is the

same probability distribution for the repair/resupply pipeline that is implied by the

METRIC assumptior.s. Thus, the state probability calculations for both models are

identical; however, they each rest on a different philosophical foundation, and may

involve different input parameters. A second major difference between the

METRIC and MOD-MErRIC models concerns the assumed relationship among LRU

and SRU components. The METRIC model ignores any relationships among items.

I.'
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In contrast, MOD-METRIC explicitly considers LRU/SRU relationships. Specif-

ically, in MOD-METRIC it is assumed that no more than one SRL failure causes

the failure of the LRU. Of course, in real-world situations, there may be more

than one faulty SRU in a failed Line Replaceable Unit. However, the MOD-

METRIC assumption is a much closer approximation to the real world than the

METRIC assumption of no LRU/SRU interactions.

Thus, MOD-METRIC provides a more detailed description of Air Force

recoverable item part relationships than is provided by the METRIC model.

However, the price for this increased detail in terms in data processing resources is

a heavy one. The MOD-METRIC model requires information concerning the parts

hierarchy of an aircraft-information that is not available in today's data systems.

In addition, the MOD-METRIC optimization requires substantially more computer

time than is required by the METRIC model.

VSL Variable Safety Level Computation

For follow-on buys of recoverable item spares, the Air Fcrce uses a modifi-

cation of Sherbrooke's METRIC model to determine world-wide requirements. This

compdtation is known as the Variable Safety Level Computation (VSL).

In VSL, several techniques are used to reduce the computation effort required

to determine requirements. First, VSL assumes that all bases are identical, each

with the same demand rate, repair times, and base repair fractions. In this case,

the optimum stock level for one base will be the optimum stock level for every

base. This means that the set of optimum depot and base stock levels may be

determined with the same amount of computational effor as that required to

determine optimum levels in a two-base system, a substaitLal reduction in

computation time over the original METRIC method. A second major change in

14I
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optimization techniques is the use of Lagrangian methods to obtain solutions, as

opposed to the complete search method utilized in the original METRIC algorithm.

A third important difference from the original METRIC model is the use of upper

and lower limits to computed stock levels in the VSL computation. In VSL, a lower

bound on the base stock level is set equal to the expected number of demands

during an average base resupply time, while the lower limit for depot spares is set

equal to the expected ndmber of assets that are either in transit to the depot or in

depot repair. Upper limitE on both base and depot stocks are set so that no addi-

tional assets are allocated after system base backorders are reduced below a given

threshold value. These upper and lower bounds restrict the number of asset

positions which must be evaluated during the optimization process, and conse-

quently reduce the amount of computational effort required to determine

reqiiirements.

The upper bounds used in VSL were adopted primarily to improve the

computational performance of the algorithm. However, the lower lmits represent

a significant philosophical differerce between the METRIC and VSL models. In

METRIC, zero is the lower bound on base and depot stocks. In VSL, however, the

lower limit is set so that every item will have enough stock at both the base and

depot to take care oi the expected demands during the resupply time. Thus, while

METRIC uses marginal analysis to decide whether or not to stock each unit of an

item, VSL first sets an item's stock level equal to the expected amount in the

"pipeline." Marginal analysis is then used to determine how much additional stock

will be allocated to each item. This constraint was insisted on by management be-

cause of METRIC's bui!t-in basis against stocking high cost items, and because of a

general feeling among Air Force managers that the resulting levels understated the

base-level requirements for these items.



Another important difference between VSL and METRIC is in the modification

of the unit price. In VSL, a modified unit price C' is obtained by multiplying the

original price (.' by a discount factor. This discount is given by:

Fraction
of

Discount 1- Demands
Factor Resupplied

from the depot

In no case, however, is this factor allowed to be less than .10. rhe modified price

then replaces C in the optimization calculations. Thus, for an item that has a high

percent of failures sent back to the depot for processing, the modified unit price

will be only a small fraction of the actual unit price. On the other hand, for items

with low levels of depot repair, the modified unit price will be close the actual unit

price. In the VSL computation, this price modification tends to produce higher

base stock levels for items with a small base processing rate. This modification

was adopted because it was felt that high cost recoverable SRUs were not being

stocked at the bases in sufficient quantities, and that high cost items also tended

to have a small base processing rate. Consequently, the technique described above

was used to "reduce" the cost of these items so thatthe algcrLthm 3tocks more of

these items at base level. It was hoped that this approach would enable the VSL

algorithm to retain the relative simplicity of the original METtIC algorithm, while

obtaining results similar to those obtained from the MOD- METRIC algorithm

which considers LRU/SR1 relationships.
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Section III

Data Used in this Study

In our study, we %ished to reproduce as closely as possible the actual pattern

of demands for recoverable items associated with F-15 and F-Ill aircraft. To do

this, several categories of historical data were sought. The categories include:

1. Repair tiroes, unit cost data, and other identification data for each

LRU and SRU peculiar to the F-l15 and F-Ill.

2. Historica! demand and reparable generation records for each of these

LRUs and SRUs.

3. Flying programs for each of these aircraft, by base.

4. Base order and ship times.

In the following paragraphs, we discuss how this information was acquired.

Development of the Deroand History Data Base.

To employ MOD-METRIC, it is necessary to identify all LRUs and their

associated SRUs associated with a given aircraft. Unfortunately, such parts

heirarchy information is nut currently part of standard Air Force data systems. To

obtain the required information, the Inventory Analysis Branch (AFLC/LORRA)

first obtained from the Depot Data Bank a list of all XD3 items coded as peculiar

to the F-15 or F-I I aircraft. LORRA then requested the item manager for each

LRU to identify all SRLI components of the LRU, and to delete from consideration

all LRUs which contained common SRU components. LORRA then combined these

lists, deleting all LRU/SRU families that had SRUs in common that where over

looked in the item manager reviews. For example, if the same SRU was a

"1
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coiipoent of both L1RUJ Il and LRIJ #2, both of these LRUs and a]l related SRU5

%ere cieleted Irom the list. This process resulted in a list of LRIJs with unique SRL

J-,anonert-; that i.i, none of the )RUs were used in any other LRU. A sunrlary of

the itern counts obtained from this effort is as follows:

F- 15 F- I I TOTAL

Original Number of LRUs 41 33 224

Remainmng LRUis 15 7 22

Remaiw.ng SRt's 113 Z2 195

\ir. Don Skinn/AC-2 then deveioped computer programs to select unit cost.

repair tunes, and other item identification data for each LR' &rid SRU from the

DAI type "0i" itcord cottained in the Depot Data Bank (as of Cycie 79-3). Next,

demand history infrtmnation for each LRU and SRU on the ;st was accumulated.

D041 Data Bank tapt:s for cycles 79-3 and 77-3 were used in the construction ot

this history. The result of this effort was a data file containing item identification

and reparable generation data for all of these items covering The period July 1974

through June 1978. These demand histories were then printed and closely

reviewed. During the review process, we sought to identify items which had

missing or obviously erroneous information, or items in which t.e LRU and SRU

data records were inconsistent. Of the 22 LRU groups in our final history tape,

five contained serious deficiencies and were dropped from further analysis. The

reraining 17 LRU/SRU groups were used for the renainder of our study. Table

I1-I summarizes some of the major features of these 17 groups.
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Flying Program Data

To determine flying hour programs for the Fill and FI5 aircraft, Ms. Carol

Hawks/LORRA first collected historical program data from G033 reports for the

period July 1974 through July 1979. These reports display total flying hour

programs by MDS, but provide no information on the distribution of these flying

hours across bases. To determine the allocation of flying hours by base, Ms. Hawks

studied the patterns of flying hours for each MDS for these aircraft, as well as

other historical program data by Command. She then allocated the total flying

hour programs by quarter to individual bases. Consequently, total flying hours used

in our study exactly equal the total flying hours recorded lor each of these

aircraft. However, the individual flying programs by base do not necessarily

represent the exact flying programs which were utilized in this period. However,

the individual programs by base simulate the kinds of patterns which could

expected in Air Force operating enviornments, and provide ;. reasonaiir; scenario

for our study. Figures 111-I and 111-2 present the flying i. .rograms by base for

the FI5 and FllI aircraft, respectively, obtained from this effort. As shown in

Figure III-1, the F15 experienced a growing flyir program during the 1974 through

1980 period. In July 1974, only one base of FI5 aircraft was in operation.

However, by July 1980, a total of eight bases were in operation, and the total

flying hour program for the FI5 had grown significantly. As may be seen in Figure

111-1, the simulated flying program by base assumes that three pairs o1 bases have

identical flying patterns; these are the base pairs 3 and 4, 5 and 6, and 7 and 8,

o. " .
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respectively. Although it is doubtful that any two bases ever have exactly the

same flying rams in real world systems, the programs used appear to be

reasonable approximations.

Figure 111-2 presenis the simulated flying hour program by base for Fill

aircraft for the period July 1974 through July 1980. As may be seen from the

figure, the Fill aircraft was already a mature member of the Air Force fleet in

July 1974. During the 1974 through 1980 period, the flying program for this

aircraft remained fairly stable. As may be seen from the figure, our simulation

scenario assumes that there are six F I I operating bases, and that the base pairs 1

and 2, and 3 and 4, each have identical flying programs.

Order and Ship Times

An important input to both the MOD-METRIC and METRIC models is the

average Order and Ship time for each stocking location of a given LRU or SRU.

Unfortunately, we were uinable to find any historical data describing actual Order

and Ship times by base. Consequently, a simulation procedure was used to con-

struct representative values for order and ship times.

To do this, Ms. Hawks obtained samples of Order and Ship times (O&ST) from

the D143 data system. This system presents average O&ST by base. After a study

of this data and following several discussions with distribution specialists, the data

presented in Table 111-2 was developed. This information contains deviations in

days of the average Order and Ship Times for specific bases from the worldwide

average Order and Ship times for specific items. This deviation data is used to

construct O&ST values by base using the average LRU O&ST as a starting point.

