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- ABSTRACT

In fulfilling their military needs, small countries often

have to choose between systems which are produced by foreign

defense industries, and therefore, they have little or no

influence on development and production decisions. As a

consequence, the expenditures to be considered are System

Procurement Cost and Operations and Support Costs.

This thesis introduces an approach based on System Effec-

tiveness and Life Support Cost (LSC) in the evaluation of

alternative systems. It proceeds with a development of a

set of general cost equations and a simplified LSC model,

called SIMPLE. Two issues related to LSC, Initial Provi-

sioning of Spares and Repair/Discard decisions, are specially

treated. Computerized models are used for a numerical exam-

ple in which the impact of the organizational structure, system

characteristics, and some other factors on LSC and their cost

sensitivity are evaluated.

4
.A



TABLE OF CONTENTS

I. INTRODUCTION 8-------------------------------------8

1.1. BACKGROUND 8---------------------------------8

1.2. OBJECTIVE i----------------------------------11

1.3. MEASURE OF COST ---------------------------- 12

1.4. TYPES OF EQUIPMENT ------------------------- 12

1.5. APPROACH ----------------------------------- 13

1.6. THESIS STRUCTURE --------------------------- 16

II. SYSTEM LIFE CYCLE AND COST-EFFECTIVENESS
RELATIONSHIPS ------------------------------------ 19

2.1. SYSTEM. LIFE CYCLE -------------------------- 19

2.2. COST-EFFECTIVENESS ------------------------- 22

2.3. COST-EFFECTIVENESS TRADE-OFFS -------------- 30

III. LIFE SUPPORT COSTS ------------------------------- 32

3.1. INTRODUCTION ------------------------------- 32

3.2. THE REPAIR CYCLE --------------------------- 32

3.3. THE COMPONENTS OF LIFE SUPPORT COSTS ------- 43

3.4. MINIMUM LIFE SUPPORT COSTS ----------------- 60

IV. REPAIR VERSUS DISCARD DECISIONS ------------------ 63

4.1. INTORDUCTION ------------------------------- 63

4.2. THE REPAIR/DISCARD DECISION ---------------- 64

4.3. A SIMPLIFIED REPAIR/DISCARD MODEL ---------- 66

4.4. A NUMERICAL EXAMPLE ------------------------ 77

V. MODELS USED FOR THE NUMERICAL EXAMPLE ------------ 84

5.1. INTRODUCTION ------------------------------- 84

5.2. THE AIR MODEL ------------------------------ 85

5

|-Ne



5.3. THE OPUS-VII MODEL---------------------------- 92

5.4. THE SIMPLE MODEL------------------------------ 95

5.5. USE OF THE MODELS---------------------------- 100

VI. NUMERICAL EXAMPLE----------------------------------- 102

6.1. INTRODUCTION---------------------------------- 102

6.2. THE SUPPORT ORGANIZATION--------------------- 103

6.3. SYSTEM BREAKDOWN----------------------------- 105

6.4. INPUT DATA------------------------------------ 106

6.5. COMPARISON OF OUTPUT------------------------- 106

6.6. INITIAL PROCUREMENT OF SPARES----------------- 110

6.7. LIFE SUPPORT COSTS--------------------------- 136

VII. SUMMARY AND CONCLUSIONS---------------------------- 158

7.1. SUMM4ARY--------------------------------------- 158

7.2. CONCLUSIONS----------------------------------- 159

APPENDIX A: SYSTEM LIFE CYCLE--------------------------- 162

APPENDIX B: COST-EFFECTIVENESS-------------------------- 173

APPENDIX C: THE OPUS-VII MODEL-------------------------- 197

*APPENDIX D: LEVEL OF REPAIR MODEL (LOR MOD III, AIR) -- 210

APPENDIX E: THE SIMPLE MODEL---------------------------- 236

APPENDIX F: INPUT/OUTPUT DATA--------------------------- 257

LIST OF REFERENCES---------------------------------------- 287

INITIAL DISTRIBUTION LIST--------------------------------- 289

6



ACKNOWLEDGEMENTS

We wish to express our deep gratitude to Professor

M.B. Kline, thesis advisor, and Professor A.W. McMasters,

second reader, for their direction, support, and assistance.

Our special thanks to B. General J.-O. Arman and Lt. Colonel
0

L. Palsson, Air Material Department, Swedish Air Force; Mr.
00

0. Waak and Mr. B. Eriksson, Systecon AB, Sweden; and Mr. J.

Kargaard and Mr. J. Richardson, ITT Gilfillan, Ca., who pro-

vided us with some of the models, data, and helpful sugges-

tions in their use. Finally, our thanks to Miss J. Foust,

Naval Postgraduate School Computer Staff, for her assistance

and time.

7

- S * I-



I. INTRODUCTION

1.1. BACKGROUND

Small countries are not normally capable of satisfying

all their military needs through internal manufacturing due

to a lack of domestic resources. The required combination of

large amounts of capital, raw materials, advanced technology,

and skilled manpower needed for the establishment and operation

of defense-oriented industries can rarely be found in small

countries.

