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ABSTRACT 

In contrast with inventory problems that are concerned with when 

and how much to order of a given repair part, an analysis is made as 

to which of the many parts in a complex equipment should be considered 

for stockage as repair parts. An analytic model is developed that pro¬ 

vides inventory range decisions that minimize total repair and inven¬ 

tory support costs at a given maintenance activity. The way in which 

parts are interrelated in the equipment parts hierarchy is explicitly rec¬ 

ognized in the model. As by-products, the model prescribes the kind of 

repair actions to apply to a failed unit of the equipment and, indirectly, 

the kind and amount of repair capability that should be provided. The 

model has potential application to other problems involving the parts 

hierarchy, such as determining optimal module sizes. 
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I. INTRODUCTION 

Sometime prior to the entrance of a new equipment into the mili¬ 

tary inventory, procedures are applied to determine initial require¬ 

ments for repair parts for the various activities involved in the opera¬ 

tion, maintenance, and backup support of the equipment. The focal 

point of this provisioning operation usually consists of a provisioning 

conference, attended by military and industry technicians. During the 

conference, two main functions are accomplished with respect to sup¬ 

ply support of the new equipment. One function consists of determining 

which of the many different parts in the equipment should be stocked as 

repair parts at the various support activities. The other function con¬ 

sists of determining how much to initially stock of those parts selected 
as candidates for such stockage. 

Viewed as decision processes, the first function may be identified 

as an "inventory range problem" since it concerns the determination of 

the range of parts to carry at each activity in support of the equipment. 

The second function may be identified as an "inventory depth problem" 

since it involves the determination of desired depth of stockage for 

those parts selected by the range decision process. In actual practice, 

these two decision processes are not usually separated from each other 

and applied sequentially. Instead, parts within the equipment are indi¬ 

vidually reviewed and decisions are made simultaneously as to whether 

to provision none or some specified quantity at a particular support ac¬ 

tivity. In other words, the solution to the range problem is often viewed 

as a zero answer to the depth problem, despite the fact that there are 

specific factors bearing upon the range decision that are not relevant to 

the depth decision. The simultaneous answer to both problems is satis¬ 

factory only as long as it is obtained intuitively, where presumably all 

factors bearing upon both problems are integrated in the minds of the 

decision makers in reaching the solution. 

Almost all of the research in inventory theory has been directed 

towards obtaining analytic solutions to the inventory depth problem. In 
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general, thie work muet be viewed as assuming an a priori selection oi 

« part as a candidate for stockage. Even though these solutions to the 

depth problem may yield zero as an answer for a particular part at a 

particular activity, this cannot be considered as a proper answer to the 

range problem for that part, because many factors bearing directly 

upon whether or not to stock the part are omitted from the analysis. 

Looking further into why these factors are omitted, it is because the 

analysis of the depth problem is usually confined to one part at a time 

and functional relationship, between different part, within the equipment 

are largely ignored. For the range problem, however, these interpart 
relationship, are dominant factor, in obtaining proper solutions. Of 

course, the ideal goal would be to develop a single analytic model in¬ 

corporating all factor, bearing upon both the range and depth problem 

and which yields desired answers to both problem, in an integrated 
fashion. 

Although this paper is basically concerned with an analysis of the 

inventory range problem, a model is developed which includes both 

range and depth decision processes. This feature results from the 

strong influence of depth decision, upon range decisions; in fact, the 

range problem cannot be considered as an isolated problem in the same 

sense that the depth problem can be separately analyzed. As a conse¬ 

quence, the model represents a first step toward, a generalized deci¬ 

sion technique covering both problem areas. However, the depth deci¬ 

sion process enter, into the model a. a self-contained submodel and 

therefore retains its integrity insofar as application of most extant re¬ 

sult. on this problem are concerned. In this respect, the depth problem 

may be suboptimized within the framework of an optimizing range model, 

but whether or not this results in a general optimizing model for both 

decision problem, is not known. Further research may indicate that a 

stronger interrelationship between the two decision function, exist, and 

which must be considered before a true integrated optimizing model can 
be developed. 

» 
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A- Environmental Complexities 

Inventory range deci.ions must be made within an environment con- 

aming four general dimensions of complexity. First, there is the parts 

hierarchy, wherein all of the parts of an equipment may be ranked in 

terms of inclusion to form components, assemblies, subassemblies, etc 

Second, there is repair capability which at a given repair facility may 

range trom very much to very little. Third, there is a double support 

echelon structure-one for inventories, which determines for each ac¬ 

tivity in « supply system a source for resupply, and on. for repair 

which determines where an assembly may be sent for repair if beyond 

e repair capability of the activity at which the failure generates. Fi¬ 

nally there is time, since repair capabilities, support echelon structure, 

and even the equipment part, hierarchy can change over time. 

In this paper, »»ly the first two dimension, of complexity are ex¬ 
plicitly recognised and incorporated in the analysis of the inventory 

range problem. Thus, although the parts hierarchy and varying repair 

capabilities are considered, only one activity is assumed to perform re¬ 

pair and supply functions in support of the equipment. Also, a stationary 

mure 18 »“umed whereby no changes in the parts hierarchy and repair 

capabilities are permitted. Furthermore, it is assumed that range de- 

cisión, made at the time of provisioning are adhered to throughout the 

uture support of the equipment. Thus, the possibility of changing the 

mix of part, carried in stock over time is not considered in the analysis. 

Although it is intended to extend the analysis at a later time to the multi- 

echelon and dynamic cases, some discussion is presented in this paper 

Of these environmental characteristics in order to further clarify the 

scope of the present analysis in context with the larger problem. 

B- Trade-Offs Between Repair and Stockage 

Both in practice and in theory, the various dimension, of environ¬ 

mental complexity are intimately interrelated insofar a. the inventory 

rang* problem is concerned. For example, there is a distinct trade- 

o between the amount of repair capability provided a support activity 

and the range of part, provided a. spares. A. repair capability is 
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reduced, a fewer number of more costly assemblies must be stocked i, 

greater depth in order to maintain support effectiveness. With more re 

pair capability, a wider range of smaller parts will be required to sun- 
port the repair operations. 

Conversely, inventory range decisions directly affects the reqrir. 

mentforandutiliaation of repair capabilities. If only a few larger as¬ 

semblies are carried as repair parts, all repair operations involving 

the removal and replacement of smaller parts are thereby precluded. 

A large range of repair parts will increase the utilization of repair ca- 

pabihues that are provided and even encourage the expansion of the ca¬ 

pabilities in term, of different kinds of repair that are attempted as well 

as augmentation of repair personnel and equipment. 

Similar trade-offs exist with respect to the supply and repair ech¬ 

elon structures. For example, as repair capabilityand range of stockage 
are decreased at lower activities, either the repair capability and range 

of .lockage must be increased at higher activities in the repair echelon 

structure or the depth of stockage for higher cost assemblies must be 

increased at higher activities in the supply echelon structure. Thus, 

range decision, at any activity in the support system affect not only de¬ 

cisions relative to repair capability at that activity but also repair and 

stockage decisions at other activities in the over-all support system. 

It is evident that the inventory range problem is exceedingly diffi¬ 

cult when the full complexity of its environment is considered. However, 

by making certain simplifying assumptions concerning the nature of the 

environment, practical solutions can be obtained. These assumptions 

and their implication, are presented in further detail during the course 
of the subsequent analysis. 

C- Characteristics of Range Decision Proc««. 

Traditionally, range determinations have been made largely by in. 
tuition and judgment. In some case, these determination, prove to be 

satisfactory; in other cases, they do not. However, some of the aspect, 

of the approach taken in making these judgmental decision, may prove 

instructive in attempting to apply more rigorous and analytic method, tc 
the problem. 
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The most apparent thing that is noticed when observing technicians 

making range decisions is that for most parts in an equipment, the deci¬ 

sions are made rapidly with little or no deliberation or discussion. On 

the other hand, the decisions for a few parts appear difficult and require 

extensive consideration and discussion. In general, this behavior sug¬ 

gests that the number of factors required to obtain solutions vary from 

a few for some parts to many for others. In turn, when seeking analytic 

methods for making these decisions, it may be inferred that relatively 

simple methods, involving few factors, may be applied to most of the 

items, with further gradations of complexity required for successively 

smaller numbers of items. In other words, one may expect that a curve 

as shown in Exhibit 1, expressing the percent of parts in the equipment 

as a function of the difficulty of the decision process, may characterize 

the range determination problem. 

Difficulty of Decision 
Number of Factors Required for Decision 
Complexity of Analytic Model 

EXHIBIT 1 - PERCENT OF PARTS AS A FUNCTION OF 
DECISION DIFFICULTY 

There also appears to be a correlation between the complexity of 

the part and the difficulty in making range decisions. In general, the 

more complex the part is, in terms of number of assemblies, subassem¬ 

blies, etc., that it contains, the more difficult the decision. This, of 

course, corresponds with the previous observation on the percent of 
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part. a. a function of decision difficulty, since most parts n an equip¬ 

ment ire either detail parts or simple assemblies, with only a few 

part, being complex assemblies. Again, it might be deduced that an; 

analytic technique for solving the range problem might vary in sophisd- 
cation according to the degree of part complexity. 

Whether or not these observations, concerning the way in which 

range decision, are now made, can serve as guidelines in the develop¬ 

ment of analytic models wiU become apparent in the later development. 

Also, it will be of interest to see whether or not the model that is pre¬ 

sented later displays the same characteristics associated with present 
decision methods. 

D. Organization of Paper 

The remaining sections of the paper may be placed into three 

mam logical groups. The first group, Sections II through V, establishes 

basic definitions and factors bearing upon the problem and, in particu¬ 

lar, defineá and describes the Parts Provisioning List which provides 

data concerning the parts that are subject to the range decision proc¬ 

ess. The second group, Sections VI and VII, develops the basic range 

decision model for simple assemblies that consist only of detail parts. 

The last group, Sections VIH and IX, extends the range decision model 

to higher assemblies and to equipments of arbitrary complexity. 
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II. THE PARTS PROVISIONING LIST 

In practice, range determinations are made for items listed on a 

Parts Provisioning List (PPL). This document, usually prepared by a 

contractor, contains information concerning the various articles or 

parts within an equipment. Since most of the subsequent discussion 

centers around the PPL, a detailed description of it is warranted. In 

addition, several definitions are established for later use. 

A# Definition of Equipment 

A given PPL, no matter how obtained or constructed, consists of 

allst of separately identified parts. These parts are normally assembled 

together into an article or articles designed to perform prescribed func- 

tions. This article or articles will be identified as an "equipment" 

throughout the subsequent discussion. 

This definition of an equipment may or may not correspond with 

the general meaning of the term. One common definition of an equipment 
is as follows: 

"A component or components and necessary assem¬ 

blies, subassemblies, and parts connected or 

associated together to pe-rform an operational 

function." 

When considering an equipment defined in this way, it is frequently 

possible to identify portions of it which also satisfy the same definition. 

Also, there may be a larger system containing the equipment under con¬ 

sideration which in turn satisfies the definition. In general, when con¬ 

sidering an array of articles ordered in te/ms of inclusion when as¬ 

sembled, operated, or associated together, it is frequently ambiguous 

as to which level in the resulting hierarchy should be identified as an 

equipment. Similarly, the terms "system," "component," "assembly," 

subassembly," etc., as identifying labels for other levels in the hier¬ 

archy, become matters of individual judgment. To avoid this ambiguity 

for working purposes, an equipment is therefore defined by association 

with a given PPL; the choice of what to include on a given PPL is, of 
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course, a matter of judgment, but once the choice is made, it will define 
an equipment by association. 

B. Definition of Part 

A part is defined to be an article or an assemblage of articles that 

distinguishes it from any other part insofar as designed use is concerned. 

Two parts are considered the same, despite possible physical variations, 

if they are completely interchangeable under all operational conditions 

relating to the use of the parts in the equipment. If a part can be disas¬ 

sembled into several component parts, the collection of component parts 

is no longer identified as a part; only the assembly itself is considered 

to be a part. Although the identification of articles as parts is sometimes 

ambiguous (for example, a reel of wire which is cut into various lengths, 

each length serving a different use within an equipment), common inter 

pretations are satisfactory in subsequent use of the term. In particular, 

articles represented on a PPL are identified as parts and numbers are 

normally assigned (part numbers, stock numbers, drawing numbers, 

etc.) which uniquely identify one part from another insofar as any subse¬ 
quent use is concerned. 

C. Definition of Item 

A particular part referred to by a separate entry on the PPL will 

be defined as a line item or, for short, an item. Each item is iden¬ 

tified by a unique item number. There may be several different line 

items on a PPL referring to the same part or article. This is caused 

by the use of the same part in different portions of the equipment; the 

assignment of different line items enables unique identification of 
each separate use. 

In addition, more than one unit of a part may be represented by an 

item on the PPL, since multiple applications of the same part at the same 

place in the equipment parts hierarchy are, by convention, not individu¬ 

ally listed. A common example i- several identical bolts fastening one 

part to another. The set of bolts, in this case, is identified as one line 

item. The same bolt used elsewhere in the equipment would require 
another line item. 

* 
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U the same part is included in several line items on the PPL it 

ts common practice to fully describe the part on its first appearanc'e m 

the list of items. Abbreviated descriptions are then used in subsequent 

appearances, with a reference to the first appearance. 

D. Range Prejudgments 

The choice of which physical articles or parts to include and 

separately list on the PPL is a matter ot juuqmen,. furthermore, the 

exercising of this judgment predetermines, a signiftcan, decree 

part of the range problem. I„ fact, i, is impossible to constat a -PL 

without making explicit and implicit range determinations. 

The most important decision affecting the range problem concerns 

e matter of inclusion--deciding which items to list on the PP1 -,„d 

Which items to exclude. Articles that are not represented on the PPL 

Will not be purchased and stocked in the supply system under any range 

determination procedure based upon the PPL, including thal which is 

presented later. Therefore, great care must he exercised in deeming 

which articles should or should net be identified as items on the PPL. 

Common reasons for excluding articles from representation on 
the PPL are as follows: 

1. The article is of such common use that it is presumed to be 

already available or can easily be obtained at all of the locations where 

need might °CCUr- SUCh 'îrticles « solder, common sites and kinds 
o wire, common sheet metals and bar stock, and many kinds of common 
naraware items are examples. 

2. The article cannot physically be sc,,, rately removed and re¬ 

placed and 1» therefore not considered to be capable of separate supply 

replacement. Examples are parts potted m sealed components or 

parts fabricated into permanent assemblies. 

3. Prejudgments are made concerning the need to remove and 

replace the article. Even though the article is physically capable of 

being separately removed and replaced, a judgment is made that the 

need for such action will never occur or that the chance of such require¬ 

ment ts vanishingly small. Examples might be a brack«, which incurs 

no environmental stress, or a laminated core in a solenoid 
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4. Prejudgments are made concerning the practicability and 

economic advisability of removing and replacing the article. An example 

might be a chassis in an electronic module, which is possible to icmovj 

and replace but would require detaching and reattaching dozens of elec- 

tromc components. The prejudgment in this example might be that the 

cost of removing and replacing the chassis would be far greater than tlv 

cost of the entire module. 