To see how this data is used, suppose that a specific LRU has an average Order and

i/
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Ship time of 10 days. Further, suppose this LRU is a component of the Fill

aircraft. In simulating this LRU, we would assume that the Order and Ship time

for base I was equal to (10 - 6) = 4 days, while the Order and Ship time for base 3

would be set to (10 + 9) = 19 days. Using similar calculations, we would obtain the

set of Order and Ship times shown in Table 111-3. These values would then be used

in the simulation of this specific LRU.

?,,A
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Section IV.

An Overview of

The Recoverable Item Management Evaluation System

As noted earlier, the object of this study is to evaluate the relative

performance of METRIC, MOD-METRIC, VSL and variants of these methods in a

real-world context. To do this, we constructed a detailed s:rnulation model of Air

Force recoverable item flows. This model is called the Recoverable Item

Management Evaluator (RIME). A detailed descriptior of RIME is presented in

Reference 2. In this section, we outline the major features of this model. Areas to

be discussed in this section include-

1. Logistics flows modeled in RIME.

2. Major Components of RIME.

3. Event Generation.

4. Stock Level Computations.

5. The Simulation Scenario.

Logistics Flows

The Recoverable Item Management Evaluator simulates the flows of a Line

Replaceable Unit (LRU) and its associated Shop Replaceable Unit (SRU) com-

ponents in a multi-location logistics system such as that illustrated in Figure IV-1.

As shown in the figure, any particular LRU or SRU may be stocked at any one of

several possible locations. Three major categories of inventory stocking locations

are modeled in RIME. These are:

S".
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i. Operatin, Bases.

2. Depot Level Maintenance Facilities.

3. Aircraft Overhaul Facilities.

Let us now conside- each of these categories in more detail.

Operating Bases represent locations from which major Air Force units such as

aircraft wings or squadrons are operated. These operations generate failed LRU

and SRU components, as well as demands for serviceable replacements for the

failed units. As shown if, the figure, some of these assets may be repaired at base

level while other assets are Not Repairable at This Station (NRTS) and are thus

returned to the depot for repair. Those assets which can be returned to a

serviceable condition by the base repair shops are said to be "Repairable at this

Station", or RTS assets. Still other assets that fail at base level may be beyond

repair. These assets are condemned, and requisitions for serviceable replacements

are submitted to the depot supply organization.

The Depot Level Maintenance Facility performs two major tasks; these are:

(a) the repair of failed LRUs and SRUs which have been returned to the depot, and

(b) maintenance of the centralized source of supply which may be used to replenish

operating bases. As shown on the upper right hand side of Figure IV-I, not all

assets which are returned to the depot are repairable. Some of them are beyond

repair and are thus condemned at the depot. We say that such assets are "Overhaul

Condemned," using the same terminology as that employed in the D041 system.

In RIME, the Overhaul Facility represents a repair organization which gener-

ates unserviceable LRU and SRU components as a result of the overhaul of major

end items. In our case, the major end items are F-15 and F-Ill aircraft.

Unserviceable components that generate at the Overhaul Facility may be classed
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I
into one of two different categories. These are: (a) Job-Routed components--

components which are repaired at the maintenance shops of the Overhaul Facility

itself, and (b) Non-Job Routed components -- components that must be sent to the

specialized Depot Level Maintenance Facility for repair. In current Air Force data

systems, no historical records exist on the magnitude or timing of job-routed

repairs. Consequently, job-routed recoverable item flows are not modeled in

RIME. However, RIME does model asset flows associated with Non-Job-Routed

components. As shown in the figure, we assume that all Non-Job-Routed

components fall into one of two different categories: (a) if the component is

beyond repair, it is ccndemned at the overhaul facility. In the D041 system, such

assets are called "Depot Condemned" assets. (b) On the other hand Non-Job-

Routed assets which are not condemned at the Overhaul Facility are returned to

the Depot Level Maintenance facility for repair. In RIME, we assume that all

Non-Job-Routed assets must be shipped to another location for such repair. That

is, we assume that the Overhaul Facility and the Depot Level Maintenance facility

are at physically-distinct geographic locations.

Major Components of RiME

Figure IV-2 illustrates the major components of the Recoverable Item

Management Evaluator System. As shown in the figure, this system consists of

four major components. The D041 Data Extraction System is used to obtain

required D041 historical data elements from the D041 Data Bank, and to reformat

this information into the specific record layout requirements of this study. The

development of this system is described in Section I1. The Exogeneous Event

Generation System utilizes historical D041 demand for a given LRU/SRU family,

3
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and uses a Monte Carlo process to convert the aggregate data into individual

reparable generation events. The result of these computations is an [vent tile

which identities the pre(_ise timing and locat,0 of :ndividuai reparable geiieratlon

events, and all associated failure and demand aetivities Ahin no~av be Cerived

immediately from tho reparaie generation event. Referen( e 2 rontiris i Oetaiiec

description of the Exogenous Event Generation pro, ess.

In the Stock Levels Computation module of RIME, appropriate algOr,tt:s, 'ark!

utilized to estimate the Mean Time Between Demands (MTBI), NrT rates,

condemnation factorc, and other parameters required by specific stock levei

computation routines. The computation system then utilizes specitied optimization

algorithms to compute stock levels for each period to be simulated 'ithin the

RIME model. Finally, L.he RIME Simulator is used to estimate the buy-c-lollars and

backorder and fili r,tes associated with the computed levels. Outputs from the

Evaluator include totals of reparable generati.on, repair, procurement, backorder,

ant fill activitv tor each simulated quarter, aggregate summaries of buy-dollars

and support statistics totaled across all simulation quarters, and detailed results by

LRL/SRU group. The extent of output products produced by the Evaluator is

determined by parameters specified as inputs to the Evaluator routine.

In the next section, we discuss the Event Generation Process, while the Stock

Levels Computation module is discussed in the subsequent section.

The Event Generation Process

A major design feature of the RIME evaluation model is that all recoverable

item flows are driven by actual Air Force histories of recoverable item activity.

For example, Table IV- I presents historical data from the D041 Depot Data Bank

for Federal Stock Number 5841-00-2475357 This FSN is a Line Replaceable Unit

I
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for the F-I I1 aircraft A ith a price of $6,150 per int. This LRL, has a single SRU

component; the SRU is FSN 5841 00-4899855, a SYN(' A SY with a unit price of

$452.20. Table IV-I presents the repairable iterr generation data for these two

stock numbers for the !irst quarter ol FY74, is well as the total repairable

generations in each category shown for the four year period frori FY74-1 through

F) 7S-4.

As shown in the table, this LRU had 115 repairable generations during the first

quarter of FY74. Of this total. 1 10 were repaired at base level, while 5 were NRTS

assets. That is, five assets were returned to the depot for repair. None of the

total of 115 assets were condemned at the base level, and there were no depot

repairable generations of this LRU during FY74-1 (i.e., there were no generations

from the Overhaul Facility). During this quarter, the LRU had a total installed

program of 30,000 hours. irnilar]y, the SRU had 10 repairable generations during

tin;s quarter. Two of these were repaired at base level, while 8 were returned to

the depot.

In sirrtulatirg this LRIJ/SRU family for the quarter FY74-1, exactly 115

repairable generat:ons ot the LRL are created in the RIME model, with exactly 110

of these to be repaired at base level. Similarly, exactly 10 SRU repairable

generations are created in the simulation of this quarter, with 2 repaired at base

level and 8 returned to the depot. In a simulation of the entire FY74-I through

FY78-4 interval, exactiy 1980 LRU generations would be created, and exactly 124

SRU generations. Similarly, all of the other historical data displayed in Table IV-i

would be exactly reproduced by the simulation model.

One problem in simulating detailed repairab!e item flows from Air Force

historicai data is that the historical data is maintained in an aggregated form.

35"
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That is, the historical records only tell us the total number of repairable

generations that occurred at all base locations during a given interval, and provides

no information in terms of which specific bases generated these failures. Similar-

ly, the historical records provide no data which allow us to link up specific SRU

repairable generations with associated LRU failures. Consequently, it was

necessary to devise probability models to interrelate LRUi and SRU reparable

generations. Table IV-2 presents the assumptions utilized in our demand genera-

tion process. Basically, the rules presented in this table are based on a relatively

small number of fundamental assumptions. These are (a) Air Force D041

recoverable item flow histories are to be reproduced as <!osely as possible in the

simulation process, (b) the probability that a specific SRL failure in a given quarter

is related to a given LRU repairable generation is assumed proportional to the total

number of SRU units that are contained in the assemblies o the failed LRUs. For

example, for the LRU/SRU pair presented in Table IV-l, there are two units of the

SRU contained in each LRU; that is, the Quantity Per Application (QPA) for the

SRU is two. Consequently, for the 110 LRUs that were repaired at base level

during FY74-i, there were 2 X 110 = 220 SRUs contained in the 110 LRU

repairable generations. Further, since there were exactly 10 repairable genera-

tions for the SRU during this period, we assume that the probability that any

specific SRU component was faulty is 10/220.

In analyzing Air Force historical records, we were unable to relate condem-

nation actions recorded in one period to specific repairable generation actions

recorded in other periods. Consequently, in simulating both depot condemned and

depot overhaul condemned actions, we use a probability model which guarantees

that the total number of condemnations over the four year simulation period
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Table IV-2

Basic Assumptions of RIME Reparable Generation Probability Model

1. Base Reparable Generations

1. The probability thiat a specific LRU reparable generation occurs at a
given location is proportional to the flying activity at that location relative to the
total flying activity at all locations in the specific quarter under .consideration.
Further, it is assumed that a uniform distribution describes the probability that a
given LRU rep gzen occurs at any specific instance within the quarter under
consideration. This i% equivalent to assuming that LRU reparable generations
follow a simple Poisson process within the specific quarter of interest. However,
the exact number of LRU reparable generations within a given quarter exactly
equals the historical values recorded in D04l.