As a consequence, in fulfilling their military needs,

such countries depend heavily on procurement from foreign

defense industries which exist in large, well-developed coun-

tries. When a small country decides to procure foreign mili-

tary equipment, the normal choice is between systems which are

in an advanced stage of development or production, or have

already been produced. Among the advantages of doing this,

the following may be listed:

a) Savings in investment needed for research, development,

and production.

b) Lower procurement cost per system (R&D expense is shared

with other customers).

c) A co-production agreement may be possible which usually

improves the state of the art of domestic industries by

enabling the implementation of advanced technologies.

d) Experience and field data obtainable from other users of

the same equipment eases system absorption and implementation.

8



Some of the disadvantages related to this situa-

tion are:

a) Lack of military independence (including a possibility

of an embargo).

b) Limited possibilities of choice in procurement of new,

highly-advanced systems/technologies.

c) A likelihood that common equipment is possessed by coun-

tries in a state of conflict.

d) Limited control of sales of co-produced systems to a

third party.

In addition, a small customer normally buys small quantities

of equipment. Thus, the possibility of significantly affect-

ing the design of the equipment or its characteristics

seldom exists. The only possible courses of action remaining

are to procure the system and use it as it is or to modify

it slightly so that it will better fit the specific require-

ments and the environment in which it will be used.

This description fits the existing conditions

in such countries as Denmark and Israel, both of which fulfill

their military needs mainly by means of procurement from foreign

Western sources (except for a relatively modest portion of

military demands supplied by domestic production). In this

case, the major issue is to decide among competitive systems

being offered for foreign military sales by allied Western

countries.

The situation described above may imply the use

of advanced procurement methods and techniques, enabling the

9
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best "scientifically" based decision to be reached with the

most cost-effective system being chosen. Unfortunately, this

is not the case. The procurement decision procedure which is

applied may often be viewed as overly simplified, based mainly

upon some cost considerations. The effectiveness part of sys-

tems evaluation is stated in general terms of performance

and operational capability without detailed quantitative

definitions of availability or operational readiness terms of

the system under consideration. Hence, reliability and main-

tainability factors remain in the background, affecting only

indirectly the procurement decision.

The cost part of the evaluation is mainly based

upon two factors:

a) procurement cost

b) cash flow

These two elements may be viewed as "present cost oriented

factors" where the main emphasis is on expenditure in the near

future, partially because of tight present budgetary constraints.

Other costs which appear during the Use Period of the system

are ignored. Thus, after a preliminary screening process has

reduced the list of systems being considered for procurement,

these two cost criteria are applied. The result of this may

be that the "cheaper" system (the one having lower procurement

cost and/or more convenient cash flow schedule) is selected,

although the total life cycle costs may be substantially higher

than those of one of the systems it competes against. Since

the Use Period costs may be several times the initial

10



acquisition cost of the system, the decision reached might

be inappropriate.

1.2. OBJECTIVE

The objective of this thesis is to suggest an approach

related to the procurement decision process which will enable

better system acquisition decisions to be made. This is

accomplished by:

a) introducing effectiveness concepts;

b) highlighting the major factors affecting the Use Period

support costs, and evaluating their relative importance;

c) presenting possible trade-offs between support cost

elements and system design characteristics; and

d) implementing advanced techniques which enable attainment

of optimal results concerning life support cost.

Additional goals are:

a) to present models for the determination of initial pro-

curement of spares; and

b) to establish a method for facilitating repair/discard

decisions concerning spares.

This study concentrates upon specific parts of the

procurement decision process, uses a defined approach

applied for a specific type of system, applies existing

tools and techniques, and suggests new methods and

procedures.
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1.3. MEASURE OF COST

The methodology frequently applied for procurement deci-

sions is the well-known Life Cycle Cost (LCC) approach [Ref.

1]. But implementing LCC, especially with regard to the

situation existing in small countries, may be impractical for

the following reasons:

a) The very large amounts of data required (especially many

cost elements) are extremely difficult to obtain. The time

and the effort needed for use of the LCC approach, when com-

pared with the reliability of the results obtained, make its

use questionable.

b) Many procurement decisions in military organizations are

made subject to severe time constraints, resulting in a

preference for using "quick and dirty" methods in decision

processes. The LCC approach can hardly be considered as one

of these.

c) Normally, some portions of the R&D and Production Costs

will be allocated by the manufacturer to the selling price of

the system and therefore, considered to be a part of the

Acquisition Cost. As a consequence, a simplified approach may

be used in the procurement decision process, which takes into

consideration the Acquisition Cost and the Operations and

Support Costs. In this thesis, only the Life Support Costs

are explored.