5. Articles may be omitted from representation on the PP _ 

through error or oversight. This may occur when originally preparing 

the PPL from engineering drawings or by inadvertently dropping items 

from the PPL during subsequent processing. 

Instructions for preparing PPL's normally are written to prevent 

some of the above kinds of exclusions from occurring. Usually, only 

the second kind of exclusion is permitted: articles which cannot phyc' 

cally be separately removed and replaced. However, in many cases, 

judgment must be exercised in excluding articles according to even this 

criterion. These decisions usually depend upon estimates of resources 

available to accomplish repair operations. As one extreme, the lack of 

all tools and maintenance personnel would exclude most parts according 

to this criterion. As the other extreme, the availability of sufficient 

tools and skilled personnel could enable the removal and replacement of 

all articles in the equipment, possibly to the point where it becomes dif¬ 

ficult to identify articles as items. As an extreme example, an ordinary 

light bulb is normally considered to be an item such that any part of it 

cannot be physically removed and replaced; yet, with sufficient resources 

the filament could be removed and replaced when it burns out, or the 

glass could be replaced should it break. In fact, it is difficult to cite 

examples of articles that cannot be further separated into constituent 

elements, given sufficient resources. 

The main conclusion to be drawn from the above discussion is that 

any methodology or set of criteria for constructing a PPL represents a 

partial solution to the theoretical range problem. To use the light bulb 

example, the failure to list the glass, filament, metal base, etc., as 

separate items on the PPL automatically eliminates these articles from 
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stockage in the supply system. Furthermore, it is impossible to estab¬ 

lish a universal set of criteria , since any PPL, however constructed, 

can always be further detailed by relaxing implicit assumptions on re¬ 

sources available for remove and replace. The only theoretical limit 

to this process is a reduction to the common elements--an absurd ex¬ 

treme. Yet, any identification of items short of this extreme carries 

with it prejudgments as to what "logical" replacement parts are and, 

correspondingly, an initial solution to the range problem. 

For working purposes, then, further discussion of the range prob¬ 

lem must be confined to items as listed on a PPL. It must be assumed 

that the select on of items for inclusion has been as complete as pos¬ 

sible, with only those articles excluded that are manifestly, according 

to technical judgment, not suitable for separate stockage as repair 
parts. 

E. Indenturing 

Items on the PPL are normally visually arranged and ordered in 

an organized fashion. A number may be associated with each item to 

indicate its position in the hierarchy of parts which constitute the equip¬ 

ment when assembled. This number, defined as an indenture number, 

represents an ordering of items by inclusion: an item with a given in¬ 

denture number contains and is largely composed of all immediately 

subsequent items with the same or larger indenture number. The order¬ 

ing of items in this way is often called a "top-down breakdown" sequence 

which has inferences, not always valid, concerning the sequence in which 

parts must be removed when the equipment is completely disassembled. 

A usual way of defining the manner in which the items are sequenced 

on the PPL and the indenture numbers assigned is shown in Exhibit 2. 

Another way to visualize this method for assigning indenture numbers is 

shown in Exhibit 3. Here, the indenture number identifies various 

levels in the parts hierarchy. From such a schematic, sequential line 

item numbers are assigned by working from left to right, exhausting all 

lower parts in a component, assembly, subassembly, etc., at each level 

before stepping to the next component, assembly, subassembly, etc., at 
the same level. 
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Indenture Number 

^^ 3 4 5 6 7 

Equipment 

Component 

Attaching parts for component 

Detail parts of component not contained 
in assemblies or subassemblies 

Assembly 

Attaching parts for assembly 

Detail parts of assembly not 
contained in subassemblies 

Subassemblies 

Attaching parts for subassembly 

Detail parts of subassembly 
not contained in sub¬ 
subassemblies, etc. 
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It should be noticed that neither the item sequence number nor the 

indenture number assigned in this fashion uniquely identifies the posi¬ 

tion of a particular part in the parts hierarchy. By position is meant 

the identification of higher parts in which the given part is included and 

the extent to which the given part is composed of lower parts. In addi¬ 

tion, the labels "component," "assembly," "subassembly," etc., as implic¬ 

itly defined in Exhibits 2 and 3, cannot be uniquely assigned to each part 

(although they are unique to line items), because a given part may be at 

different levels in the parts hierarchy and hence receive different labels. 

Since the range problem is more concerned with parts than with line 

items, it will be necessary later to develop a notational method to over¬ 

come this ambiguity. 

F. Bulk Material 

Various conventions are used to include on the PPL bulk materials, 

such as paint, wire, solder, lubricants, etc., that are used during nor¬ 

mal maintenance and servicing of the equipment. One way is to list all 

such items at the end of the PPL, without particularly identifying partic¬ 

ular portions of the equipment to which they apply. Another way is to 

list them with each logical portion (component, assembly, etc.) in the 

parts hierarchy to which they apply. In this case, a full description of 

the items is usually given only on this first appearance on the list, with 

abbreviated descriptions, referenced to the first appearance, for all 

subsequent appearances. This latter way of listing these kinds of items 

on the PPL will be assumed to pertain in the subsequent discussion. 

The inclusion or exclusion of items of this nature is subject to the 

same judgmental determination as previously described. In many cases, 

this determination is more difficult than for the more specialized items, 

since it requires some understanding as to what might be required for 

normal maintenance and servicing. Not only does the degree of main¬ 

tenance and servicing vary widely from one location to another, but at 

a given location what constitutes "normal" maintenance and servicing is 

subject to interpretation and judgment. 
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G. Special Tools and Instruments 

Special tools and test instruments are frequently required to ac¬ 

complish repair, maintenance, testing, and checkout of the equipment 

or portions of the equipment. Items of this nature are usually listed at 

the end of the PPL or on a separate document altogether. In the latter 

case, they may pertain to equipments on several PPL's. It will be as¬ 

sumed that any such items required for the particular equipment on a 
PPL will be listed at the end of the PPL. 

H. Item Data 

Tor each item listed on a PPL, the following data will be assumed 
to be available prior to the analysis subsequently discussed: 

1- Item Sequence Number - a number uniquely assigned in some 

systematic manner to each item on the PPL. Although there is a one-to- 

one correspondence between item and item sequence number, a given 

kind of part may have several item sequence number, due to multiple 
appearances on the list. 

2. a»™ Name - an abbreviated verbal description of the part 
usually obtained from Federal Cataloging Handbook H6-1 or assigned by 
the manufacturer of the equipment. 

3. Indenture Number - a number indicating the position of the 
item in the parts hierarchy as previously described. 

4. Stock Number - a number which is associated with the article 
or part and which uniquely distinguishes the article from other articles 

having different physical characteristics. The stock number should be a 

Federal Stock Number, when available, otherwise, a number assigned 
by the manufacturer of the part or by the equipment contractor. 

5' Number of Applications - the number of units of the article 
included in the item representation. This is normally interpreted as 

the number of application, of the part in the "next higher assembly." 

For subsequent working purposes, the format of the above data is 

immaterial. However, standard format, for PPL data, which include 

the data element, listed above, have been developed and are now in use. 
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Matched and Associated Items 

Certain kinde of parts may be separately listed on the PPL. \ t 
must be always considered together with other parts in all supply and 
maintenance functions. Such items as gears, pistons, cylinders, 
bearings, resistors, and vacuum tubes may be matched electronicallv 
in systems or circuits, machined to special fits, or lapped as matched 
sets or assemblies. For the particular equipment under consideration, 
such matched sets of parts may be considered as one part for all supply 
and maintenance operations; yet, in other equipment or different por¬ 
tions of the same equipment, a part in such a set may be used independ¬ 
ent of the set. Therefore, the convention is usually adopted to sepa¬ 
rately list the component, of matched sets on the PPL and to reference 
the fact that they are members of a matched set. 

A somewhat similar relationship between different parts exists in 
term, of normal usage. A particular part may be such that if it fail, 
and must be removed and replaced, other designated parts are also nor¬ 
mally removed and replaced. A familiar example is a carburetor 
wherein particular gaskets are always removed and replaced whenever 
the carburetor is opened up to replace an internal part. This type of 
relationship between part, is usually one-sided. For example, replacing 
the float in a carburetor will cause a replacing of gaskets, but if a gasket 
leak, and needs replacing, the float would not also be replaced. A fre¬ 
quent cause of this kind of association between part, is that particular 
parts, such a. gaskets and seals, must be damaged in order to remove 
and replace a failed item, and must therefore also be replaced. 

To identify these interrelationships between items on me PPL, a 
referencing system will be assumed. For each item on the PPL which, 

hen removed and replaced, causes other items to normally be removed 
and replaced at the same time, the item sequence number, of these other 

ms will be listed. The referenced item sequence numbers will be pre¬ 
ceded by an “M” if the parts involved are in a matched set and by an "A" 
if they are associated through usage. These reference item sequence 
number, are another kind of item data assumed to be provided on the 
initial PPL in addition to those previously listed. 
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J. Example of PPL 

Exhibit 4 shows a portion of a PPL organized in the fashion de- 

scnbed above and containing the required item data. It also illustrates, 

in several places, the kind of range prejudgments that commonly occur. 

For example, the servo motor (item sequence number 226) is not fur¬ 

ther broken down into component parts. Therefore, any such component 

parts are automatically excluded from consideration for stockage in the 

supply system. Similar observations apply to the potentiometer (item 

sequence number 222), the synchro (item sequence number 228), and 
possibly other items. 



EXHIBIT 4 - EXAMPLE PORTION OF PPL 

PRC R -254 
1Ô 

Item 
Sequence Indenture 
Number Number Item Name Part Reference 

Number Numbers 

221 

222 
22:, 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 

248 
249 
250 
251 
252 
253 

3 

4 
4 
5 
5 
5 
4 
5 
5 
5 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4 
5 
5 
4 

5 
5 
4 
4 
4 
4 

Roll Angle Drive 2016272 
Assy 

Potentiometer 2016502-1 
Servo Motor Assy 1996844 
Plug 2016497-2 
Marker 
Servo Motor 
Synchro Assy 
Synchro 
Plug 
Marke r 
Housing 
Clamp 
Clamp 
Stop Clamp Assy 
Clamp 
Spring 
Stop 
Stop 
Sc rew 
Screw 
Screw 
Washe r 
Washer 
Bracket Assy 
Bracket 
Gasket 
Dial and Hub 

Assy 
Dial 
Hub 
Pin 
Gear 
Gear 
Support Block 

2016489-4 
2016303-1 
1996845 
2016500-1 
2016497-2 
2016489-3 
2016261 
1996819 
1996678 
1996836 
1996834 
1996824 
1996825 
1996833 
MS 35457-1 
MS 35265-2 
MS 35265-3 
MS 35338-39 
MS 35338-40 
1996832 
1996830 A246 
1996831 
1996835 

1996818 
1996817 
1996823 
2016263 M252 
2016262 M251 
1996675 

Number 
of Appli- 
cations 

2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
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III. REPAIR AND SUPPLY SUPPORT SYSTEMS 

As previously stated in general terms, the range problem is 

closely interrelated with decisions concernUig the repair capability to 

be provided at each support activity and with the nature of the supply 

and repair echelon structures. In this suction, the repair and supply 

support systems are described in forth er detail and definitions of re¬ 

pair, repair capability, and levels of me repair and supply echelons 

structures are established. In general, the contents of this section es¬ 

tablishes further descriptions of thr. environment within which range de¬ 

cisions must be made and provides an additional foundation for the anal¬ 

ysis presented in this paper ".ud in subsequent work on the more general 

range problem. 

A. Definition of Repair 

In the subsequent analysis of the range problem, the word "repair" 

will, be frequently used with a rather specific meaning. It is therefore 

defined as any process cr aoUvity applied to a part believed to be inade¬ 

quate for its intended present o; fu’ ore me because of malfunction, deg¬ 

radation of performance, ue.terioraiion, wear, or other cause. Fur¬ 

thermore, the process must directly re suit in the withdrawal of a part 

or parts from stock, excepi as specifically noted in the subsequent 

analysis. 

Examples of repair processes :: tear ding to this definition are 

maintenamm. repair, overhaul, test, inspection, checkout, calibration, 

and diagnosis. Units of a part to which these processes are applied 

will usually be referred to as "failed" or "defective" units, although 

such terms are not always appropriate. For example, a part may be 

subject to periodic test or overhaul even though it has neither failed 

nor is defective. Processes such as lubrication, adjustment, or pro 

tective operations which can be performed without disturbing the use 

of the part are excluded as repair processes. 
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B* Repair Capabilities 

To accomplish repair operations, a wide variety of resource- 

may be used. These include manpower in terms of many kinds of skills 

and levels of experience, tools, machines, general and specialized test 

and checkout equipment, repair shops, fixtures, jigs, and so forth. 

Also, inventories of repair parts and materials should be include :. L. 

general, "repair capability" should be defined in terms of these re- 

sources, both as to the range of different kinds of resources and the 

amount of each kind. However, in later work, repair capability will 

refer to the aggregate of resources, other than spare parts, that is 

available for use or expenditure during repair processes. 

A basic feature of present methods for making range determina¬ 

tions is that explicit and implicit judgments are made concerning the 

type and degree of repair capability at the various support activities. 

In most cases, the extent of the repair capability has been predeter¬ 

mined. In fact, often such capabilities already exist with an implicit 

assumption that supporting the equipment under consideration will not 

significantly alter these capabilities. In any case, a main problem in 

making range determinations by present methods is to fully understand 

just what repair capabilities already exist or are planned to exist, and 

what their limitations are relative to the equipment under consideration. 

This is frequently a matter of interpretation and judgment and often con¬ 

stitutes the deciding factor in making particular range decisions. 

Since decisions concerning repair capability and range of parts to 

be stocked are so greatly interrelated, the repair capabUity should be 

a decision variable along with inventory range in any analytic formula¬ 

tion of the range problem. This, in fact, is a characteristic of the 

range decision model presented later, where necessary repair capabil¬ 

ities are determined in consonance with range decisions. Provisions 

are made to reflect repair capabilities that may already exist or that 

might exist as a consequence of overriding policies that are imposed 

above and beyond the model itself. However, in common with present 

methods for making range decisions, the model requires knowledge of 



.1 

PRC R-254 
21 

what repair capabilities are needed for different repair processes and 

what capabilities already exist that may be applied towards the need. 

C» Supply Echelon Structure 

Since range decisions at one support activity can affect stockage 

requirements not only at that activity but also others, in particular, 

those higher up in the supply echelon system, it is necessary that this 

supply support structure be well defined. In theory, the supply support 

system should be a policy variable, but, if so, all equipments supported 

by the system should be included in the analysis. Since this is mani¬ 

festly impractical and unrealistic under present conditions, it will be 

assumed that the supply structure relative to the equipment being con¬ 

sidered, whether or not it already exists, is well defined and pre¬ 

scribed. Thus, it is assumed to be an input to the analysis rather than 
a policy variable. 

Actually, two main assumptions concerning the supply system are 

included in the analysis of the range problem. One is that the echelon 

structure is defined by the identification of a normal source of resupply 

for each activity. The other is that if a part is stocked at an activity, 

it is governed by a known and well-defined stockage depth policy. Other 

than a mild restriction imposed later, there is no particular limitation 

concerning the depth policy that is used as long as it can be stated ana¬ 

lytically. In particular, most of the depth models resulting from past 

research in inventory theory may be accepted. 