2. The probability that a given SRU rep gen (RTS, NRTS, or condemnation) is
related to a given LRU rep gen is equal to the ratio of the total SRU rep gens in a
given quarter to the total number of SRUs installed in LRUs that fail during that
quarter. We refer to this as the Exposure Probability model. Once an SRU rep gen
is related to a specific LRU rep gen, the clock times for related SRU events are
determined by adding appropriate time delays to the LRU failure time.

3. If recorded D041 LRU rep gens exceed recorded D041 SRU rep gens, it is
assumed that some LRUs were repaired without requiring replacement SRUs.
Calibration and adjustment actions and job-routed repairs are examples of this
situation.

4. If recorded D04 1 SRU rep gens exceed the total SRUs installed in failing
LRUs, we assume the excess units are "independent SRU demands"; that is,
demands that are independent of an associated LRU turn-in to base supply. This
situation will occur if an LRU is repaired at the flight line, rather that in the base
maintenance shops.

5. If an LRU is condemned, all SRUs in the condemned LRU that are not
reparable or condemned are treated as serviceable returns to the supply system.

I. Depot Reparable Generations

1. LRU depot delays are simulated using the same assumptions employed in
the METRIC and MOD-METRIC models; namely, LRU depot delays are treated as
independent random variables, independent of SRU stock status at the depot.
Hence, although the LRU repair time may include an allowance for parts delays,
these delays are not explicitly simulated.

2. Since all LRU depot delays are treated as independent random variables,
all SRU depot reparable generations are also treated as "independent"; that is,
these generations are not related to any of the LRU generations.

11
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Table IV-2 (Cont'd)

3. It is assumed that the specific time that a given LRU or SRU depot
reparable generation occurs is uniformly distributed over the specific quarter under
consideration. This is equivalent to assuming that both LRU and SRU depot rep
gens obey simple Poisson processes.

Ill. Forecasting Assumptions

1. All values for Mean Time Between Demands (MTBD), NRTS rates, and
condemnation rates are based upon eight-quarter moving averages of past repar-
able generation activity. However, at least four quarters of data are always used
for these estimates. Hence, to estimate these values at the beginning of FY74-1
we use the D041 data for quarters FY74-1 through FY74-4, since no data prior to
FY74-1 is available. To estimate rates to be used in simulating FY77-1. however,
we use the D041 data for the eight quarters between FY75-1 and FY76-4. This
interval represents the most recent eight-quarters of historical data that would be
available at the start of FY77- 1.

2. For operating bases, forecasts for future rep gens are based upon
historical failure rates and the actual 0041 program activity for the future period.
Specific LRU installed programs by base are determined by allocating the total
LRU program in proportion to the aircraft base programs shown in Figures [I[- I and
111-2, as appropriate. For forecasts of Aircraft Overhaul requirements, it is
assumed that the expected depot rep gen rate may be forecast perfectly over a one
year time horizon; however, it is further assumed that errors occur in forecasting
the precise time within the year that these depot rep gens occur.

3. All depot reparable generations are assumed to originate from a single
aircraft overhaul facility. Stock levels for this facility are computed to provide a
14-day supply.

'p
.... ...... .. . ... • . ' .s: , , . ' :--,, ... '= II . ..
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exactly equals the number of condemnations recorded in Air Force repairable

generation histories. However, we do not attempt to reproduce the specific

quarter-by-quarter condemnation quantities which are recorded in the D041 Depot

Data Bank.

Stock Level Computations

The management of recoverable item inventories involves providing answers to

three basic questions. These are:

1. When will recoverable spares be needed?

2. How much is needed?

3. Where should the spares be located?

The first two questions are Procurement issues, for they determine how much stock

is needed to support a given system, and when this stock should be acquired and

brought into the Air Force supply system. The third question, on the other hand, is

a Distribution issue. The answer to this question determines at which locations the

currently available stock should be positioned.

Two distinct phases may be identified during the life cycle of a given item.

These are the Initial Provisioning Phase and the Replenish-nent Phase. The Initial

Provisioning Phase determines the number of assets which will be acquired during

the initial buy of an asset, while the Replenishment Phase determines the number

of additional assets which are required to compensate for (a) condemnations

resulting from operations, (b) unexpectedly high failure rates, or (c) increased

levels of program activity. Different computational methods may be used in each

of these phases to determine recoverable item spares requirements.

i46.
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I
of MOD-METRIC computer programs provided no way of computing requirements

using logic specified in AFLCR 57-27. However, Mr. Terry Mitchell of AFALD/

XRS previously implemented a CREATE Time Sharing Program to accomplished

this. We converted Mr. Mitchell's program to a subroutine to provide an AFLCR

57-27 computation capability in our Stock Levels Computation system.

To automate the levels computation process, it was convenient to assign codes

to identify each of the basic stock level computation methodologies. These codes

are shown on the left-hana side of Table IV-3. As shown in the table, the code

IMETH is used to identify the computational methodology used for Initial Pro-

visioning Calculations, while the code KMETH is used to specify the computational

method for replenisliment computations. Thus, IMETH = I indicates that the

ONEIND program is to be used in initial provisioning calculations in accordance

with METRIC math model assumptions, while KMETH = I indicates the same

calculation is to be performed during the replenishment phase. Similarly, IMETH =

2 indicates that the TWOIND program is to be used to represent MOD-METRIC

calculation methods in the initial provisioning phrase, while KMETH = 2 indicates

TWOIND is to be used for replenishment calculations.

The computation codes IMETH and KMETH specify the general computational

method to be used for Initial Provisioning and Replenishment Calculations,

repsectively. However, three other pairs of codes are also used in RIME to

completely specify a stock level computation method. These additional codes are

defined in Tables IV-4 and IV-5.

Table IV-4 defines two additional codes defining required manipulations of

input data to the ONEIND and TWOIND programs. The codes IEQBAS and KEQBAS

define whether or not base-to-base differences are to be recognized during stock

I
1
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levels computations. If the code equals 0, base-to-base differences are recog-

nized. On the other hand, if the code equals I all bases are assumed to be equal.

In the latter case, the stock level computations are performed by replacing input

values for flying hour programs and order and ship times for each base by the

respective average values for all bases combined. This latter data modification is

required to represent the Equal Base Assumption employed in the VSL computation.

The codes ICOST and KCOST specify whether or not the cost discount

computation utilized ir VSL is to be employed. If this code equals zero, stock

level computations are performed without any modification to the D041 unit cost.

On the other hand, if the code equals 1, the D)041 unit cost is multiplied by a

discount factor which equals the greater of .10 or (I.-NRTS fraction). Code ICOST

applies to initial provisioning predictions, while the code KCOST specifies the

replenishment calculation method.

Table IV-5 specifies four variables used in establishing upper and lower bounds

upon computed stock levels. The variables IMINSK and BOMINI are employed to

specify bounds on initial provisioning calculations, while KMINSK and BOMINK

specify values to be used in replenishment decisions. if the code IMINSK equals

zero, no upper or lower bounds are used in the initial provisioning calculations. On

the other hand, if the Bound code IMINSK is 1, all stock levels are computed with a

lower bound equal to the e :pected number of assets in the repair/resupply pipeline,

and an upper bound specified by Upper Bound Variable BOMINI. Specific numerical

values for upper bounds used in this study and their interpretation are given in

Table IV-5. The above discussion applies to the variable IMINSK and BOMINI used

to bound initial provisioning calculations. However, similar comments apply to the

use of the variables KMINSK and BOMINK used to bound replenishment stock

levels.



IV-18

I
From the above discussion, ten numerical values are required to specify an

inventory management policy tor both initial provisioning and replenishment

calculations. Five codes (IMETH, IEQBAS, ICOST, IMINSK, and BOMINI) are

required to specify an inventory management policy for Initial Provisioning

calculations, while five additional codes (KMETH, KEQBAS, KCOST, KMINSK, and

BOMINK) are required to specify Replenishment calculations. For example, Figure

IV-3 illustrates the inventory management code 100-311 0 0/1 0.001. As shown in

the table, the first three digits (100) specify that the ONEIND program is to be

used to represent the METRIC computation algorithm; base-to-base differences

are to be recognized; and finally, no cost discount factors are to be employed. The

first set of bounds (0 0) specify that no upper or lower limits are to be used in stock

level computations for initial provisioning. On the other hand, the replenishment

code 311 indicates that the ONEIND program is to be used with Variable Safety

Level assumptions. Since KEQI3AS equals 1, all base variables are to be set to the

average base values in these calculations. Further, since KCOST equals 1, a

discontinued unit cost is to be used. Finally, the set of bounds (1 0.001) indicate

that both upper and lower limits are to be applied after the stock levels have been

computed. The lower limit is to be the expected number of assets in the

repair/resupply pipeline, while the upper bound on base stock levels is to be

computed based upon minimum system backorders of 0.001.

The Simulation Scenario

In previous sections, we have discussed the data available for this study,

general inventory computation methods, and coding schemes for identifying par-

ticular inventory calculation techniques. This section discusses the specific

inventory policies selected for evaluation in this study, and the major assumptions

used in the simulation scenario.

/
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As discussed earlier, we wish to evaluate the relative cost effectiveness of

several proposed methods for managing Air Force recoverable item inventories.

Thirteen specific inventory management policies were selected for detailed evalu-

ation. These policies are identified in Table IV-6. The three columns on the

left-hand side of Table IV-6 indicate the policy number assigned to identify each

policy and the codes used to specify the initial provisioning and replenishment

calculations required by each policy. For example, policy number 3 has a Compute

Code of 101-101, and a Bounds Code of 0 0/0 0. As discussed in the previous

section, this code specifies the use of the program ONEIND for initial provisioning

calculations and for replenishment calculations. Further, the bounds code indicates

that no kpper or lower bounds are to be used in limiting the stock levels computed

by this routine. As shown on the right-hand side of the table, policy number 3

represents the use of Sherbrooke's original METRIC model, but using a discounted

unit cost. The specific characteristics of each of the other policies shown in Table

IV-6 may be determined using the code definitions presented in Tables IV-4 and

IV- 5.