1.4. TYPES OF EQUIPMENT

Different categories of systems and equipments cannot be

treated in the same manner with respect to their availability

12
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characteristics because of peculiar considerations which have

to be applied for each type. As a consequence, this thesis

considers only one type of system. The most appropriate one

seemed to be the electronic type, which is widely used by

military organizations. Furthermore, electronic systems have

been extensively studied and extensive reliability and main-

tainability data collected. For example, experience with

electronic systems has shown that they often exhibit the

phenomenon of a constant failure rate. In this case, failure

occurrence fits the well-known Poisson distribution, and the

times between failures are exponentially distributed [Ref. 2],

enabling relatively easy handling of computations. Another

feature of electronic systems is that maintainability is usually

concerned with corrective maintenance; while preventive main-

tenance is limited to such activities as tests, calibrations,

and performance monitoring. Corrective maintenance times fit,

to a large extent, the log-normal distribution (Ref. 3]. A

convenient mathematical evaluation of the system effectiveness

can be made as a consequence of the Poisson failures and log-

normal repair times.

1.5. APPROACH

Having verified the needs for a new system, defined

the operational requirements, specified the assumptions,

and defined the objective, the remaining problem is how to

choose among the alternative courses of action. A cost-

effectiveness analysis [Ref. 4] is cononly used for this

13



purpose. It involves measures of effectiveness (benefits)

and costs, and enables the decisionmaker to improve the quality

of his decisions. Comparison of alternatives is accomplished

by use of graphical or computational techniques, leading to

a ranking of the alternatives according to one of the follow-

ing criteria:

-- minimum cost for a given effectiveness;

-- maximum effectiveness for a given cost, and

-- maximum cost-effectiveness, using cost and effectiveness

as variables.

1.5.1. Main Assumptions

In this thesis, it is assumed that:

a) the systems considered for procurement are already

produced or in production (acquisition cost is known);

b) an estimate of costs of operations is available;

c) system availability is an adequate measure of effectiveness.

Where more specific assumptions are used, they are stated in

the appropriate sections.

1.5.2. Cost-Effectiveness Evaluation

The main assumptions reduce the expenditures to

be explored to Life Support Costs (LSC). For a required sys-

tem availability, LSC is determined by system characteristics

(such as mean-time-between-failures and mean-time-to-repair

a failed system), the organizational structure (e.g. the number

of maintenance levels), and other factors (e.g. the support policy).

Although all cost-effective elements illustrated in Figure 1-1 are

interrelated, within the assumptions stated above, the investiga-

tion in this thesis is limited to relations with arrows.

14
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A partial cost-effectiveness analysis based on

LSC and system availability may not lead to the optimal

choice. To obtain this, other relevant elements of cost and

benefits and non-economically quantifiable aspects may have

to be included in the analysis.

1.6. THESIS STRUCTURE

The structure of this thesis and the relations between

chapters and appendices are illustrated by Figure 1-2.

Chapter II introduces the reader to the system life

cycle, the concept of system effectiveness, life cycle cost,

and cost-effectiveness analysis. More detailed descriptions

of the system life cycle and cost-effectiveness are given as

Appendices A and B, respectively.

Chapter III describes the tasks and the time elements

associated with repair of a failed item. LSC is broken down

into categories, each including several cost elements for

which equations are developed. A procedure for determination

of the lowest LSC alternative is described.

Chapter IV discusses repair/discard decisions. Simpli-

fied delta cost equations--computing the cost difference be-

tween the repair and discard alternative--are developed and

used to obtain a screening rule.

Chapter V includes a description of the models used for

a numerical example. OPUS-VII is a model (developed by the

Swedish company Systecon AB) for initial procurement, effective-

ness evaluation, reallocation of a given assortment, and

16
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replenishment procurement of spares. A more detailed des-

cription of this model is found in Appendix C. AIR is a level-

of-repair and LSC model used by the U.S. Navy. A comprehen-

sive discussion of this model is included as Appendix D.

SIMPLE is a simplified tool for computation of LSC and repair/

discard decisions. This model was developed by the authors

based on an approach used in the Swedish Air Force, and

on the equations developed in Chapters III and IV. The com-

puter program for SIMPLE is found in Appendix E.

Chapter VI includes a numerical example illustrating the

use of these models for a specific system in a given support

organization. Special emphasis is paid to initial procure-

ment of spares, which may account for an essential part of

LSC and which is the most difficult issue to handle in the

decision process. Further analysis includes the impact of

the organizational structure, system characteristics, and

selected variables on LSC. Examples of computer output ob-

tainable from the models used are enclosed as Appendix F.

Conclusions and recomendations are found in Chapter

VII.

18
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II. SYSTEM LIFE CYCLE AND COST-EFFECTIVENESS RELATIONSHIPS

2.1. SYSTEM LIFE CYCLE

A basic knowledge of the System Life Cycle concept is

fundamental for the understanding of the cost-effectiveness

approach to be presented in this thesis. It is during the

early phases of the System Life Cycle that a system's effec-

tiveness characteristics are determined, and this establishes

the quantitative basis for trade-offs between subsequent effec-

tiveness and cost elements.