D. Repair Echelon Structure 

In addition to a supply echelon structure, there may typically be 

a repair echelon structure. Such a structure usually results when re¬ 

pair capability is significantly different from one activity to another, 

where it may be desirable to send a failed assembly to an activity other 

than the one at which it failed from repair. Often, activities may exist 

whose only function is to repair parts sent from other activities and 

which have no direct support responsibility for the end equipment. 

Like the supply echelon structure, the repair structure theoreti¬ 

cally should be a policy variable. Again, however, this would require 



PRC R-254 
22 

con.ideration of all equipment supported by the system. Therefore, it 

must be assumed that the repair echelon structure for the equipment 

under consideration is given and well defined. Under this assumption, 

the structure is defined in terms of identifying, for each repair activity, 

a normal destination for failed parts if beyond the activity's repair ca¬ 

pability. Of course, whether or not to forward a particular failed unit 

of a part will be an outcome of the inventory range decision process. 

However, the choice of where to send the unit is assumed given. 

E* Source, Maintenance, and Recoverability Codes 

As part of the provisioning process, codes are assigned to each 

part in the equipment which, to a large extent, reflect the results of 

range and repair decisions and, to a lesser extent, depth decisions. A 

source code is assigned to first of all identify whether or not the part 

is procured for stockage and second, to indicate anticipated usage and 

to prescribe normal methods for resupply. For example, the set of 

source codes signifying stockage further identify parts as to whether 

anticipated usage is relatively high or sufficiently low as to be classed 

as "insurance" items, whether parts are relatively easy to manufacture 

at principal using activities if necessary, and whether parts are pro¬ 

cured in accordance with life expectancies as caused by deterioration or 

anticipated obsolescence. The set of codes signifying nonstockage 

further identify parts as to whether they can be manufactured within the 

maintenance system if needed; whether they are to be procured if de¬ 

mands occur; whether they are to be assembled from other parts if 

needed; whether they are normally impractical for stocking, mainte¬ 
nance, or manufacture; and so forth. 

Maintenance codes are assigned to parts to indicate general kinds 

of activities at which specified repair processes are authorized. First, 

support activities are broadly categorized according to their principal 

function, with implications concerning their position in the repair eche¬ 

lon structure. Examples are shore-based overhaul activity, tender or 

repair ship, specialized repair facility, contractor repair facility, ac¬ 

tivity to which equipment is assigned, and so forth. Then, using these 
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activity designators, two maintenance codes are assigned to parts. The 
first code identifies the lowest authorized maintenance echelon capable 
of removing and replacing the part and, therefore, identifies the lowest 
echelon authorized to stock the part for repUcement purposes. The 
second code identifies the lowest maintenance echelon to which lower 

echelons are authorized to send repairable parts when beyond their re- 
pair capability. 

The recoverability code reflects the recoverability characteristics 
of parts removed or replaced in equipments during normal maintenance 
procedures. It identifies whether it is normally economical and practi¬ 
cal to repair the part; otherwise, whether or not the part can be econom- 
ically salvaged and its component parts reclaimed. If a part is to be 
neither repaired nor salvaged, it is identified by the code as being ex- 
pendable or consumable. 

It can be seen from the above descriptions, that the source, main¬ 
tenance, and recoverability codes describe in a general way results of 
range decisions, the repair and supply echelon structures, and the re¬ 
pair characteristics for each part. However, they are nonspecific in 
the sense of being system oriented rather than activity oriented. For 
example, the codes do not specify range decisions by activity nor do 
they precisely define the supply and repair echelons pertaining to the 
part. Of course, they are not intended to precisely define the environ¬ 
ment of the part and to prescribe exact range decisions; instead, they 
serve only a. general guides in these directions. A. a result, the codes 
can serve neither to define the environment for an analytic range deci¬ 
sion technique nor as a framework for results of range decisions. 

On the other hand, these codes can be assigned to each part from 
environmental data input to the analytic range decision process and from 
results that are outputs. Since more detail is represented in these in¬ 
puts and outputs than is included in the present code definitions, a new 
code structure could be developed to include more detail and perhaps 
be more meaningful. However, the construction of such codes is con¬ 
sidered beyond the scope of this paper. 
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In summary, the source, maintenance, and recoverability codes, 

» presently defined end need, will not enter into the subsequent 

sis, end even though e more precise code system to serve the same 

functions cen be developed from the rsnge decision model, this will n. _ 
be accomplished. 
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A. 

upon IT T0" t0 the range Pr°blem ÍS Critlc*Uy 
up the ay ln the VarÍ0U8 Part* are aS8embl'd ‘og.th.r to make 

il 1 T'61 COnSlderaU°n' U U ‘o precisely de- 
fine th way m which the parts are so organised. I» .hi. section, a no- 

«attonal system is developed to identify the position of each part in the 

par . hierarchy and definition, are established for different kind, of 
assemblies. 

Item Hierarchy Number 

...i !" SeC‘ÍOn th* Present method f« listing item, on the PPL and 

cateTth Ure nUmber‘ Wa,, de‘Cribed- AUhou*h this -«bod indi- 
e way in which part, are organised in term, of inclusion, it is 

no sufficiently precise for analytic purposes. Therefore, it is necessary 

efine an item numbering system which describe, in further deuil 

e position of each item in the part, hierarchy and which portray, the 
complexity of the part associated with the line item. 

the TrTTT* ,y’tem “ deVel°Ped ir0m * ,Chem*tic d“^am of 
ft. part, breakdown, similar to that shown in Exhibit 3. Suppose, then, 

that the equipment under consideration can be broken down into it. con- 

• ituent part. a. shown in Exhibit 5. The only difference between the 

.chemat . in Exhibit. 3 and 5 is that in Exhibit 5 no special distinction 

no” errn * 8 Part* and detail Pirt,‘ “d assemblies are 
identified a. components, assemblies, subassemblies, etc. There 

t. a distinction in Exhibit 5. however, between detail part, represad 

y circle, and assemblies represented by recUngle,. Otherwise th. 

z.::re item* ~ ^—-—-—- 
thi. t A” b',f0re' dÍííerent leV*1* in *he parU breakout are identified; 

UlZuTth ’ by * laVel nUmber rath‘r ^ “ enture number 
indicated T' Th‘ difi«a«‘ items are numbered a. 
ndicated on the schematic with each item receiving a. many numbers, 
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•eparated by decimal points, as given by the level number. Thus, an 
item on level 5 is assigned five number, separated by decimal points. 
Tht. string of numbers, including the decimal points, i. identified a. 
the item hierarchy number, or H-number. 

The portion, oí the H-number as separated by decimal point, iden¬ 
tify, by reading from left to right, the highest, next highest, etc., as¬ 
sembly in which the item is contained. The last portion of the H-number 
1. »»'quence number to uniquely identify the item in it. next higher as- 
•em y. hus, it i. readily apparant that the H-number for each item 
uniquely identifies all higher assemblies containing the item. 

There is a one-to-one correspondence between H-number. and 
item sequence number, a. defined in Section II. In fact, if the H-number 
umber, are written down, registered on the left with blank portion, 

represented by zeros, and ordered in strict numeric sequence (employ¬ 
ing the usual practice with regards to decimal points), the item, in the 
equipment, will be listed in about the same sequence a. described in 
ection H. Although the H-number could be used a. an item sequence 

number, it. length is too cumbersome for most practical purposes. 

Assembly Order Number 

The H-number for each item is appended with a number in paren¬ 
theses which indicate, the number of lower level, that exist for the 
item's constituent parts. This number is identified a. the assembly 
order number. It identifies, generally, the complexity of the part as¬ 
sociated with an item in term, of the extent to which it can be further 
broken down into lower assemblies. 

If the assembly order number is zero, this signifies that the part 
for the item cannot be further separated into smaller parts. Such part, 
will generally be referred to a. deuil parts. If the assembly order num¬ 
ber i. different from zero, the part will generally be referred to a. a 

th order assembly, where K is the assembly order number. Whereas 
the H-number identifies items, the assembly order number is a.socUted 
with parts. 
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For later purposes, it is convenient to define, for a given part, 
the parts on the next level down in the parts hierarchy as being subor¬ 

dinate parts for the given part. Thus, subordinate parts for an assem¬ 

bly consist of those assemblies and detail parts which directly :nak - . 

the given assembly. Detail parts have no subordinate parts, whereas 

all subordinate parts for first-order assemblies are detail parts. In 

general, the assembly order numbers for subordinate parts must be a. 

least one less than the assembly order number for the assembly to which 
the parts are subordinate. 

Rule for Multiple Appearances 

Since a particular part may be applied in more than one place 

within the equipment, it may receive more than one H-number. It 

might happen that a PPL is constructed such that the assembly order 

number differs from one such H-number to another. This results from 

deliberately or inadvertently failing to breakdown the part the same way 

in each application and represents prejudgments concerning item exclu¬ 
sion that affects range decision. 

To preclude this situation from occurring, a rule is imposed that 
a part will have the same assembly order number in all of its appear¬ 

ances in the equipment. The application of l.he rule may mean an aug¬ 

mentation of the PPL to further breakout a part in some of its appear¬ 

ance so as to be consistent with appearances where it is represented in 
greater detail. 

It should be noted that whereas a PPL is assumed to be con¬ 

structed according to this rule for analytic purposes, it may for other 

purposes breakout an assembly only in its first appearance, with appro¬ 

priate references made in later appearances. Also, even with the rule, 

a part may have different assembly order numbers for different PPL's. 

E* Connecting Parts 

Although connecting parts receive no special consideration in the 

assignment of H-numbers, some further discussion is warranted to 
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.«ve a. a guide as to where they ahould b. iocated i„ ,h. part, hier- 
archy a. represented by the schematic of Exhibit 5. 

Connecting parts, which can consist of either detail part, or as- 

sembhes, are generally of two kinds. One kind of connecting part con- 

not be two ^ ?”.. °£ ““ Sara‘ " «‘-and can- 
no properly considered as an integral component of «y 0f the 

placed*1 tlT * *ernblle Thu8' ** one of the assemblies is removed and re- 

laical I COnMCtÍn8 Part " n0t n°rmaUy al‘° »-oved and replaced. 
«Ltv to ? " * Cable aasembly* connecting on. electronic ... 

with ¡rno:h:r’which i*not *toeke<* « »^oved ^ „pucd with, either of the two assemblies. P 

Ur a..T«mb°iÍer,hÍ"d ^ Part U an “‘H»1 P»« »f a partie». 
Ur assembly wtth respect to normal supply and repair operation. An 

Tf“ a braCk** »ne assembly to another, bu which^s 

? : oi the a““‘ ^ ^* *.. r 
ássemblv‘ A1 T“' ^ ^ 4 ^ of the stocked 

bracket La ^ rain0ved »PUced. th. 
racket remain, an attached part of the removed unit 

A connecting part of th. first kind is included in the part, hier- 

L oLT “"I I"61 a* ‘b6 PartS WhiCh il co““ct.. A connecting L th ?VtC i8 “ClUd‘d in th* Part* hierarchy at a level 1... 
tlun that of the assembly of which it is considered an integral part In 

: respects .U'h a connecting part is treated as , detail part or lower 

assembly and no special distinction or ordering ..,u.»c. is needed. 
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Since solutions to the inventory range problem will affect many of 

the costs associated with the over-all repair and supply support of the 

equipment, it is necessary to identify and define these costs. The cost 

factors defined in this section will form the main inputs to the analy.ic 
range decision model. 

In general, costs affected by range decisions may be divided into 

two categories: those associated with repair processes and those asso¬ 

ciated with supply operations. The various costs in each of these cate¬ 

gories are further defined and described below in general terms. Some 

of these cost, will be further defined in context with their subsequent ap- 
plication in the range decision model. 

A. Repair Costs 

Included as repair costs are all direct and indirect costs of serv¬ 
ices and facUities required to accomplish repair proc.. Excluded 

are costs of part, and material, identified on the PPL are used in 

the repair processes. The various kind, of repair cost, are defined 
below. 

Initial Repair Setup Costs 

Included as initial repair setup costs are fixed costs in¬ 
curred to initially establish repair capabilities and which are independ¬ 

ent of how much actual repair is subsequently accomplished. Example 

pies are costs of technical manuals and repair instructions, estab¬ 

lishment of repair record, and data, fixed cost, of acquiring tool, and 
equipment necessary for repair, fixed costs of personnel, etc. 

Repair Batch Setup Costs 

These costs include all fixed cost incurred in setting up for 

the repair of a batch of failed assemblies and which are independent of 

the number of assemblies that are repaired at a time. Examples are 

paperwork costs (e.g., workorders), costs of setting up machines, 
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tools, test equipment, jigs, fixtures, etc, needed for the repair proc3- 

ess, fixed administration «sts, costs of dislocating maintenance per- 
sonnel, etc. r 

3* Per-Unit Repair Costs 

Included as per-unit repair costs are all costs, on a per- 

umt basis, directly related to the repair of a failed unit of an assembly 

Example, are labor costs for diagnosis, remove and replace, inspec 

tion, test. etc., prorated operating costs of tools, test equipment, and 

other equipment and facilities, prorated overhead costs, etc. Excluded 

are costs of parts that are replaced during the repair process. 

B. Inventory Costs 

Inventory costs include all direct and indirect costs associated 

With purchasing parts and carrying them in inventory. AU inventory 

cost, are defined on a per-part basis and are futher described below. 

Initial Inventory Setup Costs 

Initial inventory repair costs consists of all fixed or one- 

time costs incurred in entering a ne v part into an inventory. Included 

are initial cataloging costs, costs of establishing initial stock records, 

costs of establishing warehouse space, paperwork costs associated with 
initial provisioning, etc. 

Administration Costs 

Inventory administration costs include all costs of adminis¬ 

tering a part held in inventory which are incurred throughout time but 

which are independent of the amount carried in stock. Included are costs 

of maintaining inventory asset and financial records, costs of producing 

recurring and nonrecurring inventory reports, costs of taking physical 

inventories and making reconciliations, costs of maintaining catalog, 
and other inventory data, etc. 

3. Holding Costs 

Included as inventory holding costs are those costs associ 

ated with keeping units of the part in stock and which depend upon the 
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amount held. Example, are co.t of warehou.ing, intere.t on the inve.t- 

ment in the inventory, depreciation, deterioration, ob.olescence, 

4. Ordering Costs 

Ordering costs, consisting of costs incurred in obtaining a 
resupply of the part, are of two kinds. Fixed ordering costs are -nde- 

pendent of the amount ordered and contain such costs as paperwork 

costs, communication costs, processing costs by the supplier, receiv¬ 

ing costs, etc. Variable ordering costs depend upon the amount ordered 

and include purchase co.t. of the unit, ordered, shipping costs, packag- 
ing costs, etc. 

5. Shortage Costs 

Shortage costs result from lack of a replacement part when 
needed. Included are extra ordering cost, for expedited procurement 

and/or costs associated with loss or degradation of the use of an assem¬ 
bly or equipment due to lack of the part when needed. 