To evaluate the relative cost effectiveness of these policies, we utilized the

available D041 data histories to evaluate how well each one of these proposed

methods would have performed had they been employed during the FY74 through

FY7S period. The basic rules used in simulating this time interval are shown in

Figure IV-4.

As shown in the figure, 16 quarters of history were available for this study.

The oldest available data described reparable generations during the first qL., ter

of FY74, while the most recent available data described reparable generations

during the fourth quarter of FY78. In our simulation, we wished to simulate both

1
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initial provisioning and replenishment phases of an item's life cycle. To do this, the

simulation model assumes that initial provisioning calculations were completed

sometime prior to July 1974, and that all associated initial provisioning assets are

serviceable and on hand at the individual stocking locations at the beginning of July

1974. Further, the initial provisioning stock levels are used to manage inventories

for the firs' six months of the simulation. After that, stock levels are computed

using the computational rules for the replenishment phase.

During the replenishment phase, stock levels are recomputed each six months.

In performing a stock level computation, up to 8 quarters of history are used to

develop moving average estimates for Mean Time Between Demands (MTBD),

NRTS rates, and condemnation rates. Forecast of installed LRU and SRU programs

are set equal to the observed D04] installed program for the LRU. This total

installed program is assumed to be distributed by base in proportion to the aircraft

flying activity by base. Plots of the flying activity for F- 15 ind F- I l l aircraft are

presented in Section I1.

As described earlier, stock levels are computed as a preprocessing step to the

RIME model, and read in as needed during a run of the Recoverable Item

Management Evaluator. Following a Ftock level computation, the stocks available

at each stocking location are compared to the authorized level. If a base is below

its authorized level, it submits a requisition to the depot. If a base is over its

authorized level, no action is taken. Hence, lateral redistribution of assets is not

simulated in this model. Assets only leave a base as a result of NRTS actions.

Consequently, if an item is in a overstocked position, it may be some time before

the excess assets are returned to the depot. We refer to this method of

distribution as the "trickle-back" policy.

I
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I
Buy Support Objective (BSO)

The Buy Support Objective, X, serves a special role in the stock level

computations for the METRIC, MOD-METRIC, and VSL computations. This factor

represents a cut-off parameter used in stock level computations. If the expected

reduction in system backorders per dollar invested is less than X, no additional

stock is allocated. Hence, if the value of X is large, the optimum value of safety

stocks will be small. Conversely, a small value of X will produce a high level of

safety stock investment, and a relatively low level of expected base backorders.

Thus, the parameter X is a "management control knob" that controls the relation-

ship between stock levels and system backorders.

The parameter X directly controls the stock level for every inventory item.

The smaller the value of X, the larger the computed stock level will be. But, the

stock level also controls the amount of buy notices that will be triggered in a given

time period. Hence, the Buy Support Objective X may be used to control the

amount of money spent in a given fiscal period. Smaller values of X will lead to

higher stock levels, and thus to higher procurement in a given period, while lower

values of X lead to lower expenditure levels.

Because of the control knob effect of the parameter X upon both procurement

and backorder levels, each inventory management policy was simulated using 5

different values for X. Parameter values used were: O.1E-02, 0.1E-03, O.IE-04,

O.IE-06, and O.IE-08.

Since a Monte Carlo process was employed to simulate the timing of events

within a quarter, observations from the RIME model are random variables. To

measure the variability associated with the Monte Carlo process, two replications

I
kl1
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were performed for each of the five Buy Support Objectives used. That is, in

simulating a given item group, a given inventory management policy was simulated

twice for each of the five values of X employed; a total of 2 x 5 = 10 runs for each

LRU/SRU group to be evaluated. Since we were interested in evaluating the

effectiveness of 13 different inventory management policies for the control of 17

different LRU/SRU groups, a total of 10 x 13 x 17 = 2,210 data points were

developed in conducting this study. In the next section, we discuss the results

obtained from the simulation effort.

/
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I V-Results

IChapter V

Aggregate Results

As discussed in Chapter IV, we used the RIME Simulation Model to evaluate the

inventory system performance of 13 proposed rules for recoverable item inventory

management. For each rule, 17 different LRU/SRU groups were simulated, and two

replications were performed for each rule to measure the variability induced by the Monte

Carlo procedures used to represent demand within each quarter. Of these 17 LRU/SRU

groups, 13 were peculiar components of F-I l aircraft, while four are peculiar to the F-15

aircraft.

In this chapter, we discuss the performance of each rule when results for each

LRU/SRU group are totaled by aircraft. Results for individual LRU/SRU groups are

discussed in Chapter VI. Measures of the statistical reliability of the simulation results

are also presented in Chapter VI.
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Expected Long-term Results

If flying programs remained stationary, and we observed a given inventory system for

a long period of time under different funding levels, we would expect to see results

similar to those shown in Figure V-I. This figure displays hypothetical results for two

different inventory management policies, indicated by curves #1l and #2 respectively.

That is, if we were to spend a relatively small amount money during this long time period,

we would expect to see a high level of back orders regardless of the inventory

management rule used. On the other hand, if a large amount of money were used to buy

LRU and SRU spares, we would expect to observe a much a lower back order rate. Also,

we would expect to observe dimishing returns for each additional dollar invested as shown

for both curves in Figure V-1. Note that for the hypothetical data shown in Figure V-I,

curve #1 dominates curve 12. That is, curve #1 has a lower backorder rate than curve #2

for every possible level of expendature. Conversely, a given backorder rate may be

obtained for a lower level of expenditure than for curve #2. Consequently, we say that

the management policy associated with curve #1 is more "costeffective" than the policy

associated with curve #2.

In our study, we expected to observe results similar to Figure V-I for each of the

inventory management policies evaluated. However, there are several reasons why we

might not obtain nice smooth curves such as those shown in Figure V-I in our four year

simulation that utilizes actual D04 1 demand histories. First, the world is not stationary.



I V-2

Bac korde r
Davs

Curve #1

Buy Dollars

Figure V-1. Expected Long-term Relationship of Backorder-days
When Demand is Stationary.
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Flying programs changed significantly for both the F-15 and F-I1l aircraft during the four

year period from July 74 through July 80. As shown in Figure 1i1, in July 1974 only one

base of F-15 aircraft was in operation. By July 1980, however, a total of eigh F-l5 bases

were in operation, and the total flying hour program had grown significantly. In Figure

111-2, we observed that the total flying hour program for the F-Ill decreased slightly

during the same six year period, while flying programs at individual bases fluctuated

significantly from quarter to quarter during this period. Hence, non-stationarity of

demand during our four year simulation period may result in support effectiveness curves

which differ in those shown Figure V-I.

A second factor which may result in curves different from Figure V-I is that our

simulation period covers only a four year planning horizon. Although four years is a long

time in the lives of men, it's a relatively short interval when we are dealing with

complicated aeronautical equipment with procurement lead times that range from nine to

26 months. In particular, if stock level requirements computed using Initial Provisioning

logic are less than those computed using Replenishment rules, from nine to 26 months of

the simulation period will elapse before any benefit will be recognized in the support

statistics of our simulated inventory system. Later in this section, we will see how this

lead time effect can result in support effectiveness curves that are significantly different

from those displayed in Figure V-I.

A final reason that the observed support effectiveness curves may differ from those

shown is that the simulation process involves at least two sources of randomness. First.

Monte Carlo procedures were required to simulate individual item demand within given

quarters. This simulation process introduces randomness which may cause "jiggles" in the
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observed support effectiveness curves. Second, the D041 quarter-by-quarter demands

may also vary significantly. Actual demands for LRU and SRU components may change

drasticly from quarter to quarter. This may result in temporary imbalances in the supply

system which do not "even-out" over the simulation period due to the short simulation

interval used.

Consequently, although we would still expect the general diminishing-returns rela-

tionship shown Figure V-I to be observed, we would not expect the simulation results to

be as smooth and well-behaved as in Figure V-I.

Analysis Stages

As noted above, for each inventory management rule evaluated, we totaled the

simulation results for all LRU/SRU groups associated with a given aircraft. We then

plotted the resulting support effectiveness curves to compare the relative effectiveness K
of these rules. These curves were developed using two distinct phases. First, the result

for all 13 rules were plotted in groups of five curves each. The sets of rules which were

plotted together are as follows:

I



PLOT SET RULES PLOTTED

A 1, 2,3,4,5

B 1, 6,7,8,9

C 1, 10, 11, 12, 13

Note that rule 1, Sherbrook's METRIC model, was plotted in each Plot Set to provide

a basis of comparison across all 13 inventory management rules. In all of these plots, we

computed the total LRU base back order-days and associated buy dollars observed in /

quarters 1-8 and 1-16, respectively, and plotted the 8 and 16-quarter totals for each

inventory management rule. Figure V-2 shows our results for Plot Set A. This Figure

plots the results for Rules I thru 5 for F-Ill aircraft. The graph displays LRU base

backorder-days observed during the simulation runs verses the corresponding values for

procurement expenditures. In the graph, dashed lines display totals for quarters I thru 8,

while solid lines display totals for quarters I thru 16. There is one exception to this rule.

Curves using "*" as a plot symbol are always connected by solid lines. This is due to a

"bug" in the CREATE plot software. However, this should cause no problems in

interpretation since the 8-quarter totals line always lies below and to the left of the 16-

quarter total line.

llllllll[&i II.,-..
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I
As shown in the figure a different plot symbol is associated with each inventory

management rule. The relationships among plot symbols and inventory rules are as i
fol Iows:

SYMBOL RULE

*First Rule

+ Second Rule

Third Rule

Fourth Rule

Fifth Rule

/

This assignment of plot symbols to inventory management rules holds for all the graphs

displayed in this chapter. Thus, for Plot Set A, the symbols "*" 1 "+", ". , I, and "A"

correspond to rules 1, 2, 3, 4, and 5, respectively, while for Plot Sets B and C these

symbols represent rules 1, 6, 7, 8, 9 and 1, 10, 11, 12, 13, respectively. Let us now study

these curves more closely.