The System Life Cycle represents the phases through

which any system passes, and the different activities

which take place during these phases. A detailed description

of the System Life Cycle is presented in Appendix A.

Any system is designed and produced as a result

of one or more of the following:

a) New threats or needs.

b) Changes in the state of the art (new technology).

c) Existing system obsolescence.

Each of these causes can be found in a military

environment, but the first one has the strongest impact of all

three, particularly in countries involved in confrontations

or conflicts. Here, threats change continuously and push the

parties involved towards a continued development or procurement

of modern weapons systems (Middle East, for example).

The System Life Cycle is illustrated by Figure

2-1. It starts with the Planning Period, during which the

19
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need for a new system is verified, and system concepts are

formulated. The operational environment and resources avail-

able are considered (thus limiting the variety of possible

solutions), and system feasibility is determined by considera-

tion of operational, technological, economic, political, legal,

and other aspects. At the end of this period the system is

defined by a set of design requirements to meet the operational

needs and its further development is justified.

Small countries usually have little or no impact

on the Planning Period. As a consequence, they have to decide

whether to commit themselves to the system being formulated,

or to start research and development efforts for a system

more adequate for their needs. In most cases the self-development

alternative is abandoned.

The Acquisition Period includes the design, test,

evaluation, production, and installation of the system. Some

small countries may be involved during this period, especially

if they are able to perform tests of the system in an operational

or combat environment. It is during the design phase that

the effectiveness characteristics, specified as a set of re-

quirements in the previous period, are converted into a hard-

ware system which can be tested and verified. Often, some

redesign and modification of the system is made as result of

these tests. At the end of this phase, the specifications for

the system, previously agreed upon between the customer and

the producer are demonstrated, or modified as a result of

cost-effectiveness evaluation. The effectiveness values achieved

21
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and cost estimates for the operational period of the system,

such as Operational Availability and Life Support Cost, are

accepted by both parties. At this point in time, the

responsibility for the eventual operation and support of

the system is transferred to the customer.

The selected system may not provide an optimal

solution for every potential customer after the first one.

These later customers may be forced to make compromises with

their requirements because they need to purchase the system.

The Use Period includes all the operation and

support activities. It is obviously the longest and the most

expensive period of the life cycle. Sometimes changes are

introduced into the system during this period as a result

of problems detected from actual use in an operational

environment. The Use Period ends with the retirement of the

system from active service, when it is no longer cost-effective

to operate and support the system.

2.2. COST-EFFECTIVENESS

Cost-effectiveness analysis provides a conceptual

framework and methodology for the systematic investigation

of alternatives.

It enables the user to choose the preferred alternative

out of many approaches. The concept relates the measure of

each alternative in terms of cost (the total expenditure for

each alternative during the life cycle) to its effectiveness

22
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(the level of mission fulfillment by that alternative). By

applying the analysis procedure, it becomes possible to select

the optimal alternative for achievement of the goals defined

within the allowed constraint boundaries.

Of these two elements, cost is easier to measure and

handle because it can be expressed by a single, monetary value.

Effectiveness is harder to deal with. It can be presented both

in terms of certain parameters which have clear-cut numerical

representations and others which are not readily quantifiable.

This thesis concentrates on quantifiable effectiveness measures

that can be defined by mathematical formulas and expressions,

such as Operational Availability.

It is recognized that political, social, and other non-

quantifiable aspects are of great importance in any decision

process. However, their treatment is considered to be of such

complexity as to be beyond the scope of this thesis.

The following discussion describes cost and effectiveness

terms with regard to a procurement decision process. A more

detailed description is presented in Appendix B.

2.2.1. System Effectiveness

System effectiveness is a measure of the ability

of a system to fulfill its mission in a specific environment.

It is used as a prediction tool during the planning and design

phases of the life cycle, and should be evaluated continuously

as system development proceeds, to enable the obtaining of an

objective measure of fulfillment of system needs.

23



System effectiveness is expressed in quantita-

tive terms based upon a probabilistic approach. It is pri-

marily concerned with system performance, availability, and

dependability, all of which have strong relationships with

logistic policies implemented.

In recent years, a variety of models and defini-

tions of system effectiveness have been developed using differ-

ent concepts of effectiveness. One example is illustrated in

Figure 2-2. These models base their measures upon combinations

of terms such as mission reliability, operational readiness,

availability, design adequacy, capability and utilization.

Of all these terms, availability is the one most commonly used,

and will be emphasized in this thesis. Although several types

of availability are defined (Inherent, Achieved, and Operational),

the one considered to be important for effectiveness evalua-

tion purposes during the Use Period of the system is Operational

Availability (A ). It is more closely related to the actual

operational environment than the other two measures and is

affected more by user decisions than the others. It is defined

as [Ref. 6]:

MTBMAo = MTBM + MDT

where

MTBM = mean-time-between maintenance.

MDT = mean down time.