C. Other Costs 

In addition to the repair and inventory costs described above, 

there are many kinds of costs that relate directly or indirectly to the 

support of equipment but which are of a special nature or of lesser im¬ 

portance insofar as the inventory range problem is concerned. Some 

of these costs are described below. They are only suggestive of the 

many kinds of costs associated with the support of operational equip¬ 

ments. Some of them are further described as incorporated in the 

subsequent analysis of the inventory range problem; others may bear 

upon the range problem but are not included in the present analysis due 

to the complexity they introduce. Still others are dismissed as being 
not relevant to the analysis. 

1. Salvage Costs 

Parts that fail but which are not processed for subsequent 

reuse may be subject to various kinds of salvage operations. They may 

be scrapped or junked, or in the case of assemblies, they may be 
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disassembled and serviceable components may be recovered for use as 

repair parts. More inireqnen.ly, they may be reworked and modified 

and P“tS that dlfier £r0m th*ir »riginal specification. 
klnd;;; a e ldenll£led ^ new P«' -^«s. In any case, two general 

variable TheTayd 6 WÍ‘h Salva8e «Per.tion.-íixed and 

tising and oth ^ ^818 processin8' Paperwork, adver- 
Dart g' 0ther C06tS WhlCh are independent of how many uni,, of the 

handl Va ' VarÍable C0St8 ÍnClUde lU identification, 
the n n8h Pr0fCe8Sm8' dl8aSSembly' and oth« «»i* which depend upon the number of units salvaged. ^ 

In addition to fixed and variable salvage costs, revenue, may 

accrue from the salvage. If par,, are scrapped, the revenue, are 

ased upon their scrap value. If parts are disassembled for recovery 

components, the revenues are based upon the procurement value of 

recovered parts. In general, total revenue obtained from salvage is 
a function of the number of units salvaged. 

Costs of Failure Reporting 

When certain parts fail, procedures may be established for 
reporting the failure, such reports being used for various supply and 

maintenance purposes. If failure reports are required, cost, are in- 

curred which include costs of preparing the report, transmitting i, to 

the responsible agencies, processing the information on ,h. report, and 

other aeons associated with the initiation and subsequent use of the 
report. 

3' £°“‘* Automatic Failure Detecting 

Some equipment or parts may be provided with automatic 
devices that monitor the performa.tce of the par. and signal actual or 

impending malfunctions. Such devices incur no, only initial procure¬ 

ment and recurring operating costs, but also all repair and inventory 

cost, previously described since they constitute equipment, or par,, 
subject to failure. P 
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VI. RANGE DECISION MODEL FOR FIRST-ORDER ASSEMBLIES 

As a first step in obtaining a general solution to the inventory 

range problem, it is convenient to consider a simplified problem whore- 

solution will serve as a basis for extensions to more general probV.ms. 

Accordingly, a PPL consisting of only one first-order assembly is con¬ 

sidered, and only one activity is permitted for repair and supply support. 

Certain additional assumptions are made to further reduce the problem. 

For this problem, a cost function is developed which, when minimized, 

provides least-cost inventory range decisions. 

A. Description of Problem 

The particular range problem analyzed in this section is character¬ 

ized and defined by the following assumptions: 

1* under consideration consists of one first-order 

assembly i , made up from detail parts j , with j = 1 to 
n . 

2. Repair and supply support is provided by one activity. 

3. Each failure of the assembly resulting in a repair process is 

caused by one and only one detail part. 

4. Failed detail parts and units of the assembly that are not re¬ 

paired have no salvage value. In particular, failed units of 

the assembly are not salvaged for usable detail parts. 

5. Range decisions are made at the time of initial provisioning 

and upon the basis that they are not changed in the future. 

6. All cost and failure factors remain constant over time. This 

assumption, together with the previous one, characterizes the 

problem and subsequent decision model as being stationary 
time. 

The inventory range problem corresponding to these assumptions 

is to determine, for each part on the PPL (both the assembly itself and 

its constituent detail parts), whether or not it should be provisioned and 

carried in stock for replacement purposes. 
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B. Repair and Stockage Stratu^iea 

It is presumed that there is a number of “installed" units of the 

first-order assembly being operated according to designed use. Each 

unit of the assembly that fails is brought to the repair facility for some 

type of corrective or remedial action. Three main kinds of such actions 
or strategies may be identified and defined as follows: 

^ Strategy A--lmmediate Repair 

The defective detail part that caused the assembly to fail is 
removed from the assembly and replaced with a serviceable unit. The 

ailed detail part is discarded and considered unavailable for subsequent 

reuse. The replacement uni, of the detail par, is drawn from inventory; 

* aIal *bUlty °£ rsPlaceinent units is governed by a prescribed inven- 
ory depth policy. The function served by the assembly is not accom¬ 

plished until use of the assembly is regained after the repair process. 

2- §tralesy B--Exchange Assembly. No Repair 

The failed unit of the assembly is exhanged for a serviceable 
unit. The failed unit is discarded and considered unavailable for subse¬ 

quent reuse. The detail part causing the failure is not stocked or or¬ 

dered. The availability of replacement unit, of the assembly is governed 
by a prescribed inventory depth policy. 

3' Strategy C--Exchange Assembly, Repair ^ater 

The failed unit of the assembly is exchangedfor a serviceable 
unit. The tailed unit is subsequently repaired, by removing and replac¬ 

ing the defective detail par,, and placed in stock for reuse. The availa- 

bill,y of replacement units of the assembly and detail part is governed by 

prescribed inventory depth policies. Stockages of replacement unit, of 
the assembly in this case will subsequently be referred to a. a "repair 
buffer stock." 

For each failed unit of the assembly entering the repair facUity, 

only one of the three strategies can apply. Which of the three strategies 

to c oose for a particular failed uni, depends upon which of the various 

detail parts caused the failure. The assignment of a strategy to a 
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costs are setup costs in the sense that they are incurred before or con¬ 

current with the initial use of the assembly. Other costs are incurred 

each time a unit of the assembly fails, while still others, such as inven¬ 

tory holding costs, are incurred continuously throughout time. In order 

to obtain a meaningful solution to the range problem by means of assign¬ 

ing repair and stockage strategies to the various parts, a common meas¬ 

ure of costs must be defined. With such a measure, the cost consequences 

of different strategy assignments may be evaluated and compared so as 

to obtain a minimum cost solution. The measure that will be used con¬ 

sists of all fixed (setup) costs plus the discounted present value of all fu¬ 

ture costs, where "present" is defined to be the time at which support 

of the assembly is to commence. 

If N represents the collection of all detail parts in the assembly, 

three mutually exclusive sets, A , B , and C , may be defined, with 

AUBUC = N , such that strategy A applies to all parts in set A, strategy 

B to all parts in set B. and strategy C to all parts in set C. For each 

possible assignment of detail parts to the three sets, a total cost, T , 

will result consisting of initial costs plus discounted future costs. The 

problem will then be to find an allocation of parts to the three sets so 
as to minimize T . 

D. Cost Function 

A total cost function T , for an arbitrary assignment of detail parts 

to the three strategy sets, may be developed by investigating the costs 

attributable to each set. First, costs directly associated with detail parts 

will be identified, followed by costs associated with the assembly. 

1. Costs Associated With Detail Parts in Set A 

Since detail parts in set A are to be stocked according to 

some inventory depth policy, inventory costs, both initial and recurring, 

will be incurred. Also, since the detail parts are to be removed and re¬ 

placed, initial and recurring repair costs can be associated with each de¬ 

tail part. Finally, an "assembly shortage co^» must be identified to re¬ 

flect the cost consequences of losing the use of the assembly while it is 
being repaired. 
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These various kind, of costs associate with detail parts in sc ,. 
may be summarized in the following expression: 

where 

CA E tej + VM.) Mti(M )+S(M )] , 
j<A ' J J 

(if 

CA = total costs attributable to detail parts in set A. 

B. = the sum of initial repair setup costs, initial fixed 

inventory costs, and present value of future inven¬ 

tory administration costs for the jth detail part. 
Ij(Mj) = present value of future inventory costs for the 

jth detail part. 

Rj(Mj) = present value of future per-unit repair costs for 
the jth detail part. 

SjfMj) = present value of future assembly shortage cost-; 

incurred for each failure of the jth detail part. 

M. = expected annual failure rate for the jth detail part. 

In thi. cost function, the terms, B . ! . and R. . refer generally 

to cost, described in Section V. The term, B , include, ail initial re- 

patr and inventory costs that are incurred once it is decided to carry 

the Jth detail part in inventory and to use it in repair processes. Cat¬ 

aloging cost, and costs of special tools needed to remove and replace 

the part are oh-ious examples. Also included in this term are all fu¬ 

ture administration and bookkeeping costs that will be incurred as long 

a. the part is kept in inventory and which are independent of how many 
upit« of the part are stocked. 

The term, I. , includes ail future ordering, holding, and shortage 

cost, that result from maintaining an inventory of the jth part. These 

cost, are dependent upon how much is carried in stock over time which 

is determined by a prescribed inventory depth policy. 

The term, R. , ¡»eludes all costs directlyaseociatedwith the repair 
process that involves the removal and replacement of the jth detail part, 

addition to direct labor and repair equipment utilization costa, it may 
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include what was previously described as a repair batch setup cost, 

where in this case the "batch" is one unit of the assembly. Thus, such 

costs as paperwork costs and costs of setting up tools and equipment to 

accomplish the repair may be included. 

The term, S^, represents assembly shortage costs incurred each 

time a unit of the assembly fails because of the failure of the jth detail part. 
Since no spare assemblies are stocked for replacement in accordance 

with strategy A, the failed unit will incur shortage costs during the time 

required to remove and replace the failed detail part. These shortage 

costs represent costs associated with loss of designed use of the assem¬ 
bly during the repair process. 

The costs, T, R., and , are expressed as functions of the 

annual failure rate, M.. Actually, they may also be functions of other 

parameters; m particular, the inventory costs will depend upon the lead 

time, unit cost, ordering costs, and other factors in accordance with 

the inventory depth policy that will be used. The particular parameter, 

H., is explicitly presented to connote primary dependence of the costs 

upon failure rates of the detail parts as contrasted with costs, B., which 
do not depend upon failure rates. 1 

It should also be remarked that this notation infers that the annual 

failure rate remains constant throughout the operational life of the 

assembly. This is in accordance with the assumption concerning the 

stationary nature of the problem. 

Costs Associated With Detail Parts in Set B 

Since the detail parts in set B are not governed by an inven¬ 

tory depth policy or used in any repair process, no costs directly 

attributable to these parts will be incurred. 

3. Costs Associated With Detail Parts in Set C 

Since detail parts in set C are governed by depth policies and 

are removed and replaced in repair processes, most of the same costs 

as for parts in set A will be incurred. The main exclusion is the assembly 



PRC R-25-i 
40 

shortage cost term since a serviceable unit of the assembly is provided 

for use while the failed unit is being repaired. The cost function io:- c.e 

tail parts in this set is therefore expressed as follows: 

In thi. expression. Cc is the total cost attributable to detail parts in 

set C and the terms. B. and are the same as defined for set A. 

The term. R] (M.), includes the per-unit repair costs described prev iously 

for set A but excludes any repair hatch setup costs. Since failed units of 

the assembly, as caused by detail parts in set C, are repaired later, a 

batch may be permitted to accumulate before repair is scheduled. Since 

the size of the batch determines the amount of repair buffer stock of the 

assembly, and the repair batch setup cost is a dominant factor in deter¬ 

mining the batch size, this cost is more directly associated with the 
assembly and will be included later. 

4* Costs Associated With Assembly 

If one or more detail parts are assigned to set B, set C, or 

both, then stockage of the assembly is governed by a depth policy and 

assembly inventory costs will be incurred. These costs are expressed 
as follows: 

* B¡6 +1 ‘I Mj-1 Mj> 
j«B j«C 

C. 
X » (3) 
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total present value of costs attributable to 
the assembly, i, 

the sum of initial fixed inventory costs and 

present value of future inventory adminis¬ 

tration costs for the assembly. 

0 if BUG = 0. 

1 if BUG ¿ 0. 

discounted present value of future inven¬ 

tory costs for the assembly, expressed 

as a function of the annual failure rates 

for detail parts in set B and set C. 

The assembly inventory costs, which include ordering, holding, 

and shortage costs, are incurred according to a specified depth policy. 

The stockage of assemblies actually serves two functions: they are 

used as replacement units when detail parts in set B fail and result in 

permanent losses from inventory; they are also used as a repair buffer 

stock when detail parts in set C fail, where issued units of the assembly 

are later replaced by repaired units. The particular depth policy used 

may establish only one stock to serve both functions, explicitly recog¬ 

nizing the two kinds of demands according to the notation above, or the 

policy (or policies) may establish two separate stocks, one for each 

function. If the total inventory costs for the assembly can be divided 

according to the two functions, which is particularly possible when two 

separate stocks are established according to different depth policies, 

then the assembly inventory costs can be expressed as follows: 

j«C j«B j«c 
(4) 
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To facilitate the subsequent solution to the problem, this expre, 

sion lor the assembly inventory costs will be used, with the assu-v ■' 
that the total inventory cost, for the assembly can be separated, as in¬ 

dicated, according to the two functions served by the assembly stocks. 

5* Total Cost Function 

The various portions of the repair and inventory costs as¬ 
sociated with the support of the assembly, a. given by Equations (1) 

through (4), may now be combined to form a total cost function which .,, 

to be minimized over all possible assignments of detail part, to the 

three sets, A. B, and C. This function is expressed as follows: 

Mn X! tBj + MMj) + R,(m ) + s.(m.)] 
,B,clj.A J J J J J J J 

Tj = min 

"a.B.C jcA 

+ tBi6 + vZ Mi)] J 

j* B 

+ £ Cb. + I (M ) + R (M.)]+I.lV’ M 
j.C 1 11 1 > j«C 

(5) 

The expression within the large parentheses represents total costs re¬ 

sulting from a ¿ven assignment of detail part, to the three sets. The 

symbol „Airdnc mean, that the total cost is to be evaluated for all 

possible assignments of detail part, to set. and the leas, of these value, 

is to be selected to determine T., th. minimum or optimal value of 
support costs for the assembly. 
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E* Discussion of Cost Function 

Although most repair and supply costs involved in the support of 

ate assembly have been included in the total cost function a. given by 

Equauon (5). several costs have been omitted because they have no 

effect upon the minimising solution. In general, these costs are in- 

curred regardless of the way in which deuil parts are ,..ig„,d t0 re_ 
pair and stockage strategies. 

Even though a failed unit of the assembly may be exchanged for a 

servtceable unit, in accordance with repair strategy B or C, there i. 

an elapsed ,.me during which use of the assembly i. lost. This time 

;P:D;rSWh:n theUnit iS -having faiUdand.nd.wh.n 
a replacement unn t. available for use. A shortage cost, similar to 

the assembly shortage cost assigned to detail part, in strategy .., A. 
should apply to this time lapse. However if thia i 
from , , , P «owever, if this time lapse is excluded 
from that upon whtch the assembly-shortage cost for par,, in set A i. 

based then the indicated cost will be the same for each failure of the 

assem y regardless of which repair strategy is applied. Therefore 
It can be excluded from the minimisation problem. 