__9
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LR I h1is-' 1 a,'korder, verse s ByDolIars for Fil Groups

I: yiirs \ -2 thr-- \ preent graphs of LRU base backorderdays verses procurc-; t

S;wtln ture., i,,r !i ' N kL L.roiips peculiar to F- Ill aircraft. Figure V-2 presents resilts

I : r - - P:)'C set A (rults 1, 2, 3, 4, and 5). As shown in the figure. uIes

" , ''.:t,. c, tler curves, while rules two, three, and four represent tY,

Io:s eftective policies. Rule one represents an nventcry

. the original Sherbrooke METRIC model is used for beth

;t; :, ., r oplershment calculations, while rule four use the sth e

cl,u:'uitioi.ms kirl. jptr .. nd lower beunds " base and depot stock ievels.

Now let us consider the results for quarter one thru eight (i.e. the dashed curves).

l- . t x'.e. general relationships among the curves hold for quarters one th .

. i ' ur'ges for quarters ore thru 16. Also note that most of the

11.IC ;n the first eight quarters for each of the rules, while

, ros a,,ll , I" ci L N pi backorders observed over the 16 quarter simulation periecd

(rIerV,,t i m tors o'iu. tlir,. eight.

ft,ure V-3 presents the iesults for LRU base backorderdays verses buy-dollars for

ruk 1, 6, 7, ,, ad 9. As shown in the figure, rules six and seven clearly dominate the

oTh,' poies in this set. Rules one and nine are the next two choices, while rule eight
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perior-,s v er poorly. Rule six uses MOD METRIC for both initial provisioning and

replenishment, while rule seven is the same policy except for upper and lower bounds on

stock Levels. Rule one is 'Yherbrooke's .METRIC policy, while rule nine is a complicated

calculatioi that uses MOD-METRIC for initial provisioning, VSL logic fo replenishment

buys, and METRIC logic for distribution of available assets.

In this Plot Set, the totals for quarters one thru eight show the same pattern of

dominance as the tota's of quarters one thru 16. Note the interesting result that for rule

eight. LR( base backorders increase as the procurement dollars for quarters one thru

eight iticreasel How can :his be? How can increased expenditures result in higher base

jackorder levels? Ae believe this result is due to two major effects; these are: (A)

:,oolmlstenci h(e T.en total stock requirements computed using AFLCR 57-27 and VSL

)IJ:Q,. rul).-, anci (B) the shortness of an eight-quarter interval in comparison to the

1r-11.! .r(,t 1.QS of the LRU/SRU groups simulated. Recall that a Buy Support

"bjectve (0'SO) v, ie: factor in AFLCR 57-27 computational logic. Consequently, rule

I gh t k; ilw .da s prod ice the sane set of initial provisioning levels, regardless of the BSO

ru-c. On the other hand, a Buy Support Objective is an important factor in the VSL

.nFpltation. By setting the BSO to a verv small value, VSL will compute a large

rc uirei ent for base stock levels.

Based on the ibove comnents, we believe that the phenomena of increasing LRII

base backorders with increasing buy dollars in quarters one thru eight may be explained as

follows: First, AFLCR 57-27 logic will always result in the same set of initial stock

I2
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levels. However, the VSL requirement will increase as the desired BSO increases.

Consequently, very small desired BSOs will generate buy requirements as soon as the

replenishment phase of the simulation begins. This will result in additional procurement

expenditures. However, because of the long lead times of these items, the procured

assets will not be delivered until late in the first eight quarters of the simulation, if then.

This is too late to have much effect in reducing backorders observed in quarters one thru

eight. Meanwhile, what is the distribution policy doing concerning LRU backorders?

Recall that the current RIME simulation model utilizes a "trikle-back" distribution policy.

That is, no lateral redistribution is simulated, and assets are returned to the depot only as

a result of NRTS actions. Consequently, if a base finds itself in an understocked position,

and the depot is out of stock, the base must wait until the depot is resupplied. The depot

maybe resupplied in one or two ways; (A) the delivery of procurement assets, which have a

long procurement lead time, or (B) the completion of repair of a NRTS asset. In either

case, if a base develops an LRU backorder, a very long time may elapse before the depot

has stock available to fill that need.

Figure V4 displays the graphs of LRU base backorderdays verses buy dollars for rules

one, 10, 11, 12, and 13. As shown in the figure, rule one (METRIC) is best for middle and

high values of buy-dollars, while rules 12 and 13 provide the best results for very low

procurement expenditures. Rule 10 is the nextbest curve, while rule 11 performs very

badly. Rule 11 uses AFLCR 57-27 logic for initial provisioning, and METRIC for

replenishment buys and distribution. We believe that the inconsistency of the AFLCR 57-

27 logic and the METRIC logic is the reason for the poor performance of this rule. The

discussion for the poor performance of rule eight also appears to apply here.

F:
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LRU Backorders vs Buy-Dollars for F-15 LRU Groups

Figures V-5 thru V-7 present graphs of LRU base backorder-days vs procurement

expeditures for the inventory management rules in Plot Sets A, B, and C for LRU/SRU

groups peculiar to the F-15 aircraft. In this case, there are only four LRU/SRU groups

whose values are totaled, and one of these groups, Group 14, represents approximately

80% of the total procurement expenditures and base backorders for items in this family.

Figure V-5 plots observed LRU base backorder-days vs buy-dollars for rules for 1, 2,

3, 4, and 5 for the F-15 LRU groups. In this case, rule 2 (METRIC with equal bases) and

rule 5 (VSL) provide the best performance. Rule 2 dominates for low buy-dollars, while

rule 5 dominates for high expenditure levels. Rule I (METRIC) and rule 4 (METRIC with

bounds) provide similar results, while rule 3 (METRIC with a cost discount) provides the

worst performance with this set of five rules.

A comparison of the curves for the 8- and 16- quarter totals is interesting.

Comparing these curves, observe that approxmately half of the procurement dollars over

the four year simulation period is spent during the first eight quarters, while a small

fraction of the total LRU base backorders observed over the four year period occur in

quarters I through 8. This is probably due to the fact that the F-15 flying program was

very low during the first 8 quarters of the simulation period, as shown in Figure I11-1.

IT'C,
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Figure V-6 graphs the LRU base backorders vs procurement expenditures for rules 1,

6, 7, 8, and 9. As may be seen from the figure, rule 6 (MOD-METRIC) clearly dominates

the 16-quarter results, while rule 7 (MOD-METRIC with bounds) is a close second. Rules

1, 9 and 8 were assigned ranks of 3, 4, and 5, respectively, based on this graph. Observe

that the same general relationships among the formulas also hold for the curves of quarter

I through 8 results. Also note that rule 8 performs very badly for the F-I, as it did for

the F-Ill.

Figure V-7 plots LRU base backorder-days vs procurement dollars for rules 1, 10, I1,

12, and 13. In this graph, rules 12 and 13 clearly dominate the 16-quarter results, with

rule i (METRIC) a close third. Rule 10 is the next best, while rule 11 has the worst

performance of the five. Rule 12 uses MOD-METRIC for initial provisioning calculations,

and the METRIC model for replenishment, while rule 13 is identical to rule 12 with the

exception that upper and lower bounds are used on computed stock levels.

A Second Stage of Results

Based on an analysis of the above graphs, we developed a second set of plots. This

second set of plots presented totals for F-ill and F-I groups for five curves which

appeared to have superior performance based upon an analysis of the preceeding graphs.

Our results are presented in Figures V-8 and V-9. Figure V-8 presents totals for the F-I l

LRU groups while Figure V-9 presents similar results for the F-15.
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Ii
As shovkn in Figure V-8, rule 6 (MOD-METRIC) clearly dominates the other curves for

intermediate levels of procurement expenditures. while rule 13 provides the best

performance for a minimum procurement expenditure. Unfortunately the MOD-METRIC

Icurve does not extend into the region of high procurement dollar expenditures, so we

cannot tell if it continues to dominate rules in this region. In this plot, rule 9 clearly has

the worst performance. Rule 9 utilizes MOD-METRIC for initial provisioning, VSL logic

for replenishment buys. and METRIC logic for distribution. Once again, the 8-quarter

totals display the same general relationships as curves showing totals of the 16-quarter

results.

Figure V-9 plots LRUj base backorder-days vs buy dollars for rules 1, 2, 6, 9, anci 13

for the four peculiar F-IS LRU/SRU groups. Again, rule 6 (MOD-METRIC) dominates the

middle level of expenditures, but the curve does not extend to the high procurement

expenditure region. Note, however, that the observed backorders for rule 6 are almost as

low for an expenditure of approximately 31 million dollars as are observed for rule 2 %ith

an expenditure of approximately 55 million dollars. On the other hand, rule I (METRIC)

provides better backorder performance when the minimum procurement expenditure is

I involved. Based on these curves, it appears that the appropriate ranking of these rules

from best to worst would be rules 6, 2, 9, I, ,nd 13.

I Again, the reader is cautioned that there are only four LRU/SRU groups associated

with the F-I, and that a single group, Group 14, accounts for approximately 80% of the

j total back orders and expenditures associated witr the F-I 5.

I
I
I
I



Additional Curves for F-ill and F-15 LRU Groups j

In performing this study, we developed a large number of support effectiveness

curves in addition to those discussed earlier in this chapter. Som e of these are presented

in this section. Specifically, Figures V-10 through V-14 present plots for F-ill groups of

LRU fills, total requisitions ifilled, total backorder-days, LRU depot back- order- days-, xt

total depot back order days for rules 1, 2, 6, 9, and 13. Figures V- 15 through V- 19 presen t

similar results Ear F-1S LRU/SRU groups. These plots utilize the same conventions for

plot sym bols as presented earlier. Solid lines represent totals for quarters I through 1(,

while dashed lines represent totals for quarters I through 8. In general, the same patterns

of dominance may be observed in fill rate statistics as were :zbserved for LR U bask-

backorders.