24 I
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Availability concerns itself with the Operating

Time (Reliability) and Down Time (Maintainability), both being

system design characteristics.

In dealing with electronic systems, the failure

rate (M) can often be considered as constant through the Use

Period [Ref. 2]. It enables one to fit a Poisson distribution

to the number of failures which occur during a given time inter-

val in a system. As a consequence, the times to failure can

be described by an exponential distribution. Reliability is

defined to be the probability that the system survives over

a given time interval. It is therefore a function of time (t)

and can be described mathematically by the formula:

R(t) = e = et/MTBF

where

MTBF = Mean Time Between Failures.

The design for maintainability directly affects many of the

resources needed for performance of the support activities

during the life cycle: test and support equipment, maintenance

facilities, personnel, spares and repair parts, training equip-

ment, and technical documentation. These play a major role

in determination of life cycle cost, accounting for more than

the procurement cost. In particular, MDT includes all time

elements needed to retain the system or restore it to an opera-

tional condition (preventive and corrective maintenance) as

26
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well as administrative and logistic times. The user should

9 minimize those aspects of these time elements within his con-

trol if he expects to maximize the operational availability.

Experience has shown that reliability and

maintainability predictions provided by the manufacturer

tend to be over-optimistic. The value of the MTBF, even if

proven in a demonstration test, usually turns out to be several

times lower when the system is placed in the actual operational

environment [Ref. 8]. In addition, actual repair times ob-

tained in the field, exceed up to several times those of a

maintainability demonstration [Ref. 9]. These facts should

be seriously considered when using reliability and maintaina-

bility data for effectiveness and cost predictions, and when

applying cost-effectiveness analysis.

2.2.2. Life Cycle Cost

The Life Cycle Cost (LCC) of a system consists

of all costs which are incurred durinc, the complete system

life cycle.

The development of the LCC for use in system

evaluation was motivated by the fact that the major part of

user budgets are spent on operations and support activities.

Furthermore, it was recognized that these ownership costs ex-

ceed systems procurement costs by up to several times. The

main motivation behind the LCC method is to make trade-offs

possible which enable savings to be made during the Use Period

by increasing expenditures during the Acquisition Period, and

thus to lower the total cost of the system.

27



LCC is usually broken down into three main

cost categories (Figure 2-3).

ELCC I

Research and Investment Operation and
Development Cost Support Cost

Cost

Figure 2-3. A Typical LCC Breakdown.

The first, Research and Development, includes

all costs accumulated during the conceptual, definition, and

full-scale development phases (systems engineering studies,

design drawings and specifications, development, prototype

fabrication and testing, operation and support planning, etc.).

The second, Investment, includes recurring and

non-recurring costs of the production phase (tooling, test

and support equipment, new facilities, training, manufactur-

ing, labor, material, and inspection). The direct costs are

charged to the particular piece of equipment being produced,

while the indirect costs are proportionally allocated to it

as overhead.

The third cost category includes Operations and

Support Costs. Operations Costs are recurring costs spent on

operating personnel, energy and operating support. They in-

clude expenditures on training, recruitment, retirement,

salaries, housing, food, clothing, tools, and medicines for
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the operating personnel; utilities, petroleum and oil, and

different facilities for operating the equipment. Support

Costs include all costs of maintenance, spare parts, provi-

sioning, test and support equipment, training of support

personnel, transportation, documentation, and facilities.

The main cost elements found in Support Costs are:

a) Maintenance Costs--associated with the performance of

corrective and preventive maintenance activities. These are

a result of system design and the maintenance concept estab-

lished for the system.

b) Inventory Costs--includes expenditures for initial and

replenishment procurement of spares and repair parts, and for

supply management (entering and retaining of items in inventory).

c) Test and Support Equipment Costs--includes procurement

and maintenance costs for test equipment, tools, and material

handling equipment.

d) Training Costs--all costs associated with the training

of support personnel.

e) Technical Documentation Costs--for technical manuals

and drawings.

f) Transportation, Handling and Packaging Costs--includes

costs of packaging, preservation, handling and moving of

spares and repair parts and material in the maintenance and

support organization.

Many of the LCC models have an element called

Miscellaneous Costs. These may include new or modified

construction of facilities needed for operating the new
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systems, site preparation, security requirements, and dis-

posal or salvage value.

From the discussion above, it is easy to see that

taking into account all relevant cost elements may be a diffi-

cult task because it requires a large effort, many resources,

and longer computation times. In addition, the accuracy and

the reliability of the input data (and, therefore, of the out-

put data, as well), is often questionable. Fortunately, many

of the cost elements are of a low magnitude, and do not affect

significantly the results obtained. Concentration upon those

cost elements that have significant influence on the results

(the so-called "cost drivers") is usually sufficient.

2.3. COST-EFFECTIVENESS TRADE-OFFS

Any system is a result of trade-offs and compromises

performed during different phases of its development and use.

These trade-offs may be divided into two major categories.