In addition, there are several other costs that can occur each 

time an assembly fails and which are independen, of the strategy ...,. * ». 
tty and return,ng with a replacement unit, paperwork costs associated 

with reporting the failure, communication costs, „c. Also included 

are diagnose, costs-costs associated with determining th. cause of 
failure and which of the repair strategies is to apply. 

In general, only those costs which can affect the choice of repair 

strategy, and hence inventory range decisions, are included in Equation (5) 

There may be many costs associated with support of th. assembly, in 

addition to those mentioned above, which have been excluded for this 
reason. 

F• Marginal Costa 

The problem of assigning detail part, to the three sets, A. B, and 
SO as to minimize total costs is quite difficult ti,- i quite dimcult. The only general method 
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for solution is to determine total costs resulting from each possible 

assignment and to then select the minimum of these values. If there are 

n detail parts in the assembly, this would involve 3n computations ar.d 

comparisons; an impossibility if n is sufficiently large, even with the 

use of a computer. Therefore, it is necessary to consider other ways 
to solve the problem. 

A desirable way to solve this minimizing problem is to consider 

the detail parts one by one, in any arbitrary sequence, and determine 

a repair strategy assignment for each part such that when all parts have 

been assigned, an over-all cost minimization has been achieved. Each 

part, as it is considered, will contribute an increment of the total cost 

and the amount of this increment will depend upon which of the three 

strategies is selected. Therefore, each of the three possible cost in¬ 

crements, or marginal values of total cost, can be evaluated and the 

strategy associated with the smallest of the three values can be assigned 

to the part. If this can be accomplished independently for each part, an 

over-all cost minimization will result. To apply this procedure, it is 

necessary to investigate the nature of the respective marginal costs and 

to obtain analytic expressions for them. 

1. Marginal Cost for Set A 

The marginal value of total cost resulting from an assign¬ 

ment of the jth detail part to set A is readily obtained and is given by: 

B + I (M ) + R (M ) + S.(M.) 
J J J J J J J (6> 

This expression is obtained directly from Equation (1). It may 

be evaluated for each detail part j separately, since it does not de¬ 

pend upon how the other parts are assigned. 



I 

PRC R-254 
45 

2* Marginal Cost for Set B 

The marginal cost resulting from an assignment oí the jth 
detail part to set B is not easily obtained since it depends upon the total 
assignment of parts to the set. The costs for set B consist of assembly 
inventory costs which are a function of the summed failure rates over 
all parts included in the set; they therefore depend upon how many and 
which detail parts are so included. However, it is possible to find the 
smallest and largest marginal cost resulting from an assignment of the 
jth detail part to set B, regardless of which and how many other parts 
are also Included. This will establish bounds within which the marginal 
cost for the jth detail part must fall. 

In order to obtain simple expressions for these bounds, a restric¬ 
tion must be imposed upon the kind of depth policy used for the assem¬ 
bly. This restriction is that the inventory costs resulting from the 
depth policy must be a concave function of the demand rate for the 
assembly. This is not a serious restriction since it is satisfied by 
most standard inventory depth policies. 

With this assumption, the maximum and minimum values for 
marginal costs contributed by an assignment of the jth deuil part to 
set B are given as follows: 

where 

. (max) = B. + 

àB,j (min) = y*1!) * VMj * Mj) 
(7) 

ST" '"I 
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These expressions state that the largest marginal cost contr ouvU 

by the jth detail part result, when it is the only member of set B. The 

smallest marginal cost is given when all detail parts in the a.eem^ 

are included in set B. These result, and their dependency on the con¬ 

cavity assumption for assembly inventory costs is illustrated in 

Exhibit 6. 

3. Marginal Costs for Set C 

The marginal cost contributed by including the jth detail 

part in set C is again dependent upon which and how many other parts 

are also included. This is caused by the term representing inventory 

cost, for the repair buffer stock. However, again by imposing the 

H i; on that the inventory costs for the repair buffer stock is a con- 

riLtion of the demand rate, simple expression, for maximum and 

minimum marginal cost values may be stained. These expre.si n 

are as follows: 

Analogous to set B. the largest marginal cost results when the jth 

detail part is the only number of set C and the smallest marginal cos 

result, when all detail parts are included in set C. 

G. Solution Algorithm 

A computational procedure or algorithm, based upon the marginal 

cost, developed above, may now be established for accomplishing 
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minimization indicated in Equation (5). This procedure is recursive in 

nature and is described as follows: 

1. Using Equations (6), (7), and (8), compute the follow¬ 

ing for each detail part j: 

A, j 
= A 

A, j 

¿d .(max) 
B.J 

= Au (max) - B 
». J ’ 

A1 .(min) r A Q .(min) 

AÍ, .(max) 
J 

= ACJ(max)-B. 

A1 (min) 
C.j 

à .(min) 
J 

2. Let = set of all detail parts for which 

(min) 

and 

Let B^ = set of all detail parts for which 

4,j(max)Sii,j 

AÍ .(max) ^ AÍ .(min) . 
»»J 

and 
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Let C = set of all detail parts for which 

AÍ .(max) * , 
C»J A,j 

and 

Ap .(max) * AÍ .(min) . 

Define and compute the following for detail parts 

j, notin A1, B1, or C1: 

AA,j “ AA,j 

A^j(max) = I.(Mb1 + M.) - I.(Mbi) 

where 

Mb1 = ^ M 

jcB1 

4(j<min) » I.(Mbi) 

where 

MB1 = M. - ^ M. - £ Mj 

jcA1 jcC1 

4 .(max) = B. + I.(M.) i r’íM.) + Cl^M^ + Mj) . lj(Mci)] 

- \ (Mb1 - M.) 

M. 
) 

where 
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Ac,j(min) = Bj + VMj) + Rj(Mj) H‘[ MJ 

where 

= M. - / M. i 4—. j 
jf.Al 

- E M. 

J€ Bl 

4. Let A = A* + all detail parts for which 

and 

¿A,j S 4,j(min) 

Let B = B^ + all detail parts for which 

s 4,j 

and 

Ag .(max) * A?. .(min). 
13 » J ^ i J 

Let C = + all detail parts for which 

4c,j(max)s 4,j 
and 

A^j(max) s Ag^(min) . 

5. Repeat step 3 with all superscripts increased by one. 



PRC R-254 
51 

Continue the iteration until an t ia obtained for 
which 

C¿ + 1 

Assign all detail parts not in A1, or Cl to 
either set B or set C according to the least of 

Afijímin) and A^ ^min). Each detail part in 
the assembly is now assigned to one of three sets 
A, B, or C. 

7. For this assignment of detail parts to sets, calculate 

Cr + C. - Y à 
c 1 A.i 

icBUC 

using Equations (2), (4), and (6). If this is 
greater than B., retain the parts assignments 
obtained above. If less than B., assign all de¬ 
tail parts to set A. 

Discussion of Solution Algorithm 

The ba.ic principle in the eolution elgorithm i. that although only 
range, can be expre.aed for marginal coat, of part, in .et. B and C, 
the.« range, for practical problem, are generally relatively .mall. 

Thu., the fir.t pa., through the recur.ive procedure will u.ually .elect 
•ome of the part, for definite ...ignment to a particular «et according 
to lead marginal cod. Having made auch ae.ignmenta, the miTflni] 

cod range, can then be narrowed for application to the remaining 
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unassigned parts. Eaca subsequent iteration of the procedure further 

narrows the ranges, enabling further parts to be definitely assigned. 

When the point is reached where no further parts can be assigned 

particular sets, the ranges should be so narrow that it does not par¬ 

ticularly matter, with aspect to cost, to which set the residue of parts 
is assigned. 

Although the algor 'hm may not, in particular cases, provide an 

absolute minimum solution, due to the relatively arbitrary assignment 
of part, in the terminatin,; iteration, it is expected to be nearly optima 

for most problems. The problem for which the procedure is least ade¬ 

quate is where no parts are selected for assignment in the first iteration 

However, this is expected to be a rare occurrence; in fact, it is expected 

that for many problems, all parts in the assembly will be selected -n the 
first pass. 

It should be noticed that the procedure is based upon comparing 

marginal cost, excluding 11.. «»e initial and recurring inventory ad¬ 
ministration costs for the assembly. In the last step of the procedure, 

it is determined whether or not the savings afforded by placing parts in 

set. B and C rather than A will offset the cost, B If .0, the assign- 

ments provided by the procedure are valid; if not, the least-cost solution 
is to place all parts in set A. 

Although the solution algorithm represents a simplified way to 

solve the minimization problem at the expense of a rather mild restriction 

on the kind of inventory depth policy used, a further simplification is pos¬ 

sible if the inventory cost is a linear function of the failure rate. In this 

case, specific values of marginal costs can be obtained for assignments 

to set B and set C rather than ranges of values, and only the first pass 

through the solution algorithm i¡i necessary. This is illustrated as 
follows: If 
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and 

^ * Z “ 1 Z » 
j«C j«C 

/ I 

whera I and I are constants, then 

ú¿tj(max) = A¿^(min) « 

and 

ûC,j(mln) * Bj + yWj) + Rj(Mj) +i'm. 

Unfortunately, however, thie linearity condition eeldom holde for 
realistic depth poUcies and this simplification is not normally applicable. 

I» Sample Problem 

To illustrate the procedure for solving the range problem for first- 
order assemblies, particular functions for inventory and repair costs 
may be assumed. The inventory depth policy that will be used for this 
purpose consists of an economic lot-size policy with no safety stock 
(case of demand certainty). The annual cost, as a function of the lot 
•iae, for this policy is as follows: 

C(Q) » HU y + K ^ + UM 



! 

where 

H s Annual holding cost rate 

U = Unit price 

Q = Lot size 

K « Fixed order cost 

M = Annual demand rate 

The value of Q which minimizes C(Q) is given by: 

PRC R 25 
5 

° -Yi£ 
Replacing this value for Q in C(Q), the result is as follows: 

C(Q) = VzKMHU + UM 

Assuming an infinite program and discrete annual compound dis¬ 

counting with an annual interest rate, r, the present value of future in¬ 

ventory costs is given by: 

I(M) a aC(Q) a a[V2KMHU + UM] , (9) 

where 

a 1 + r 
r discount factor . 

Equation (9) will be used to represent inventory costs for all de¬ 

tail parts and for the assembly excluding the assembly repair buffer 

stock. For the repair buffer stock, an analogous depth policy will be 

used which is defined as follows: 

»
f*
 

H
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c'(B) = HUB + k' ^ 

where 

C'(B) s Annual cost as a function of the repair 
batch size 

B' s Repair batch size 

K = Repair batch setup cost 

If the optimizing value of B is substituted the present value of 

future inventory costs for the repair buffer stock is found to be: 

l'(M) * ac'(B) + UB 

* ¿oVk'MHU + 
(10) 

where the term, UB, represents the initial cost of establishing the 
buffer stock, B. 

The cost functions for per-unit repair costs and assembly short¬ 
age costs will be assumed as follows: 

R(M) = aRM 

S(M) * aSM , 

where 

R 

S 

= Per-unit repair cost 

» Per-unit assembly shortage cost 
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Substituting Equations (9), (10), and (11) in Equation (5), the fol¬ 

lowing total cost functidn is obtained: 

T. = min 

1 "A*B’C\j<A 

JY [ B. + aVzKHU.M. + aM.(U. + R. + S.)] 3 J J J J J J7 

+ B. 6 
i 

M. 
J 

(12) 

In this function, the subscript i refers to the assembly and the 

subscript j refers to the jth detail part (j = 1 to n). The parameters 

a, K, and H have been assumed the same for all parts and, hence, 

are not subscripted. 

To solve this minimization problem by the marginal cost procedure, 

it is necessary to verify that inventory costs form a concave function of 

demand rate. This .will be established if the second derivative of the cost 

! 
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function, with re.pect to demand rate, is negative for all po.itive value, 

of demand rate. This is demonstrated as follows: 

82I(M) 

8M2 
CaV2KMHU + UM] 

a -t fZKHü 
ra- y-ir- 

Ù % 

Similarly, it can be shown that ^-1 <M) s o. 
8M 

To facilitate the computation, the following expressions may be 
derived for marginal costs: 

AA, j = Bi + at'\ 2KHU M + M.(U. + R. + S.)] 
J J J J J J J 

AB, j(max) = afV^KHU.M. + U.M.] 
J ^ J 

= «[V2KHÜ7 (ViZ + UW] (13) 
. j 

^.j'ma*) = Bj + + M.(U. + r!) .V^'hU.M. (2 t 

^.j^n’ = Bj + + M.(U. + Rj) tVKW (2 + J¿) (Vm. -Vm. 
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J* Numeric Examples 

To further illustrate the computation procedure, two numeric ex- 

amples will be used, based upon the particular cost functions developed 

above and expressed by Equation (12). The first example consider, a 

first-order assembly containing only two detail parts. The second ex¬ 

ample is more complex and better illustrates the iterative nature of the 
computation procedure. 

Example I 

For the fir3t numeric example, the Dial and Hub Assembly 
m Exhibit 2 will be used. This is a first-order assembly consisting of 

only two detail parts. Values for parameter, pertaining to the various 
parts are assumed to be as shown in Exhibit 7. 

EXHIBIT 7 - ASSUMED PARAMETER VALUES FOR EXAMPLE I 
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With these parameter values, Equations (13) may be used to obtain 
the values for marginal costs shown in Exhibit 8. 

From the reeulte in Exhibit 8, it is seen that the Dial should be 
assigned to set A since ¿A|1 =$610 is less than both . (min) = 

$l,320 andic i(min) =$770. Although it is evident that üte Hub should 
be assigned either to set A or B, it is ambiguous from the data as to 
which of the two choice, should be made. In this particular instance, 
however, an assignment of the Hub to set B would incur 6 (max) = 
$840 as the marginal cost, since the Dial has already been assigned 
to set A. Since this is Urger than i A , = $815, the Hub should be 
assigned to set A. This conclusion can also be reached by applying 
the second iteration as prescribed by the solution algorithm. The final 
solution for this example, then, is that both detail part, are assigned 
to repair strategy A whereby they are carried in inventory and the 
assembly is repaired each time it fails by immediate removal and re- 
placement of the defective part. 

As a partial check of this result, the present value of total ex¬ 
pected costs, as burning detail parts only are stocked, may be computed 
and compared against those incurred if just units of the assembly were 
stocked. These results are as follows: 

CAsE4A,j =*610+ $815 = $1,425 
j«A 
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EXHIBIT 10 - MARGINAL COSTS FOR EXAMPLE II 

Part 

Housing 
Housing Cover 
Impeller Shaft 
Impeller 
Bushing 
Pulley 
Nipples 

-Ail 

68.66 
53.63 
72.07 

163.66 
3418.54 

47.07 
53.63 

¿B, i(min> ¿k,j(max> ¿c.)(min) ^jímax) 

45..75 
45.75 
45.75 
91.50 

4152.57 
91.50 

137.25 

60.00 
60.00 
60.00 

111.21 
4192.31 

111.21 
160.97 

45.91 
30.88 
49.32 

118.16 
1476.25 

4Î.57 
45.43 

88.66 
73.63 
92.07 

177.29 
1595.47 
100.70 
116.59 

Inspection of the marginal costs in Exhibit 10 reveals that only 

two parts--the Impeller and Bushing--can be assigned unequivocably to 

strategy sets, the Impeller being assigned to set B and the Bushing to 

Set C. For the remaining parts, it is ambiguous as to which assignment 

will result in least cost. Therefore, a second application of the compu¬ 

tation procedure is necessary, based on the fact that assignments for two 

of the parts are now known. The results of this computation are shown 
in Exhibit 11. 