We found a major surprise in the curves presented here. In particular, we found no

consistent relationship between depot level backorder days and buy dollars for anyv of tble

policies evaluated. This nr.ay be seen by in-Tection of Figures V- 13 abd V- 14 for F-Ill1

itemins and Figues V -18 and V- 19 for F -1S ite ms. The curves for the F -Ill1 are particul-arbv

erratic.

I'
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Chapter VI

Individual LRU/SRU Group Results

and

Statistical Considerations

1. INTRODUCTION:

In Chapter III, Table 1l-1, we presented some of the major charateristics of

RUs included in the RIME Data Set. This table indicates that the Data Set consists

of a very heterogeneous collection of items. These LRUs have significantly

different unit prices, failure rates, and levels of program activity. Similarly, the

LRUs vary in composition from only one SRU with a total of 31 SRU base rep gens

for Group 18, to a total of 33 SRUs with 3,512 SRU base rep gens for Group 9. As

shown in figure VI-I, the simulation results for each of these groups also differs

dramatically. Figure VI-l shows the results from one replication of rule one,

Sherbrooke's METRIC algorithm, using a desired Buy Support Objective of I E-02.

As may be seen in the figure, the total Buy-Dollars range from $6,870 for Group 4 to

$10,088,098 for Group 1I. similarly, LRU base backorder days vary from a low of 215

for Group 19 to a high of 95,369 for Group 11.

Note that the groups with high levels of activity tend to dominate the totals of

each of the statistics column shown in Figure VI-I. For example, Group 14 has a

total of $7,635,207 procurement dollars expended in this replication out of the total

of $9,032,500 expended for all groups peculiar to the F-15 Aircraft. This is 84% of
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the total buy dollars for the F-15. Sirrilarly, Group 14 incurred 30,954 LRU back-

order days in this replication, while the total LRIJ back-order days for the F-15 was

43,568. LRU backorder days. -ence, Group 14 accounted for 71% of the F-15 LRU

base backorders for this replication. Similarly, group 11 dominates the total buy-

dollar and backorder statistics for F-Ill items.

Because of the significant heterogeneity among items in the RIME Data Set, we

were concerned that the aggregate curves primarily reflected the results for the

small number of high activity items. Consequently, we developed detailed support

effectiveness curves for each LRU/SRU group. We then analyzed the relatiive

performance of each of the 13 invertory management rules for each of these groups.

The results of thus analysis are presented in Table VI-1.

As shown in the first line of Table VI-I, three sets of graphs were developed for

LRU/SR' Group !, with five curves on each graph. Each curve for each graph was

then ranked in terms of its relative support effectiveness, where a rank of Idenoted

the most cost effective, a rank of two denoted the second most - effective, and so

on. As shown in the table, rule 3 was assigned a rank of one for Group 1; rule I was

assigned the rank of two, and rules 4, 2, and 5 were assigned the ranks of 3, 4, and 5,

respectively. This process was repeated for each graph, and for each LRU/SRU

Group in the RIME Data Set.

The individual LRU/SRLJ support effectivness curves show more variability than

ovserved for the curves presented in Chapter V, as expected. The individual curves

often possess cross-overs no dear domincance among certain pairs of curves.

Consequently, at times a significant level of judgement was required in assigned in

rable VI-l should be considered as absolute, for a different analyst may have

assigned slightly different rankings in specific cases. When viewed as a whole,
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however, certain persistent patterns appear which seem to be vild general findings.

First, several combinatiois of rules tended to give almost ioentcal results. For

example, rules I and 4 -- the METRIC policy without and \ith 54,nuilds, respectively -

-often gave identical backorder versus buy-dolldr curves. S.mir'v, rules 6 and 7

often gave identical results. These rules represent the MOD-METRIC computation

without and with bounds, respectively. Finally, rules 12 and 13 often gave identical

results. Rule 12 uses MOD-METRIC logic for initial provisioning, and METRIC logic

of replenishment and distribution calculations. Rule 13, on the other hand, is

identical to rule, 12, except for the fact that upper and lower bounds are used in the

initial provisioning calculations.

Another general observation was the rules 3 and 5, 8 and 9, and 10 and 11 always

performerd verv poorly. Rules in which the initial provisioning logic was inconsistent

'With reCpltnCsh ent logic performed particularly badly. In fact, rule 8 often

produced the- !nteresting result that increased procurement dollars was accompanied

by increased base-!evel LRU backorders for the simulated 16 quarter time period.

So which rules are best? Figure VI-2 presents histograms of the ranks assigned

in Table VI-l. Not that we have also computed thr average rank for each Plot Set

summarized in Figure VI-2. As shown at the top of this figure, Rule I (METRIC) had

the lowest average rank of the five rules in Plot Set A, with an average rank of 1. 58.

Rule 4 (METRIC with bounds) had the second lowest average rank, while rule 2 had

the third lowest rank.

In considering Plot Set B, rule 6 (MOD-METRIC) had the lowest average rank of

1.5, while rule 7 (MOD-METRIC) with bounds) had an average rank of 1.83. Rule 1,

I
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the M~ET RIC policy with no boundis, was raked Thi rd In tis stL while rule 9 and rule

S were always ranked 4ith and 5th respectively. Rule alwvays performed badly in

comparison to all of zhe other rules.

For r nes ,n) V ot Set C, r nit- (MAET RIC' 2- 1 ti i owed, L;erage rank of 1.33,

,Ahule rules 11 and I-2 had the ,s-cond ad( ttrurd !lowest Li ercz e rdnks. fPues 10 Ind 11I

were rankeo fourth and fifth for mnost F-! I !LRI/SRZU gro ups.

W hen the aoove results are considerea as a whole, it appears that the most cost

effect~vo poLce- observed fof F-Ill L RU/SRI group" ,re polic-ies 6, 7. and I. In

thna3 orcer.

F-15 _R e Sal

\ sum nary (if the relative ranks for i)(- oir L RU/S RU groups associated with

the F - 5 \irc-af t cire shown a, the bottom) of Figure \'l-2. These results differ

sl ightl'. fromcths onserved for the F-I 1 1. In comparing rules I thrL; 5, rule 2

'METRIC with eccvi has a the lowest average rank of 1.75, while rule I

(METRI(Q) has the second Powest rank. Rules 4 and 5 are tied, while rule 3 has the

worst average rank in the wet.

In reviewing reSUltS for rules 1, (., 7, 8, and 9 for F-I 5 L RI /SRl) group-. r_ f-

(\iO[-METRIC) had the lowest average rank of 1.25, while rule 7 (NIOD-\i1 !"11

with bounds) Ax ranked second. The ME~TRIC policy, rule 1, wasv ranktel 1n'i.

rule 9 always performed badly, and rule 8 performed worse, Hien

were assigned ranks of 4 arid 5, respect i vcl .
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In the third Plot Set for F-15 groups, policy 1-3 was always assigned the rank of

1, while policy 12 was assigned the rank of 2. In fact, these tow policies often gave

identical results. Rules 1, 10, and 11 were always assigned ranks of 3, 4, and 5 in the

last Plot Set.

In reviewing the results for the F-15 groups, it is difficult to select a best

policy based on this information. Rule 2 has the best performance in groups I thru 5,

while rules 6 and 13 have the best performance for Plot Sets B and C,

respectively.

Statistical Considerations

In this section, we are concerned with estimates of the statistical reliability of

ur results. First, Monte Carlo procedures were used to represent the specific timing

of demand within each simulation quarter. This introduces variability into our

simulation results, and additional replications would result in different observed

values for buy-dollars, base backorders, and other measures of inventory system

performance. Consequently, we need to estimate how must our results might

change if additional replications of this experiment were performed using the same

set of items. Second, suppose we were to obtain another set of historical records

for other LRU/SRU groups, and then repeat the simulation experiment. How much

might the reults obtained in this second experiment differ from the results obtained

here? Answers to this question will provide us with information concerning the

usefulness of extrapolating the results obtained in this study to the general

population of AFLC recoverable items.
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I
To answer the above questions, we computed two major measures of variability.

3 These measures are;

1 SIG-R = the standard deviation of total buy-dollars due to variability intro-

duced by the Monte Carlo process, and

SIG-G = The standard deviation of total buy-dollars due to variability of

I individual LRU/SRU group means about the grand mean for all LRU/SRU

groups.

We then normalized these values by expressing both SIG-R and SlG-G as a

* percentage of the total buy-dollars observed in a given simulation run. Similar

calculations were also performed using LRU base backorder-days as the statistic of

interest.

A sample of our results is presented in Figure VI-3. This figure presents the

total values of buy-dollars and LRL backorder days for inventory management rules

1, 2, and 6. Results are presented for Buy Support Objective numbers 1, 2, and 5.

Separate results were computed for both F-Ill and F-15 groups. although many

other similar statistics were also computed, they displayed the same pattern as

illustrated in the Figure VI-3 and will not be discussee further here.

As shown in Figure VI-3, variability introduced by the Monte Carlo process

provides an insignificant amount of randomness to our results. For all the values

shown in Figure VI-3, the standard deviation of variability due to the Monte Carlo

process never exceeded .05% of the total, and if the individual LRU group statistics

are inspected, very rarely is a standard deviation of more than 1% observed.

Consequently, we can conclude that if additional replications of the simulations

[
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were performed using the same set of LRU/SRU groups, essentially identical support

effectiveness curves would be obtained.

Unfortunately, high levels of variability are introduced due to group-to-group

differences. As shown in Figure Vi-3, the standard deviation SIG-G due to group-to-

group differences generally equals from 30 to 70% of the total. As discussed

earlier, there are significant differences between the different items included in our

Master Data Set, and this produces significant differences in the buy-dollars and

backorders observed in simulating each of these groups. Consequently, a larger

sample of items will be required before we can conclude that the support

effectiveness curves shown in Chapter V are representative of items in the entire

population of AFLC recoverable items.

The Sign Test for Differences Among Rules

We may utilize data on relative ranks presented in Tables VI-1 to test for

significant differences among inventory management rules within each Plot Set.