The first category, system effectiveness trade-

offs, includes those pertaining to various characteristics

of the system, such as reliability, maintainability, and

availability. It is possible to produce a highly reliable

(low failure rate) or a highly maintainable system (quickly

restored), but the same operational availability may also be

achieved by trade-offs between these two. The most suitable

balance between them may be based on the relative costs.

Another category includes trade-offs among cost cate-

gories. Higher investments during the R&D phase may reduce
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production costs, and both may increase or decrease expendi-

tures during the Use Period of the system (O&S costs).

These two major categories usually do not occur inde-

pendently of one another. Decisions with regard to module

size, repair policies (maintenance level and repair vs. dis-

card), types of maintenance (corrective vs. preventive),

level of automation, human factors (man vs. machine), and

packaging influence costs as well as system performance.

As a consequence, the composite or cost-effectiveness balance

should be sought which allows the user to have the best system

possible subject to technological and budgetary constraints.

In cases where equipment is bought "off the shelf,"

the spectrum of trade-offs is limited because many design

features are already built into the system.
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*III. LIFE SUPPORT COSTS

3.1. INTRODUCTION

Life Support Cost (LSC) includes the cost of personnel,

equipment, facilities, materials, and other direct or indirect

costs necessary to support and maintain a system during the

operational and support phase of its life cycle.

LSC is dependent on the operational requirements,

system characteristics, and the support organization, includ-

ing the repair and the stockage policy. To understand the

interactions between the elements affecting LSC, a knowledge

of the repair cycle is necessary.

3.2. THE REPAIR CYCLE

As indicated in Section 2.2. , operational availability

is defined as

A MTBM
Ao = MTBM + MDT

For many electronic systems the failure rate is relatively

constant throughout most of the system use period. Therefore,

preventive maintenance is primarily concerned with periodic

test and checkout, adjustment, and calibration. Most of these

actions can be performed while the system is operating and

hence do not prevent the system from being ready for operations

almost immediately if necessary. Certain preventive maintenance

actions which might involve longer times can normally be

32

... . .... . .. .. . .



scheduled so that they do not interfere with operations. As

a consequence, preventive maintenance for electronic systems

can be viewed as having only a minor impact upon operational

availability and therefore A can be approximated by

MTBFA Z
0 MTBF + MDT

where MDT includes active corrective maintenance time,

logistics supply time, and administrative delay time.

LSC is heavily affected by the required system availa-

bility, and therefore, by MDT. A formula for MDT is developed

below under the following assumptions:

a) The system is built up of a number of Line Replaceable

Units (LRU), each containing a number of Shop Replaceable Units

(SRU) which, in turn, contain a number of non-repairable parts.

The MTBF for LRU's, SRU's, and the most important parts are

known.

b) The support organization has organizational level, inter-

mediate level, and depot level maintenance capabilities. At

the organizational level failed LRU's will only be replaced

and sent to a higher echelon for repair. Therefore, only LRU's

are allowed to be stocked at organizational level. At the

intermediate level, LRU's, SRU's, and repair parts are stocked

if it is cost-effective to do so. SRU's and repair parts can

be stocked at the depot level.

c) The various elements which make up the turnaround times

(TAT) for items in the repair cycle are statistically independent,
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as is the failure of any one item with respect to other

items.

d) Mean values of transportation times, administrative

and other delay times, and maintenance times are known.

e) Demands are Poisson distributed.

f) SRU's cannot be repaired at a lower level of the support

organization than that at which the repair of the LRU to

which they belong takes place.

g) All LRU's and all SRU's are repaired (repair/discard

decisions are discussed in Chapter IV).

3.2.1. Formula for D-T, the System Mean Downtime

i includes the total time elapsed from when

a failure is detected until the system is restored to an

acceptable condition. This period is divided into

a) diagnosis time, the time it takes to locate the failure

to a specific LRU,

b) correction time, which includes the time it takes to

get tools, time to remove the failed sub-unit, time to get the

spare from own stock, replacement time, and a closing time,

c) verification time, which is the alignment, calibration,

and check-out time.

The system repair cycle is illustrated in Figure

3-1; for each module average values are used for all elements

of time.

The following formula is derived from Figure

3-1:
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A failure
is

detected

PM41-P obtainable f 1-P2

Yes

DFT = Diagnosis and fault isolation time.

P1= The probability that a spare LRU is in own stock.
P2= The probability that a spare LRU is obtainable from astock.

LOGO = Logistic time at organizational level.
RPTO = Time to replace a failed LRU.
VFTO = System verification time.
TOT = Time to get the LUU from another stock, given itis available.

TRTHE = Transportation time to the echelon which repairs the
failed LRU.

TAHE = Time until a repaired LRU will be available at
the stock (formula developed below).