EXHIBIT 11 - RECOMPUTED VALUES FOR MARGINAL COSTS 

The ranges of marginal costs for sets B and C are now so narrow 

that all but one of the parts can be assigned to set C. For the Impeller 
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Shaft, however, it is still ambiguous as to whether it should be assigned 

to set B or C. However, if it were assigned to set B, it would incur the 

high end of the range—$49.77--whereas if it were assigned to set C, the 

low end of the range-$49.32-would pertain. Therefore, this part should 

be assigned to set C. This result can also be obtained by a third applica- 
tion of the computaticr algorithm. 

Having assigned all detail parts to strategy sets, it must finally 

be determined whether or not savings afforded by stocking the assembly 

in accordance with strategies B and C. rather than only detail parts, 

will offset the initial inventory and administrative costs for the assembly. 

From Exhibits 10 and 11, it is readily apparent that several detail parts 

by themselves will warrant the incurrence of this cost. In particular, sav¬ 

ings afforded by assigning the Bushing to set C rather than set A will pay 
the cost, many times over. 

In summary, all parts except the Impeller should be assigned to 

repair strategy C-each failed unit of the Water Pump should be exchanged 

for a serviceable unit, with the failed unit being repaired later. If a 

unit fails because of the Impellor, a new Water Pump should be provided 

and the failed unit discarded. This result, mainly from the high unit re- 
pair cost assumed for this kind of failure. 
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VII. EXTENSIONS OF THE FIRST-ORDER ASSEMBLY MODEL 

The range decision model developed in the previous section is 

generally applicable to any first-order assembly as long as the estab¬ 

lished assumptions are satisfied. Inthis section, some of these assump¬ 

tions are examined and methods are developed by which they may be re¬ 

laxed, thereby increasing the scope of the model. Also, several special 

cases of the problem are considered which require minor modification 

or special interpretations of the previous results. 

A. Multiple Failures 

A basic assumption in the previous development was that each 

failure of the assembly is caused by only one detail part. This is an un¬ 

realistic assumption since, in fact, several detail parts may contribute 

to the failure. Whenever this occurs, errors in several of the assumed 

cost factors in Equation (5) will result. In particular, the total unit repair 

costs, applicable to parts in set A, will be less than as stated in 

Equation (5). The total repair cost, when several detail parts are re¬ 

moved and replaced at the same time, will generally be less than the 

sum of unit repair costs assuming they are removed and replaced at 

different times. Also, only one assembly shortage cost will be incurred 

for all the detail parts involved rather than as many as there are detail 

parts which is assumed in Equation (5). 

The most serious error that will result, however, is that the fail¬ 

ure rate of the assembly can no longer be represented as the sum of the 

failure rates of the detail parts. Thus, inventory costs for the assembly 

are overstated in the total cost function to the extent that multiple fail¬ 

ures of detail parts can occur. 

There is no simple theoretical way to include in the model the pos¬ 

sibility of multiple failures nor to correctly compensate for the errors 

incurred by application of the model as formulated. However, revisions 

may be made in the model to incorporate this situation to within an 
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approximation. The use of the revi.ed model wiil generaily provide re- 

•ult. wrth accuracies commensurate with those with which the input data 
can be estimated. 

If independent estimates of failure rates are made for each detail 

part and for the assembly itself, the failure rate for the assembly may 

be less «tan the sum of failure rates for the detail parts. The amount 

of the difference reflects the degree to which it is believed multiple fail- 

ures can occur. From ..timated failure rates, normalized failure 
rates may be defined as follows: 

where 

M. 
J 

M. 
J 

M. 
i 

normalized failure rate for the jth detail part 

= Ääü pLTti,nate o£ the £aUure 

= lately“ eetimate of the faüu« rate for the 

The normalized failure rate should be used in each appropriate 

cost term of Equation (5) except the term, I <M ). This represents a 

actoring of these costs to within an approximation of what they would 

be if multiple failure, were properly considered. However, the nor- 

malized failure rates should not be used to determine inventory cost, 

for detail parts, since these costs depend upon the actual failure rate, 

and are independent of whether or not multiple failures occur. 

In addition, the per-unit repair and assembly shortage costs must 

be expressed in terms that are not parts-specific. Thus, these costs 
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can no longer be assigned differently for each detail part but must rep¬ 

resent an average per failure of the assembly. Finally, it is possible 

that the portion of the term, B., representing initial repair setup costs, 

cannot be specified differently for each detail part due to use of the 

same repair capability for removing and replacing the several detail 

parts causing the assembly failure. However, the remainder of this 

term, initial inventory setup costs and future administration costs, can 

be expressed on a per-part basis. 

The incorporation of these changes in Equation (5) produces the 

following revised cost function: 

T. = 
i mm ¡Y [B +I(M.)]+R y M. +8.^ M. 

I J«A j«A jcA 

+ Vl + Bi 62 + VI Mj> 
j.B 

+ ICBj + VMj)] + Ri(IMj) + Ii(IMi> > 
jiC jcC 

(14) 

where 

= inventory setup costs plus present value of future in- 
" ventory administration costs for the jth detail part 

Vi = initial repair setup costs for repair of assembly i 

ôj = 1 if AUC ^ 0 

= 0 if AUC = 0 

02 = 1 if BUG ^ 0 

= 0 if BUG = 0 
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r;“rr.r;r ~~ *• <—• 
anee with the discussion above. C°StS ln accord“ 

The minimization in Equation i 

rrnrrrin 
rates, then their margal v*Js\reT,Z 

rr rrri rr rrto obtai: :~- 

::r, an obvious way to"i;::;: “can be “• 

thatttetosi.T, R<;,j'Jdnr’eral'bhOWeVer' “ ÍS reasona^Jto assume 
,., i i’ Si ' can be estimated onlv as línea* * 

m which case the orevin,,» oi -, y aS llnear functions 
the pt-evtous algortthm can apply without change. 

oretically, the value for the term V den. d 

parts are assigned to sets A and C as well Is wheth 

more part is so assigned. However, this term is , 7 ^ ^ " 

putation algorithm in the same fashion as the term 7 Tt“ 

mente of detail parts to sets are made hy impÍc^y aVs 
value for the term V anri - .,. mpilcitly assuming a zero 

ings afforded hy as'sigle: r:; 7 m ^ ^ 

0«aet this cos,, if it is po38ible to ellte ^ WÍ11 
basis despite the romnl.vit ■ 8 °8t 0n a Per'Part 

-es. the individual costs flTaTtsXte^^^ratdT1“'1^11' 
summed to determine a value for V. ,0 be used i be 

If the savings are greater than this value for V "tTT ^ ^ ^ 

be retained; otherwise, the particular par. or parts 
most to the cost, V can u* P 1 contnbuting the 

reached between’saviig;::^:-:::!:: : a u 
costs contributed to V.. However * t0 8etS A an<> c and 

d0m — P-mularly since it il nsJZÍZZTj^ ^ 
pair capability is provided to repair the assemblv f 
failure, the marginal rn.t r • Wy ÍOr a given kind oi 

other kind of failure is smal t0 inClUde aay 
small. This ts particularly true when, for each 
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detail part, the chance of another part failing at the same time is sig¬ 

nificantly large. Of course, if it is believed that, for each detail part 

the chance of another detail part failing at the same time is quite small, 

then the results of the previous section would be more appropriate, 

where the repair capability setup costs can be easily incorporated on a 

per-part basis. 

Having applied Equation (14) 10 obtain least-cost assignments of 

detail parts to strategy sets, the question then arises as to which action 

should apply to a unit of the assembly that has failed because of several 

detail parts, where the failed detail parts belong to different strategy 

sets. As an extreme, all three strategy sets may be represented by the 

failed detail parts. In this situation, the appropriate action to take is 

unambiguously specified by the results of the range decision. For ex¬ 

ample, if there is at least one detail part among those causing the as¬ 

sembly failure which has been assigned to strategy B, then there is no 

replacement for this part in stock and therefore, a replacement unit of 

the assembly must be provided. This action, consequently, overrides 

actions prescribed for the other detail parts involved in the failure 

which have been assigned to other strategy sets. Similarly, if only 

strategies A and C are represented by the failed detail parts, strategy 

C is the overriding strategy. 

B. Salvage Processes 

In the previous section, an assumotion was imposed to the effect 

that no salvage considerations were included in the analysis. This as¬ 

sumption prevented several complexities from entering the problem; in 

particular, the possibility of obtaining serviceable detail parts through 

salvage of failed units of the assembly. Although it is not possible to ex¬ 

tend the basic model to include all kinds of salvage processes in a man¬ 

ner that is theoretically correct, approximate methods may be included 

which will probably suffice for practical purposes. 

Theoretically, salvage processes can have a dominant effect upon 

inventory range decisions. Even tne case where a net revenue is 
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nether or not to carry the part in inventory Of • 
, “twry. more importance is 

icealudlr ía,ÍUd OÍ ‘b" aSSembly are -“«“«•»bled and ,erv. 

casea can be , d d" reC°Vered a"d returned to ^ock. I£ theae two 
aaes be deluded the range decision model, most other kinds oí 

a vage processes will thereby be included. For example, the case 

where extra units oí the assembly are procured ior thl slle urpose 

the ed £or parts is impucitiy iMiudad - ^ -c0„d of 

The saIvage problem is relatively simple for the case where parts 

r r-Tr 
r„ *,.:zz7LZTm° 

Permitted to accumulate before being salvagld o n ^ 

subject to salvage may be processed at d ’ a oetstandmg parts 
scribed salvage policy a " t F°r a P— g poney, a net revenue function , 

expressed as a function of M. the annual faille Zl 
typical form for this function is illustrated in Exhibit 12. 

EXHIBIT 12 
typical salvage net revenue functton 



'< 

PRC R-254 
69 

In the function shown in Exhibit 12, net re . enue as a function of 

M is linear for M > M and zero for M £ M. Generally, M will be 

greater than zero whenever there is a setup cost associated with the 

salvage process, where annual failure rates less than M will fail to 

produce enough units for which gross revenue from salvage will fail to 
offset the fixed salvage costs. 

Although a salvage net revenue term may be incorporated in the 

total cost function, Equation (14), for any part, the inclusion of the 

term for the assembly itself will be discussed further for illustrative 

purposes. Here, the term is associated with repair strategy B, where 

failed units of the assembly are now salvaged instead of being discarded 

as previously assumed. The additive term is given by: 

- Ni< Z Mj> • 

where the minus sign indicates that the revenue is a negative cost. If 

this cost function has the form shown in Exhibit 10, or, more generally, 

is a convex function of annual failure rate, the same solution algorithm 

described in the previous section may be applied to obtain least-cost 

assignments of detail parts to strategy sets. For example, assuming 

the form n in Exhibit 10, terms given as - max[0, (m!-M)N.] 

and -ma^ iVUIsr, (Ml - M)N^] are added, respectively, to .(max) 

ant* ^ B, j(m*n)¡ w^ere is the net revenue per unit of the assembly. 

These particular marginal costs for N. result from the fact that M 
1 I 

may be less than M. or greater than M. - M.. Of course, if M 
J 1 J i* 

the salvage consideration should be omitted from the problem. It should 

also be noticed that the inclusion of the salvage term in this way acts 

to increase the range of marginal values for assignments to set B. 

The other kind of salvage process is where failed units of the as- 

ssembly associated with strategy set B are disassembled and serviceable 

detail parts are returned to stock. This case is quite complex since the 

utility gained by the reclamation induces assignments of detail parts to 
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set B, whereas the reclaimed detail parts reduce inventory costs for as 

signments to sets A and C, thereby increasing the attractiveness 01 as¬ 

signments to sets A and C rather than set B. Theoretically, of course, 

there must be some best balance of these contradictory effects. 

A cost expression analogous to Equation (14) may be developed 

incorporating terms reflecting this kind of salvage. This expression 
is as follows 

j«A jc A 

(15) 

with the constraint that 

j« 

In this expression, the inventory cost for assignment of the jtb 

detail part to set A or C is now a function not only of the failure rate of 
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the jth detail part but also a function of the failure rate of the assembly 

as contributed by assignment of detail parts to set B. Also, a term, 

W., has been added to reflect the cost of salvaging failed assemblies in 

accordance with a prescribed salvage policy. Finally, a constraint has 

been added to assure that total reduction in inventory costs, as obtained 

from recovered parts, is greater than the cost of the recovery processes. 

As approximations, the following substitutions in Equation (15) 
may be considered 

VMr I M, 
kiB kcB 

m!) 
* ( j 

jcB 

s « 
aw, > M. 

J 
j* B 

I 

where 

a = discount factor 

U. = unit purchase price of jth detail part 
J 

w. = per-unit salvage cost for assembly i . 

Here, only the savings in variable procurement costs, as provided 

by recovery of detail parts through salvage, are represented, while ad¬ 

ditional savings in other kinds of inventory costs have been omitted. 

On the other hand, certain salvage costs have also been omitted; in 

particular, all fixed costs that would induce accumulating batches for 

salvage. Since these omissions tend to balance out, the approximation 

is probably reasonable for practical purposes. 
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When the substitutions are made in Eauation n k\ 
£rom Equation (14) only by the te:nmEquation <i5>- wiu 

min [0, 
I 

•» «»•..«« » „„ »„ M11 

^ ... ^ »........ 

Unfortunately, the inclusion of this term t 
nis term complicates the mini 

mxzation problem, with respect to detail • 
sets an^ tu , . P to detail part assignments to strategy 
ets. the algorithm previously developed can no longer apply 

Since no simple solution technique is apparent, this problem must be 
considered unsolved at the present time. 

C' Predetermined Repair Capshili^, 

to remo ^ it was implicitly assumed possible 
to remove and replace any detail part in ... at the incurr.l 

of various costs reflecting not only direct repair costs but also costs o£ 
providing the necessary repair capability. However it mav ha 

a priori or overriding policies have been established with regardT ^ 

vtding repair capability which would prevent the removal and replace 

men. of some of the detail parts. Detail parts which cannot or are no'« 

to be physically removed and replaced at die location, due to lack ot 

Zrrr 01 any 0ther °Verriding P0UC- —y assigned to strategy set B. This ia Ka«« ^ 
r * 8 18 becau8e Pai,t8 assigned to sets A anri 
c require the capabiUty to remove and replace. 

of thelny SUCh PreaSSÍgnmentS °f detail Parte t0 ». or to any or all 
of die three sets according to overriding policies or judgments, can be 
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considered as the first pass through the computation recursion procedure. 

The procedure can then be continued, as previously described, for the 

remaining uncommitted parts. Thus, a least-cost solution will be ob¬ 

tained to the extent permitted by the overriding policies. 

D» Prior Stockage 

It may happen that particular detail parte in the assembly or the 

assembly itself may already be stocked at the location for other purposes. 