For example, Table VI-2 presnts the relative rank data for rules 1, 6, and 7. In the

column on the far right hand side of Table VI-2, we have placed a "+" whenever rule

7 has a higher rank than rule 6, and a minus sign otherwise. As shown, a similar

calculation was performed in comparing rules I and 6. As shown in the Table, there

were ten times out of 12 in which rule 6 had a lower rank than rule 1, and there were

8 cases out of 12 in which rule 6 was ranked lower than rule 7.

If a given pair of rules provided equal effectiveness, there would be a 50/50

chance that a given rule would be ranked higher than the other. We may use this

fact to compute the probability that rule 6 would be ranked lower than rule I in 10

out of the 12 cases if the rules were in fact equally effective. The required

L Lases
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TABLE VI-2

SIGN TEST FOR DIFFERENCES BETWEEN RULES 1 & 6, AND RULES 6 7

RULE SIGN OF DIFFERENCES

LRU
GROUP 1 6 7 1-6 7-6

F-111 GROUPS

1 1 3 2
2 1 2 3 +
3 3 1 2 + +
4 3 1 2 + +
5 3 1 2 + +

6 3 1 2 + +
7 3 1 2 + +
8 3 2 1 +
9 3 1 2 + +

10 3 2 1 +

11 3 2 1 +
13 3 1 2 + +

TOTAL + 's 10 8

P [Total + 's > x policies are equall
efficientj=.0193 .193

F-15 GROUPS
14 3 1 2 + +
15 3 1 2 + +
18 3 1 2 + +

19 1 2 3 - +

TOTAL - 's 3 4

P [Total + 's x1 policies are squall
efficientic.312S .0ob25

REFERENCE: Harnett, Donald L., Introduction to Statistical Methods,
Addison - Wesley Publishing Company, Reading MA
1975, p. 525-527
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I
probability is given by the binomial distribution with parameters p=.5 and N=12

j trails. In this case, the probability of observing 10 or more successes out of 12 trails

is .0193. That is, if rules I and 6 provided essentially the same performance, there is

only 19 chances out of 1,000 that rule 6 would have been ranked best 10 or more

times out of 12 trials. Consequently, it appears reasonable to conclude that rule 6

generally performs better than rule 6.

We may perform a similar calculation in comparin rules 6 and 7. In this case,

the probability of observing 8 or more successes out of 12 equals effective.

Consequently, it appears reasonable to assume that rule 6 is more cost-effective

than rule 7, but the argument is not nearly as statistically strong as in the

comparison in rules I and 6. In addition, it should be added that in several cases

rules 6 and 7 performed almost identically. In such situations, the author tended to

assign rule 6 a rank of 1, and rule 7 a rank of 2. This could significantly bias the

results reported here.

At the bottom of Table VI-2, we present the probability of obtaining the

relative rankings of curves 1, 6, and 7 observed for F-15 groups given these curves

were in fact identical. Because only four groups are involved, it is difficult to make

strohg statements about the generality of our results for these groups.



Chapter VII

Summary and Condusions

Objective

This paper presents the results of a simulation study to compare the relative cost

effectiveness of thirteen distinct policies proposed for the management of Air Force

recoverable items. The proposed policies indude computations based upon the METRIC,

MOD-METRIC, and Variable Safety Level (VSL) mathematical models, as well as initial

provisioning rules defined in AFLCR 57-27. In addition, several proposed modifications

and combinations in these methods were evaluated. Table IV-6 defines the specific

details of each of the policies tested, while Chapter II provides a narrative discussion of

the basic computational methods.

Data Used in this Study ;

We originally sought the D041 data sets for all Line Removable Units (LRUs)in F-I

and F-I I I aircraft. However, none of the proposed computational methods can deal with

the computation of requirements for LRUs with "common" SRUs. Consequently, we

deleted from consideration all LRUs containing SRU components used in two or more

LRUs. From a total of 224 LRUs associated with the F-IS and F-Ill, only 22 LRUswere

left after the application of this editing rule. Consequently, it appears that a very large

proportion of the LRUs for these aircraft contain common components.

L !,,m
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We then obtained D041 historical data for each of the remaining LRUs and all of the

associated SRU components. These data sets were then carefully analyzed. We then

deleted from consideration all LRUs in which the demand histories for the LRU family

were incomplete or obviously inconsistent. Five more LRUs were deleted in this step,

leaving a total of 17 LRU groups with a total of 184 SRU components. Of the 17 LRUs,

13 were associated with the F-Ill, while 4 of the LRUs were components of the F-15.

Table lll-I presents some of the major characteristics of these items.

The Sim ulation Model

Model Features. We then developed a simulation model for evaluating the relative

cost effectiveness of the proposed inventory policies in managing each of these LRU

families. The basic rules used in simulating these policies are shown in Figure IV-4. In

our simulation, we wished to simulate both the initial provisioning and replenishment

phases of an item's life cycle. To do this, the model assumes that initial provisioning

calculations are completed sometime prior to July 1974, and that all associated initial

provisioning assets are serviceable and on-hand at the individual stocking locations at the V
beginning of July 1974. Further, the initial provisioning stock levels are used to manage

inventories for the first six months of the simulation. After that, stock levels are

computed using the computational rules for the replenishment phase.

During the replenishment phase, stock levels are recomputed each six months. In

performing a stock level computation, up to 8 quarters of history are used to develop

moving average estimates of Mean Time Between Demands (MTBD), NRTS rates, and

condemnation rates. Forecasts of installed LRU and SRU programs are set equal to be

qq
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observed D041 installed program for the LRU. This total installed program is assumed to

be distributed by base in proportion to aircraft flying activity by base. Plots of the flying

activityfor F-15 and F-I1l aircraft are presented inFigures 111-1 and 111-2.

During the replenishment phase, stock levels are recomputed each six months.

Following a stock level computation, stocks available at each stocking location are

compared to the authorized level. If a base is below its authorized level, the base submits

a requisition to the depot. However, if a base is over its authorized level, no action is

taken. Hence, lateral redistribution of assets is not simulated in this model. Assets only

leave a base as a result of NRTS actions. Consequently, if an item is in a overstocked

position, it may be some time before the assets are returned to the depot. Conversely, if

a base is understocked, the base must wait until the depot ships the requisitioned assets.

If the depot is out of stock, there may be long delays in filling these demands. We refer

to this method of distribution as the "trickle-back" policy.

A major feature of the simulation model is that actual D041 demand histories for the

period July 1974 through June 1978 are used to drive the model. That is, in simulating

each of the 17 LRU families, the total number of assets in a given quarter that are base

r,!parable generations, base condemnations, Repaired This Station (RTS), Not Repaired

This Station (NRTS), depot reparable generations, depot condemnations, and overhaul

condemnations are exactly the same as recorded in the D041 demand histories for these

items. Monte Carlo techniques are used to determine the specific timing of these events

within each quarter. The specific rules used to relate LRU and SRU reparable generatixib

are presented inTable IV -2.

. .4
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Differences from the Real World. Because of the lack of needed data, and to reduce

the scope of the simulation problem to manageable dimensions, it was necessary to make

several simplifying assumptions. Some of the major differences between the RIME model

and"real world" Air Force systems indude

1. Stock Status Accuracy. In real world systems, stock status records never

completely represent the true status of on-hand and on-order stocks. This is due to time

delays in the reporting system, and the unavoidable entry of erroneous data into the

information systems. In RIME, however, changes in stock status information are assumed

to be known instantenously, and stock status information is assumed to be error free. This

[ assumption would tend to make RIME results better then those antidapted in real world

systems.I,
2. Forecast Accuracy. In real world systems, it is impossible to perfectly

fortell the future. In RIME, however, we could obtain no historical forecasts of LRU

j installed programs. Consequently, RIME assumes that projections of LRU installed

programs are always perfect, although estimates of MTBF, RTS, and condemnation

I factors are based upon moving average estimates. Also, because of the lack of data for

periods prior to July 1974, RIME assumes that estimates for MTBF, RTS, and condemna-

tion percentages used in initial provisioning calculations perfectly reflect the first year of

activity for each simulated item. Consequently, we would expect the RIME model to

produce better behavior in initial provisioning calculations than would be anticipated in

3 real world systems.

,I!
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3. Repair Times. Repair time for Air Force reparable components may vary

significantly from one failed unit to the next. However, we were unable to locate any

information that describes the probability distribution, of repair times for Air Force

reparable items. Consequently, RIME assumnes that reparable item repair times are

constant and equal to the standard values carried in D041 inventory management records.

Again, this assumption would tend to make the RIME model performance better than that

anticipated in real world systems in which repair times are variable and subject to

statistical estimation error.

4. Lateral Support. As noted above, RIME assumes that a trickle-back policy is

used to redistribute all reparable assets. Although this policy appears to be used in

managing a large fraction of Air Force reparable items, in real world systems other

methods are used if severe inventory imbalances occur. In particular, forced redistri-

bution and other lateral support actions are often used in real world Air Force systems to

adjust for NORS conditions or for r-ther significant imbalances in the distribution of

available assets. In this case, the RIME model assumptions would tend to produce worse

results than would be expected in real world systems in which lateral support measures

are employed.

Ik
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rhe Simulation Experimnent

*e utilized the RIMIE model to estimate the cost effectiveness curves associated

with each of the proposed inventory management alternatives. The simulation design

included individual runs for each combination of:

17 LRU/SRU groups,

13 Inventory Management Policies,

5 Funding Levels, and

2 R~eplications,

a total of 2,210 runs. We then developed curves of the total observed LRU base

backorder-days observed versus the total procurement dollars expended over the four year

simulation period. We then compared the cost effectiveness curves for each proposed

policy within each LRU/SRU Group, as well as composite curves obtained by combining

the curves for all LRUs in each aircraft. General findings from this analysis are

presented in the next section.

General Findings

General observations from our analysis are as follows:

1. For very low funding levels, most of the proposed policies perform about the

same, but there are substantial differences among the policies at middle and high dollar

procurement levels.