Figure 3-1. The Repair Cycle, Organizational Level
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MDT = DFT + P1 x (LOGO + RPTO + VFTO) +

(1-PI) x [P 2 xTOT + (1-P ) x (TRTHE + TAHE + TOT) +

LOGO + RPTO + VFTO],

which can be reduced to

MDT = DFT + LOGO + RPTO + VFTO)+ (l-P I ) x [TOT +

(1-P 2 )x (TRTHE + TAHE)]

The notation is for a specific LRU. The values

of P1 and P2 will vary as functions of which LRU failed and of

the initial procurement of LRU's (Appendix C). Since also the

time elements may vary from one LRU to another, the mean down-

time for the system becomes

m
MDT = MDT. x P.i=l

LOGO, TOT, and TRTHE can be considered as independent of which

module has failed. Furthermore, it is assumed that the varia-

tion in RPTO and VFTO from one module to another is insignifi-

cant. If so, the formula for MDT can be reduced to:

m
M T = . x (DFT i + LOGO + RPTO + VFTO + (1-Pli)

i=l

x [TOT + (1-P2i) x (TRTHE + TAHEi)]},
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where m is the total number of LRU's in the system, and Pi

is the probability of the failure being located to LRU number

i. The probabilities Pli and P2i are functions of the initial

procurement, the MTBF of the LRU, the turn-around time of a

failed LRU, and the stockage policy. Formulas for the proba-

bilities are given in Section 3.2.2.

TAHE is the average time between the time a

requisition is submitted and the time that a repaired LRU is

available given that it was not so when demand occurred. The

TAHE is a function of the level of repair policy, the mean

turn-around time at the higher echelon (TATHE), and the quantity

in the initial procurement of LRU's.

To compute TAHE, the first step is to develop a

formula for TATHE. The most complex case is when the LRU is

repaired at intermediate level and its SRU's are repaired at

depot level. The formula developed for this maintenance policy

can easily be modified to fit any policy by setting some of the

time elements to zero.

Based upon Figure 3-2 and assuming that the LRU

failed due to an SRU, the formula for TATHE for this maintenance

policy is

TATHE = ADT(I) + DFT(I) + P3 x [LOG(I) + RVT(I)] +

(l-P3 ) x [P4 xTOT + (l-P4 ) x (TRI(D) + ADT(D) +

DFT(D) + LOG(D) + RVT(D) + TOT) + LOG(I) + RVT(I)]

or
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Def ective LRTJ

arrives at IL

ADT(I)

OFT (I)

( ) is for intermediate level; (D), depot level.

ADT = Administrative delay time.
- IDFT = Diagnosis and fault isolation time.

LOG = Logistic time.

RVT = Replacement and verification time.

P3 = The probability of a spare SRU being at own stock.
p = The probability of a spare SRU being obtainable from an-

other stock.

TOT = Time to get an SRU from outside stock, given it is available.
TRICD) = Transportation time from intermediate to depot level.

Figure 3-2. TATHE, LRU Repaired at Intermediate Level and
its SRU is Repaired at Depot Level
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TATHE = ADT(I) + DFT(I) + LOG(I) + RVT(I) +

(l-P 3 ) x [TOT + (1-P4 ) x (TRI(D) + ADT(D) +

DFT(D) + LOG(D) + RVT(D))]

The notation is for a given LRU and a given

SRU. The values of P3 and P4 will vary as functions of which

SRU failed and of the initial procurement of SRU's (Appendix

C). If there are "2" SRU's in the specific LRU, the average

turn-around time is

TATHE = ADT(I) + DFTi(I) + LOG(I) + RVT(I) +
£1

Sp. × (1-P3j) x[TOT + (1-P4j) x (TRI(D) + ADT(D) +
j=l 

DFT (D) + LOG(D) + RVT(D)l,

where P. is the probability that the failure was due to SRU

number "j". P. is computed as

MTBF(LRUi )

j3 MTBF(SRUj )

An LRU can fail due to various reasons, not only due to an

SRU. If P5 is the probability that the LRU failed due to an

SRU, then (1-P 5 ) is the probability that the failure is not

located to an SRU, and the formula for TATHE will be:
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TATHE = ADT(I) + DFTi(I) + LOG(I) + RVT(I) +

P pX ×(l-P 3 j) x TOT + (1-P 4 ) x (TRI(D) +
j=l )

ADT(D) + DFTj (D) + LOG(D) + RVT(D))] x P5j

In the case where no SRU's are procured for stockage, the value

of TATHE computed above will be the value of TAHE as well.

Assuming that a given number (n) of SRU J are purchased, that

items in the repair cycle are equally spaced in time, and

that the number of demands (X) during the last period of time

equal to TATHE is greater than n, (P4j = 0), a new demand will

be number (X+1). The time spacing in the repair cycle will be

TATHE/(X+l). Since n SRUj's are meant for stock, the first

(X-n) SRUj's which finish the repair cycle belong to other

systems, and the average waiting time, TAHE will be

TAHE = TATHE x (X+l-n) / (X+I) .