The only effect of such prior stockages is that revised expressions for 

inventory costs must be used for these parts. 

If a detail part is already stocked, the term, plus the por¬ 

tion of B. that represents inventory costs (initial setup and future ad¬ 

ministrative costs) must be replaced, in Equation (14), by 

j(Mp + Mj) T (Mp), where Mp is the demand for the part for pur¬ 

poses other than in support of the assembly under consideration. This 

substitution expresses inventory costs for the part in its new application 

in terms of the marginal increase of such costs over those incurred by 
previous applications. 

The same type of substitution should be made if the assembly is 

already stocked at the location. The terms, B.6^ +1.(^ m!) and 

V Z '"V- in Eq“«»“ (H) should be replaced, respectively, bv 
jiC 

Ii(Ma + Z Mj> - VMa* and + £ m'> - where M rep- 
j‘B jTc a 

resents demandfor the assembly resulting in permanent losses from in¬ 
ventory in accordance with previous uses, and M' represents such 

demands resulting in returns to stock through repair. 

With the above substitutions for inventory costs, the solution al¬ 

gorithm may then be applied as previously described. The general re¬ 

sult obtained for parts already stocked is that their use for the new ap¬ 

plication will be encouraged, since the marginal cost of increasing the 

depth of stock will be much smaller than if no stocks already existed. 

However, it will not always follow that the depth should so be increased; 
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cheaper alternatives may nertain tu 

wiU be derived by ,he solution algorithl”6* aPPUCatÍOn- “ S°’ 

«, it“:* r,x;rc,rr - * - -- 
When prior - -k of a part 

plication. Still another case is where a 0^7°1^ aP’ 
stocked in accordance with P u ar part has not been 

now be stocked when considlr^Z^^0“3’ ^ ^ 

These possibilities are discussed further in a laterTec^^04 h0"8' 
more general treatment of the problem of • * 1 

E M ir i a Pri0r aPPUcati0n is Presented. 
* Multiple Application 

several of the input factor^raylTr duLVett ^ ^ 

application. In particular, the failure rate 00^ aCC°rdÍng t0 the 
Pair cycle, and assembly shortage " COSt' re- 

to another. This case may be incluTed ^ ^ aPPlÍCatÍOn 

Within a reasonable approlatiol " 

part the sum of the failure rates over the variou 7 ÍOr ** 

using weighted averages of the other parameters ^ 

the various applications should be weighted h tu’ avera*es over 
rates. wetghted by the respective failure 

If more than one unit of the assembly is to h* 

must be taken to express relevant failure Les in « T'' "" 

number of units to be supported. For example f f 7 
tail parts are expressed in terms of o .P ' ‘ ia*lure rates £°r de¬ 

be multiplied by the number of units' to beT ... 

in Ute computational procedure ““ b'¡ng 

^'* Matched and Associated Pa rt« 
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as assignment of parameter values and all computations are concerned. 

Thus, the failure rate represents the failure rate for the set; the unit 
price used is the price of the set, and so forth. 

Associated parts, however, present a more difficult problem. 

Consider, for example, two parts. A and B, such that whenever part 

A is removed and replaced, so is part B. In addition, part B may have 

a "natural" failure rate independent of part A. The main problem is to 

ensure that assignments to repair strategy sets are consistent for the 
two parts; l. e. , if part A is to be stocked, then so must part B. On 

the other hand, if part A is not stocked, then part B may or may not be 
stocked according to its natural failure rate. 

As an approximate solution, the two parts may be treated as a 

matched set to the extent that part A fails. Thus, the unit price of part 

A may be increased by the unit price of part B, the unit repair cost be¬ 

comes the cost of removing and replacing both parts, and so forth. The 

matched set should be associated with part A in the computations, using 
the failure rate of part A. 

If the natural failure rate of part B is zero or very small, no 

separate consideration of part B need be made. In this case, all inven¬ 

tory costs for part B are included in costs for part A, considered as a 

matched set. However, if part B has a significant natural failure rate, 

it should be identified as a separate part to the extent of its natural 

failure rate. In this case, inventory costs for part B entered as a 

separate part should be based upon the rule for prior stockage, where 

its use in conjunction with part A represents the prior stockage. This 

results from the fact that part A (as a separate part) can be considered 

for stockage only if part B is also considered; therefore, part A, con¬ 

sidered as a matched set, should bear the burden of the first increment 

of inventory costs for part B. Part B, stocked against its natural fail¬ 

ure rate, should bear only marginal inventory costs if it is also stocked 
against its failure rate associated with that of part A. 

The only difficulty in this approach is that after the computation 

procedure is applied, part A (considered as a matched set) may be 
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assigned to strategy set B and part B may be assigned to set A or C. 

In this case, the computation should be repeated, this time with part 

B assuming all inventory costs to the extent of its natural failure rate. 

This may increase the cost of assigning part B to set A or C sufficiently 
as to cause a reassignment to set B. 

This process may be extended to the case where more than two 

parts are included in an associated set. In each such set, a particular 

part is dominant in that each time it fails, the other parts in the set are 

considered as having failed. This part is treated like a matched set in 

the computations, while the remaining parts are separately identified 

using their natural failure rates and marginal inventory costs, assum¬ 

ing prior stockage in accordance with their inclusion in the matched 

set. The computation procedure is then applied as described above. 

G* Preventive Maintenance 

The assembly under consideration may be subject to a preventive 

maintenance policy such as a periodic inspection or overhaul. Main¬ 

tenance processes of this type can be incorporated in the range decision 

model in several ways according to the actions taken during the processes. 

Normally, preventive maintenance is accomplished on equipment 

which has not failed but which is more likely to fail in the future if the 

preventive maintenance operations are not accomplished. It is possible 

for detail parts to be removed and replaced or the assembly itself to be 

replaced during such operations. If so, it is as a result of judgment 

and experience as to the likelihood of such parts failing before the next 

scheduled preventive maintenance. By correcting incipient failures in 

this way, unscheduled failures, with associated deleterious effects, are 

reduced. Presumably, estimates may be made as to the rates by which 

each part is subject to removal and replacement. In this case, they can 

be added to estimates of natural failure rates, with the sum being used 

as the failure rate in the range decision model. 

On the other hand, the preventive maintenance operation may not 

involve the removal and replacement of parts. Instead, only labor and/ 

or common materials may be expended as, for example, in lubrication 
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and cleaning functions. In this case, no further consideration need be 

made insofar as application of the range decision model is concerned, 

since there is no effect upon parts stockage. 

In the preventive maintenance operation, there may be an over¬ 

riding policy that an exchange unit of the assembly be provided while the 

maintenance functions are being performed. This policy may pertain 

regardless of whether or not parts are removed and replaced during 

the preventive maintenance. If units of the assembly subject to preven¬ 

tive maintenance are thought of as failures, this represents a situation 

where two classes of failures occur, one class being subject to an 

overriding maintenance strategy and the other class (natural or un¬ 

scheduled failures) being subject to maintenance strategies in accord¬ 

ance with the decision model. 

With this overriding policy, it is clear that no detail part subject . 

to removal and replacement during preventive maintenance can be as¬ 

signed to repair strategy A. However, such a part can be assigned to 

strategy B, since it may be more economic to provide a new unit of the 

assembly rather than to repair the "failed" unit. In this case, the tem¬ 

porary use of a unit of the assembly, out of a repair buffer stock, be¬ 

comes a permanent use, and the buffer stock must be replenished. 

Finally, of course, the detail part may be assigned to strategy C which 

would be the expected assignment under the overriding policy. In sum- 

mary, then, a particular detail part, subject to removal and replacement 

during preventive maintenance where exchange units of the assembly are 

automatically provided, can be assigned to repair strategies B or C; 

for the remaining parts, a free choice exists for assignment to the three 

strategy groups. In addition, regardless of assignments of detail parts 

to strategy sets, a repair buffer stock must be established to the extent 

that the assembly is subject to preventive maintenance. 

These considerations can be incorporated in a modification of 

Equation (14) as follows: 
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T. = B. + min 
1 "a.b.c ^ [®j+vMj)]+Ri E Mj> + Mj] 

j<A jtÂ jíÂ 

j«B jíC 

+ r!{^ m!) + i!(mp+ Y m!) - ij(Mp) 

j«C jcC 

(16) 

In this cost function, Mp is the snnucil rate at which the assem¬ 

bly is subject to preventive maintenance, and M. represents the rate 

(normalized to reflect multiple failures) at which unscheduled failures 

occur for the jth detail part. Also, the set, A, consists of detail parts 

not subject to removal and replacement during preventive maintenance. 

Finally, the term B. is removed from the minimization, since it is 

automatically incurred as a consequence of the overriding policy con¬ 

cerning exchange of assemblies. The indicated minimization can be 

accomplished in the usual way. 

It should be noticed that all of the preceding discussion assumes 

a given preventive maintenance policy. Theoretically, there exists 

interrelationships between such a policy and decisions provided by the 

range decision model. This is particularly apparent in the tradeoff 

between scheduled and unscheduled failures, where unscheduled failures 

are generally reduced as the time between scheduled or preventive 

maintenance is reduced. Although no attempt has been made to opti¬ 

mize the preventive maintenance policy, some of the ingredients neces¬ 

sary for such an optimization have been suggested. 
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VIII. RANGE DECISION MODEL FOR HIGHER-ORDER ASSEMBLIES 

In the previous sections, a model was developed for solving the in¬ 

ventory range problem for a PPL containing only one first-order assem¬ 

bly and supported by one repair and supply facility. In this section, the 

model is extended to the case of a general PPL representing an equip¬ 

ment defined as an assembly of specified higher order. However, the 

assumption that the support system contains only one activity is retained. 

A' Basic Range Decision Model for an Assembly of Arbitrary Order 

If a complex equipment is considered in terms of its parts hier¬ 

archy, organized as illustrated in Exhibit 5, a particular assembly 

within the hierarchical structure may be arbitrarily selected for a de¬ 

tailed analysis. For illustrative purposes, a particular assembly of 

order greater than two will be selected. If this is identified as assem¬ 

bly i , it is composed of subordinate parts j , j = 1 to n . 

If assembly i fails, it is due to the failure of one or more of 

its subordinate parts. To simplify the analysis, however, an initial as¬ 

sumption is imposed that in each instance the failure is caused by one 

and only one subordinate part. 

To render the failed unit of the assembly again available for use, 

three main kinds of repair strategies may be identified which are analo¬ 

gous to those defined for first-order assemblies. These strategies are 

described as follows: 

Strategy A--Immediate Repair 

Some action is applied to the failed subordinate part itself, 

thereby making assembly i serviceable and again available for its de¬ 

signed use. Although the action taken may be complex, it will generally 

involve the removal and replacement of the subordinate part or one or 

more lower parts if the subordinate part is an assembly. However, for 

this strategy, the assembly i is not itself replaced but is considered 

unavailable for use until corrective action is taken upon the subordinate 

part causing the failure. 
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2- Strategy B--Exchange Assembly, No Repair 

The failed unit of assembly i is exchanged (removed ana 

replaced) for a serviceable unit. The failed unit is discarded or other¬ 

wise disposed of and is considered unavailable for subsequent reuse. The 

subordinate part (or any lower parti is not stocked. The availability of 

replacement units of the assembly is governed by a prescribed inventory 

depth policy. 

3* Strategy C--Exchange Assembly, Repair Later 

The failed unit of assembly i is exchanged (removed and 

replaced) for a serviceable unit. The failed unit is subsequently repaired 

and returned to stock for reuse. The availability of replacement units of 

the assembly is governed by a prescribed depth policy. 

The main difference between these strategies and those defined for 

first-order assemblies consists of the repair actions taken according to 

strategies A and C. Whereas before, the action consisted only of remov¬ 

ing and replacing detail parts, the actions', now are more complex since 

the failed subordinate part may itself be an assembly. If it is an as¬ 

sembly, it is subject to the same three strategies described above and 

these strategies may be compounded down through the parts hierarchy. 

Despite this complexity, each failed unit of the given assembly i is 

subject to only one strategy as defined and the choice of strategy for a 

given failure depends-upon which subordinate part caused the failure. 

It might be argued that strategies other than the three described 

above are possible if portions of the parts hierarchy above the given as¬ 

sembly are considered. For example, a failure of assembly i may be 

alleviated by replacing some higher assembly. However, the princi¬ 

ple applied in the subsequent analysis is to decide what actions to take 

with respect to repair and supply assuming that assembly i itself is 

to be acted upon. Whether or not to apply such actions to assembly i 

is considered as part of similar decisions associated with assemblies 

higher up in the parts hierarchy. Thus, the actions taken for assembly 

i, as associated with the three strategies defined above, aie contingent 
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upon an a priori decision to compensate for the failure of assembly i , 

considered independent of its higher assemblies. 

B. Cost Functions 

As in the case of the first-order assembly, various costs may be 

associated with the three repair and stockage strategies applied to rec¬ 

tify a failure of assembly i . Again, these costs may be included .n a 
cost function as follows: 

= D^(M^) + min 

"a, B, C 

T. = Total future repair and inventory costs for assembly i . 

D. = Per unit diagnosis cost for assembly i . 

B. = Marginal repair capability setup cost for subordinate part 

j , plus inventory setup and administration costs if j is a de¬ 
tail part. 

Rj = Marginal per unit remove and replace cost for subordinate 
part j . 

Sj = Marginal per unit assembly shortage cost for subordinate 
Part j . 

F. = Future repair and inventory costs for subordinate part j . 

B. = Initial inventory setup and future inventory administrative 
costs for assembly i . 

L = Future inventory costs for assembly i . 

L = Future repair buffer stock inventory costs for assembly i . 

Mj = Annual failure rate of subordinate part j . 

Ma = Annual failure rate of assembly i . 
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Although not explicitly stated above, all costs in the cost function 

are in terms of present discounted value. Most of the cost terms are of 

the same kind as for the case of a first-order assembly, but with some¬ 

what different interpretations in context with the case of a higher-order 

assembly. Therefore, additional comment is necessary to describe the 

differences. 

The term, D^M.) , is a new one occasioned by the fact that assem¬ 

bly i maybe a partof a higher-order assembly. Although it may incorpo¬ 

rate all costs associated with assembly i that are independent of the re¬ 

pair strategy that is chosen, its main ingredient is the cost of diagnosing 

the failed unit of assembly i to determine which subordinate part, j , 

caused the failure. However, it does not include any cost involved in 

isolating the fault below the subordinate part level. Although this cost 

is represented as a function of the failure rate for assembly i , it may 

contain costs that are independent of the failure rate, such as an initial 

cost for providing test and checkout equipment for fault isolation pur¬ 

poses. Such fixed costs, however, must be incorporated on a marginal 

basis; that is, the additional cost of fault isolation to the subordinate 

part level of assembly i over and above the cost of fault isolation to the 

assembly i level. 

The term, 13., contains initial repair capability setup costs on a 

marginal basis; that is, the cost of providing additional capability to re¬ 

move and replace subordinate part j over and above such cost for re¬ 

moving and replacing assembly i . It does not include such costs for 

removing and replacing any lower parts if subordinate part j is an as¬ 

sembly. In addition, if subordinate part j is a detail part, the term, 

Bj , includes initial and future administrative costs associated with car¬ 

rying part j in stock. 