VII-7

2. Policies in which initial provisioning and replenishment calculations are based

upon different computational methods all perform very badly, and policies that utilize

AFLCR 57-27 logic always performed very badly. The "simplified" models which treat all

bases as identical or which utilize other approximations (e.g. VSL) also performed very

badly.

3. At intermediate and high procurement funding levels, policy 6--the "pure"

rOD-METRIC computation--provided the best results for both F- 15 and F-I I I aircratt.

Policy 7, wnich is identical to policy 6 except for the addition of upper and lower bounds

on depot and base stock levels, provided results very similar to the "pure" MOD-MErRIC

policy. Policy 1, which uses "pure" METRIC logic for both initial provisioning and repleni-

shment, was ranked as the third most cost effctive policy.

4. For some policies, the total backorders observed over the four-year simulation

period increased with increasing Buy Support Objectives (BSO) and increasing procurement

expenditures! We believe that this effect may be caused by (a) inconsistency between

initial provisioning and replenishment computation rules, (b) the relatively long procure-

ment lead times of many of the LRUs compared to the four year simulation period, and (c)

the fact that the trickle-back distribution policy provides a very slow mechanism for

adjusting stocks when bad imbalances of inventories exist.

5. Monte Carlo procedures were used to determine the precise timing of individual

reparable generations within a simulated quarter. Statistical analysis of our results

ii:
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indicate that the Monte Carlo procedures introduced very little variablity into the

simulation results, and that if additional experiments were performed using the same set

of items, essentially the same cost effectiveness curves may be expected.I
6. We found the behavior of depot level back orders summed over the four-year

simulation period to be very unpredictable for most policies. No clear relationship

between high levels of support and depot level back orders was observed in our data.

7. The LRUISRU families used in this study were a very heterogeneous group, and a

small number of the 17 LRU/SRU families dominated the back-order versus buy-dollar

curves. However, when the alternative policies are compared within each group, we find

essentially the same tesults as when the aggregate curves are analyzed. Namely, the

"pure" MOD-METRIC policy (policy 6) provided the most cost effective alternative for a

large majority of the items, while policy 7, the bounded version of this policy, provides a

very similar results.

Detailed statistics and cost effectiveness curves which support the above conclusions

are presented in the Chapters V and VI.

T'-



VII-9

Conclusion and Conjectures. Based upon our analysis, we believe the following state-

ments are valid.

1. The Pure MOD-METRIC Policy is the most cost-effective technique tested.

Of the policies tested, all provide very similar performance at very low funding lev-

els. However, the "pure" MOD-METRIC computation for both initial provisioning and

replenishment calculations provides the bestperformance for both aircraft. Although only

17 LRUs were in our data set, the superiority of the MOD-METRIC policy was so

consistent that we have high confidence that simular results would be obtained even if the

simulation experiment were repeated using a much larger data set.

2. The Common Item problem is very significant. The MOD-METRIC policy

assumes that an LRU contains no common items We found that this assumption was valid

for only 10% of the total number of LRUs used on F-15 and F-ill aircraft. Consequently,

although the MOD-METRIC policy appears superior for LRUs with unique components, we

do not know how well MOD-METRIC would perform in managing the large population of

common component LRUs. In fact, the theoretical problem of how to deal with common

items has not yet been resolved.

3. Current D041 Data Elements needed by MOD-METRIC are often inconsistent.

To be effective in real world systems, the MOD-METRIC model requires that accurate

and consistent data be available for an LRU and all of its SRUs. Of the 22 LRU/SRU

families with unique components used in our study, five contained data problems so severe

fri
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as to make their use meaningless. The remaining 17 LRU/SRU groups also contained data

inLJnsistences; however, we were able to utilize editing procedures to create "life-like"

data sets which were a reasonable basis for study. This approach would not be possible in

dealing with real world systems. Consequently, it appears that substantial efforts would

be required to improve the quality of existing data files before the MOD-METRIC

computation could be utilized with confidence.

4. MOD-METRIC provided very poor performance for complex LRUs. Although

MOD-ME fi[C provided better performance than the other alternatives tested, this policy

still produced very poor results for LRUs with 20 or more SRUs. For these complex

LRUs, fill rates of 20% were the best achieved even at the highest funding levels. These

fill rates are much lower than anticipated in Air Force Supply Systems, and are lower than

projected by the MOD-METRIC model itself. We believe the "Trickle-Back" policy is

partially responsible for this poor performance, but the implicit MOD-METRIC assump-

tions that (a) all input factors are known with certainty, and (b) one and only one SRU

fails when an LRU fails, may also be a factor.

5. No conclusion can be made as to the cost-effectiveness of the proposed methods

relative to the current Air Force inventory management procedures. Although this study

evaluated several procedures proposed for implementation in the Air Force system, no

comparisons with the current Air Force distribution system were made. The current Air

Force System uses a "Pull" distribution system based upon individual Air Force base

calculations of inventory requirements-a computational method significantly different

60
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from any of those tested in this study. Also, the current system uses lateral support

procedures to resolve severe problems of supply imbalance. Such distribution methods

were not used in this study. Although the "Trickle-Back" policy for redistribution

appeared to be a reasonable description of the Air Force System at the beginning of this

study, our data suggests that the "Trickle-Back" method may be a major cause of the poor

base level backorder performance observed. However, this is only a conjuncture.

I
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Suggestions for Further Research:

It seems that in every operations research study, the answers to one set of questions

suggest more questions. This study is no exception. In evaluating the performance of the

13 proposed inventory management rules, a set of important new issues were identified.

These issues involve (a) Comparison of the METRIC and MOD-METRIC techniques with

the current Air Force logistics system, (b) Extensions of MOD-METRIC to deal with the

common item problem, (c) studies of the significance of data errors and MOD-METRIC's

sensitivity to them, and (b) studies to improve the computational characteristics of the

MOD-METRIC computer codes. Let us now consider each of these areas in more detail.

1. Comparison with Current Methods. We found the "pure" MOD-METRIC and

METRIC policies to be very cost effective relative to the other 11 policies evaluated.

However, no comparisons of these methods with the current Air Force procedure was done

since a significant level of programming effort is required to model these techniques.

Before implementing either MOD-METRIC or METRIC methods - or any other method,

for that matter - we believe it is desireable to evaluate the improvement expected from

these methods relative to the current Air Force procedures. To do this, the RIME

evaluation system must be extended to permit simulation of lateral support procedures

and decentralization stock level computations. The revised RIME model might then be

! (4q
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used to compare current Air Force with the MOD-METRIC and METRIC procedures. In

doing this, particular attention should be devoted to the determination of causes for the

extremely low fill rates that were observed for LRUs with a large number of SRU

components. Is the "trickle-back" redistribution policy responsible? Is the problem due to

multiple SRU failures within a single LRU reparable generation? Or are there other

causes for these low fill rates? Additional research is needed to answer these questions.

METRIC and MOD-METRIC Model Extensions. The MOD-METRIC model assumes that

an LRU consists of unique SRU components -- that is, a given SRU is assumed to be

related to one and only one LRU. We found that a large proportion of Air Force reparable

LRUs contain common items. Additional research is needed to quantify the nature and

scope of the common item problem. In addition, research is needed to develop techniques

for modeling and optimizing requirements policies and inventory levels in these situations.

Alternately, if optimization problem appears too difficult, studies should be conducted to

evalute the relative effectiveness of heuristic methods for dealing with the common item

problem.

Data Consistency and Model Sensitivity. A major underlying assumption of MOD-

METRIC is that all parameters for an LRU and its associated SRUs are accurate,

consistent, and known with certainty. We found significant inconsistencies among the

h ~1,
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I

data sets collected for this study, and we also believe it is impossible to design an error

free real world information system. Consequently, research is needed to determine the

sensitivity of the NIOD-METRIC model to errors in input data. If MOD-METRIC is

insensitive to certain types of data errors, little effort should be extended in correcting

those errors. On the other hand, if it is highly sensitive to data errors it may never be

practical to use this model in the management of real world systems. Second, additional

research is needed to quantify the extent and significance of errors in current Air Force

data systems and to identify the level of effort required to correct these problems. The

goal here is to determine what must be done if Air Force data is to be used in a routine

matter for the management of Air Force recoverable items under the MOD-METRIC

methodology.

Improvement in MOD-METRIC Computation Times. We found the current MOD-

IETRIC computer codes required very large computer run times to perform stock level

computations. For example, to compute stock levels at eight different points in time for

LRUs with 20 or more SRUs required from one to two CPU hours on the Honeywell 6000

computing system. Further, computation times for LRUs with smaller numbers of SRUs

generally required from .2 to .8 CPU hours per LRU family for eight levels computations.

We believe that such run times are impractical for the management of the hundreds of

LRUs in the Air Force inventory. Consequently, additional research is needed. to find

faster ways of optimizing the MOD-METRIC model.

IIi
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this study, and we also believe it is impossible to design an error free

real world information system. Consequently, research is needed to

determine the sensitivity of the MOD-METRIC model to errors input

data. If MOD-METRIC is insensitive to certain types of data errors,

little effort should be extended in correcting those errors. On the other

hand, if it is highly sensitive to data errors it may never be practical to

use this model in the management of real world systems. Second,

additional research is needed to quantify the extent and significance of

errors in current Air Force data systems and to identify the level of

effort required to correct these problems. The goal here is to

determine what must be done if Air Force data is to be used in a

routine matter for the management of Air Force recoverable items

under the MOD-METRIC methodology.

Improvement in MOD-METRIC Computation Times. We found the

current MOD-METRIC computer codes required very large computer

run times to perform stock level computations. For example, to

compute stock levels at eight different points in time for LRUs with 20

or more SRUs required from one to two CPU hours on the Honeywell

6000 computing system. Further, computatioh times for LRUs with

smaller numbers of SRUs generally required from .2 to .8 CPU hours

per LRU family for eight levels computations. We believe that such run

times are impractical for the management of the hundreds of LRUs in

the Air Force inventory. Consequently, additional research is needed to

find faster ways of optimizing the MOD-METRIC model.
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