Generally, the term, R^M^) , represents the marginal per unit re¬ 

pair costs associated with part j but not with lower parts if part j is 

an assembly. Usually, it consists of the extra costs incurred in remov¬ 

ing and replacing part j from assembly i. However, in some in¬ 

stances it may have a zero value as, for example, when a lower part 

(assuming part j to be an assembly) is removed and replaced "in 
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place," without involving the explicit removal of part j . The assump¬ 

tion of a zero value for this term depends upon which lower part of part 

j caused the failure. However, even though such lower parts may be 

identified, it is difficult to explicitly incorporate this consideration in 

the cost function. Therefore, for practical purposes, the term, R.(M.), 

may be estimated purely upon the basis of marginal remove and replace 

costs, with the estimation tempered as necessary to reflect the possibil¬ 

ity that it may occasionally take on a zero value. 

In addition to direct per-unit remove u.nd replace costs, the term, 

Rj(Mj) , contains any fixed costs incurred each time such an action takes 

place. These costs were previously identified as repair batch setup 

costs, where the batch in this case is one unit. The term, R'.(M.) , dif¬ 

fers from Rj(M.) only in this respect; that is, Rj(lvL) excludes any re¬ 

pair batch setup costs since they are included in the term, , for 

the reasons given in the discussion for first-order assemblieV ^ 

The term, Sj(Mj) , represents the extra costs thatare incurred by 

repairing (in some degree) assembly i , rather than immediately pro¬ 

viding a serviceable substitute. In general, such costs reflect the con¬ 

sequences of a marginal increase in the time before which a unit of as¬ 

sembly i is available for use. This incremental increase in time is 

of two types. For one type, the length of time the equipment is unavail¬ 

able for use is increased. For the other type, the repair time for some 

higher assembly is increased, resulting in an increase in the time be¬ 

fore which the higher assembly is returned to stock and available for re¬ 

issue. For a given failure of assembly i , the kind of time increase in 

curred and, for the second type, the particular higher assembly affected, 

depends upon repair strategy choices for assemblies higher in the parts 

hierarchy than assembly i . Since the value for S.(M.) depends upon 

which type of time increment is involved, it depends upon strategy 

choices for assemblies of higher order than assembly i . However, 

these decisions are unknown when assembly i is considered and there¬ 

fore an approximation must be made for the value of S.(M.) . The most 

practical approximation is one based upon the first type o/time incre¬ 

ment: the marginal increase in time liefere the equipment is available 
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for use due to repair of assembly i rather than an immediate exchange 

for a serviceable unit. Although this assumption will in many instances 

overstate the value of , the net effect is on the conservative side 

with respect to reducing the time the equipment is inoperable. 

The term, F., represents the presentvalue of all initial and future 

repair and inventory costs associated with subordinate part j and all 

parts within part j if it is an assembly. If part j is a detail part, 

Fj = ’ the inventory costs as defined in the discussion on first- 

order assemblies. If part j is an assembly, the value for F.(M.) de¬ 

pends upon the mix of repair and inventory decisions applied to part j 

and all of its lower assemblies and detail parts. For the present discus¬ 

sion, it is assumed that this mix of decisions is prescribed and that the 

corresponding value for F^ is known. 

The terms, B. , I., and I! , represent initial and future inventory 

costs for assembly i and are the same as defined for a first-order as¬ 

sembly. No special interpretation is required in the present context. 

Since the cost function given in Equation (17) is of the same form 

as the one for first-order assemblies, as given in Equation (5), the in¬ 

dicated minimization can be accomplished by the computation procedure 

previously defined. No special considerations are required for the appli¬ 

cation of this procedure in the current context. 

C. Recursion Principle 

In Equation (17), the term, F., represents the present value of all 

initial and future repair and inventory costs associated with subordinate 

part j and its lower parts if part j is an assembly. As mentioned pre¬ 

viously, the value for this term depends on repair and inventory deci¬ 

sions that are applied. Although, before, such decisions or policies were 

assumed to be of any arbitrary kind as long as the corresponding costs 

could be assessed, a particular choice for the set of decisions and their 

cost consequences may now be considered. In particular, that set of de¬ 

cisions which minimizes F. over all possible sets of such decisions may 

be specified. If it is assumed that F. is the minimum cost for subor¬ 

dinate part j , then T., as given by Equation (17), will be a minimum 



PRC R-254 
85 

value for repair and inventory costs for assembly i . The problem now 

is to determine a minimum value for F in order to obtain a true mini¬ 
mum for 'I\ . 

The cost function in Equation (17), however, was defined for an as¬ 
sembly of arbitrary order. Therefore, it can apply equally well to sub¬ 

ordinate part j if it is an assembly. Thus, if F. is set equal to T. , 

where T^ is given by an equation similar to Equation (17), then F. J 

will be minimized. In general, this defines an inductive type process 

where stage k (associated with assembly i ) has been minimized given 
that stage k-1 (associated with subordinate parts to assembly i ) has 

been minimized. Stage 1 in the induction is associated with the lowest 

first-order assemblies in the parts hierarchy, which has been previously 

minimized. Thus, the induction is complete and a minimum value for 

T. has been determined for each assembly in the equipment, including 
the equipment itself considered as a higher-order assembly. 

The computational procedure is applied recursively in accordance 

with the induction, starting with all first-ordeï assemblies and then pro¬ 

ceeding to all second-order assemblies, third-order assemblies, and so 

forth up to the equipment itself. Each application of the minimizing pro¬ 

cedure provides inputs to the cost functions for assemblies of the next 

higher assemblies. Since each application of the minimizing procedure 

establishes repair and inventory range decisions for an assembly, the 

final computation for the equipment itself completes such decisions for 

all parts within the equipment. This results in the identification of parts 

to be stocked and, conceptually, an exact prescription as to what repair 

actions to take for any given failure of the equipment such that if these 

actions are taken, over-all support costs for the equipment will be 
minimized. 

D. Numeric Example 

To illustrate the entire procedure for a higher-order assembly, a 

numeric example is developed for a fourth-order assembly. The fourth- 

order assembly contains two first-order assemblies and one third-order 

assembly. The inventory depth policies assumed for this example are 
the same as defined in Section VI, 
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The PPL for this example is shown in Exhibit 1 3 which also con¬ 

tains assumed values for item parameters. In addition to these values, 

the following factors and their values will be used for all items: 

a = 5 

H = .20 

K = $10 

K' = $20 

B = $50 

D = 0 

These values have been chosen more to simplify the computation 

for this example rather than as realistic values for an actual PPL. 

Results of the computation for the three first-order assemblies are 

shown in Exhibit 14. These results show that it does not pay to repair the 

Trigger Assembly but it does pay to repair the other two assemblies since, 

for each detail part, AA> . is less than . (min) and Ac .(min). 

Exhibit 15 shows the results of the computation for the second- and 

third-order assemblies. For each assembly, repair is indicated with 

subordinate parts only being stocked. In the Chassis Assembly, the 

Trigger Assembly is stocked but the detail parts therein are not stocked 

in accordance with the previous result. The three detail parts in the 

Chassis Assembly are not stocked since repair strategy B is cheapest for 

these parts In the Wired Chassis Assembly, the Chassis Assembly as 

a package is indicated for stockage; however, from the previous result, only 

parts within the chassis are stocked and not the Chassis Assembly itself. 

Finally, Exhibit 16 shows results for the Commutator Chassis, a 

fourth-order assembly. Again, subordinate parts only are indicated for 

stockage. Although the lower-order assemblies are shown as being 

stocked, they are considered as "packages" in this respect; whether or 

not the assemblies themselves are stocked is governed by previous re¬ 

sults. In this case, all three lower-order assemblies are not stocked 

as assemblies but parts within them are stocked for repair. 

The final solution to the range problem for the example PPL is 

summarized in the right-hand column of Exhibit 13. 

In this example, direct repair by removing and replacing failed 

detail parts is favored rather than remove and replace assemblies. 
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This results, of course, from the particular values of the parameters 

that were chosen. More specifically, the prior existence of a complete 

repair capability was implicitly assumed by the assignment of a rela¬ 

tively low value for B. , the initial repair and inventory cost. The 

value chosen is probably less than a reasonable value for inventory costs 

(initial setup and future administrative) might be; therefore, there is lit¬ 

tle or no reflection of initial costs for providing repair capabilities. 

Stockages of assemblies in the form of repair buffer stocks are not in¬ 

dicated basically because a low value was placed on ar embly shortage 

costs. In general, it is less expensive to have the equipment out of com¬ 

mission while being repaired rather than to carry stocks of spare assem¬ 

blies. If the values for assembly shortage costs were doubled, some of 

the assemblies would be stocked in the form of repair buffer stocks. 
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IX. EXTENSIONS OF THE HIGHER-ORDER ASSEMBLY MODEL 

As in the case of the first-order assembly model, the higher-order 

assembly model may be altered so as to relax some of the assumptions 

incorporated in its development and to incorporate special cases that 

can occur. Most of the extensions discussed in Section VII for the first- 

order assembly model can be applied in basically the same fashion to 

the higher-order assembly model and need not be further discussed. 

However, the consideration of higher-order assemblies introduces an 

additional problem of sufficient importance as to require further inves¬ 

tigation. This problem occurs when a given part, whether a detail part 

or an assembly, has multiple applications within a particular higher- 

order assembly (or equipment), often at various levels in the parts 

hierarchy. In this section, the higher-order assembly model is extended 

to consider this case of multiple parts application. 

A. Multiple Application 

The development of the higher-order assembly model in the pre¬ 

ceding section implicitly assumed a one-to-one correspondence between 

parts and items on a PPL. Therefore, the analysis pertains to items 

on a PPL as well as to parts since under the assumption they are, in 

effect, synonymous. A particular item representing more than one 

unit of a part can still be considered as only one appearance of the part, 

insofar as computations are concerned, wherein the remarks on multiple 

applications in Section VII. E apply. However, when the same part is 

associated with more than one item on the PPL, the problem becomes 

more complex and must be considered further. 

As a simple example of this problem, a second-order assembly 

may consist of two first-order assemblies, each having a particular 

detail part in common. In this case, the model previously developed 

would assume, for each first-order assembly, that the detail part is 

a unique appearance and does not exist in the other assembly. Thus, 

for each first-order assembly computation, an initial inventory cost is 

assumed for the detail part, and future inventory costs are computed 
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by neglecting the possibility of stocking the detail part in support of the 

other assembly. After independently computing minimizing costs for 

the two assemblies on this basis, they are passed up to become part of 

the cost function for the second-order assembly. Not only are costs 

for the detail part thereby overstated, they can indirectly cause errors 

in range decisions associated with the second-order assembly. It is 

clear that some way to allow for this situation is required. 

Considering the case of an assembly of arbitrary order and refer¬ 

ring to Equation (17), suppose that assembly i appears in more than 

one line-item on the PPL. As discussed previously, once it is decided 

to compensate for a failure of assembly i, the actions taken are in¬ 

dependent of decisions relating to its higher assemblies. Therefore, re 

pair and supply actions applied to a given failure of assembly i do 

not depend upon the position of the failed unit in the parts hierarchy. 

Furthermore, by an assumption imposed in Section IV, assembly i is 

broken down into its constituent parts the same way for each of its ap¬ 

pearances on the PPL and, in particular, has the same subordinate 

parts for each application. Consequently, the fact that assembly i 

has multiple applications within the equipment merely means that the 

installed population of the part is greater than one insofar as range 

decisions associated with assembly i are concerned. Thus, Equation 

(17) may be applied directly by interpreting all failure rates, both for 

the assembly and its subordinate parts, as being total rates over all 
applications of assembly i. 

Suppose next that subordinate part j in assembly i is itself an 

assembly with multiple application, perhaps with some of its applica¬ 

tions in assemblies other than assembly i . By the same reasoning as 

above, Equation (17) may be applied to subordinate part j, with failure 

rates based upon the total population of part j in the equipment. How¬ 

ever, when considering decisions relating to assembly i, the term F 
j * 

should include only some portion of the costs, T. , depending gen¬ 

erally upon the extent of the application of subordinate part j in as¬ 

sembly i. Since T. is not normally a linear function of the failure 
t) 

rate for part j (over all its applications), the particular portion to 



PRC R-254 
94 

be substituted for F. will, in general, depend upon repair strategy 

decisions for higher assemblies containing part j in its other applica¬ 

tions. In theory, this would require a simultaneous consideration of all 

assemblies containing part j as a subordinate part. However, since 

this is difficult and impractical, a first-order approximation may be 

made by assuming T. to be a linear function of the failure rate for 
J 

part j and by taking as F. , the value, T. , prorated according to the 
J J 

extent of the application of subordinate part j in assembly i . Thus, 

if M. represents the total failure rate of part j, over all its appli- 

cations, and M. represents the failure rate of subordinate part j for 
3 

all its applications in assembly i, then F. may be set equal to 
3 

M. 

/“w 

M. 
3 

A similar approximation may be made if subordinate part j is 

a detail part with multiple applications. In this case, the following 

substitution is made in Equation (17): 

M. 

M. 
J 

3 3 

Whether subordinate part j is an assembly or a detail part, the 

term, B., in Equation (17) presents an additional problem. Rather than 
3 

prorating these fixed costs as was done for costs depending upon the 

failure rate, a better method is to omit them from the initial computa¬ 

tion. Then, each higher assembly containing part j as a subordinate 

part that chose strategy A or C for part j may be inspected, either 

individually or collectively, to determine whether savings afforded by 

strategies A or C rather than strategy B will offset the cost, B. . If $o, 
3 

the term, B. , may then be added to T. for the assembly i that con- 
3 

tains the smallest number of applications of part j for which the 
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introduces the cost, B. , at the lowest justifiable level in the parts hi- 

erarchy, so as to be properly included in decisions for higher levels. 

Of course, n may happen that savings afforded by assignment to strategy 

A or C in some or even all of the applications of part j will not offset 

the cost, Bj . In this case, strategy B will pertain to all appearances. 

B. Prior Application 

A given part may not only have multiple application within the 

equipment under consideration, but may also have applications on equip¬ 

ments already being supported. According to prior range decisions for 

these equipments, the part may be already stocked or, if not, may now 

be stocked when the new applications are considered together with pre¬ 

vious ones. Also, it is at least theoretically possible that prior stock¬ 

age of the part should be disestablished, in favor of some higher as¬ 

sembly, when the new application is considered in conjunction with 

prior ones. 

In principle, each time a new equipment is introduced that con¬ 

tains parts common to equipment already being supported, the aggre¬ 

gate of all such equipments should be recomputed using the method 

above regarding multiple application. Of course, any costs such as 

initial repair and inventory costs that have already been incurred should 

be omitted from the computation. However, this approach is usually 

impractical and the new equipment must be considered separately. In 

this case, the only recognition of prior application that can be made is 

if a part is already stocked for the prior application. Here, marginal 

inventory costs may be used for the part in its new applications in ac¬ 

cordance with the method described in Section VII. D. If, in addition to 

prior stockage, the part has multiple application in the new equipment, 

the approximate method described above becomes more accurate, since 

the marginal inventory costs for most depth policies become more 

nearly linear as a function of failure rate. 