3.2.2. Factors Affecting MT

For a given value of MTBF and a required opera-

tional availability (AO z MTBF/(MTBF + MDT)), the maximum

acceptable value of DT is

MTBF(1 - Ao )

MDT A

Experience has shown that the system MTBF for

military equipment in operational use, is as low as one sixth
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of the value obtained during the reliability demonstration

(Ref. 8]. The reasons for the difference include: (1) addi-

tional stress in the operational environment, (2) improper

use of the system, (3) insufficient training of operators and

maintenance personnel, (4) early wearout of some parts, and

(5) insufficient planning or poor conduction of the reliability

demonstration. The impact of a lower MTBF is best seen by

rewriting the formula for A given in Section 3.2.,

A ZMTBF
Ao MTBF + MTTR + MADT + MLDT

1

MTTR +MADT MLDT
1 + MTBF MTBF

where MTTR is the mean corrective maintenance time, MADT is

the mean administrative delay time, and MLDT is the mean

logistic delay time.

The MTTR and MADT can be assumed to be unaffected

by MTBF. However, MLDT may be a function of MTBF. In the

formula for MD developed above (Section 3.2.1), the MTBF

was not shown explicitly but was "hidden" in the probabilities

of spares being available.

Given demands are Poisson distributed, the

probability of exactly X demands for a specific item during

a period of time of length TATHE is

Px =X) = 8-(TATHE/MTBF) x (TATHE/MTBF)X
1X!
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The probability (P) of a specific item being available from

stock is a function of the quantity (n) of the item procured

for the stock, the turn-around time (TATHE) for the item,

and the MTBF,

n-in-1e (TATHE/MTBF) (TATHE/MTBF) x

The probability that a demand cannot be satisfied is

1-P = e(TATHE/MTBF) (TATHE/MTBF)xI-I e x I
x=n  x

These formulas illustrate that a lower MTBF will

result in a lower value of P and a higher value of (l-P), which

will give a higher value of MLDT. The total effect on the

term (MLDT/MTBF) is an increasing numerator and a decreasing

denominator, with the net effect of increasing the value of

this ratio. As a consequence, the value of A. will be reduced.

Additionally, LSC will increase because more labor and more

transportation are needed as well as other LSC elements possibly

being affected by the higher number of repair actions.

To achieve the originally specified availability,

one or more of the following alternatives may be considered:

a) modification or complete redesign of modules having high

failure rates to improve system MTBF,

b) additional investment in spares to reduce the turn-

around time, or
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c) reduction of the time elements of the repair cycle to

reduce the turn-around time.

The reduction of one of the time elements in the

formula for mean down time (W-) (Section 3.2.1) creates a

favorable chain reaction. If, for example, the administrative

delay time at depot level is reduced, the direct effect is a

reduction of the turn-around time, which has the following

consequences: a higher probability of spares being available

at this level (seen from the formula for Poisson probability),

which gives an additional reduction of the turn-around time from

intermediate level, increasing the probability of spares being

available at this and the organizational level as well. The

resultant total reduction of MDT may be several times greater

than the decrease of the administrative delay time.

The diagnosis, fault isolation, logistic, re-

placement, and verification time at the organizational level

are direct parts of MDT and should, therefore, be kept at low

values if a high system availability is required. The same

elements are also parts of the repair time at intermediate and

depot level. Additionally, for both levels we have transpor-

tation time and administrative delay time. These time elements

are primarily functions of system design, the number of people

trained and assigned to the tasks, space available, test and

support equipment, and organizational factors.

3.3. THE COMPONENTS OF LIFE SUPPORT COSTS

As was implied by the repair cycle, investment is re-

quired for spares, test and support equipment for repair of
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the system and its sub-units, training of personnel, repair

and stockage space, and other factors. Annual expenses will

occur for repair parts, replenishment of spares, transporta-

tion, labor, maintenance of equipment and facilities, and

other cost elements.

In this thesis, LSC is divided into Initial Investment

and Annual Recurring Costs. These costs are further subdivided

into the following cost categories:

a) Maintenance manpower.

b) Test and support equipment.

c) Inventory.

d) Training.

e) Transportation.

f) Other costs.

In the following, it is assumed that a module is repaired

at failure. If a discard policy is chosen, the formulas to

be developed will be modified, as discussed in Chapter IV.

The breakdown of the cost categories listed above

is illustrated in Figure 3-3. Formulas for the cost elements

are developed in the following sub-sections. Only cost ele-

ments which normally are to be considered in any estimate of

the LSC for a system already designed will be considered.

For evaluation of the LSC of another system, some of the cost

elements may not be relevant or it may be necessary to include

other expenditures.

3.3.1. Maintenance Manpower Costs

Maintenance manpower costs are broken down into

compensation and other costs. Compensation costs include all
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direct costs associated with a particular billet and must be

calculated for all levels of the support organization.

At the organizational level, manpower

demand includes time spent on fault isolation, removing and

replacing failed LRU's, and additionally a time to obtain

tools and test equipment, time for paperwork, etc., the sum of

which may exceed the active repair time several times. Time

must also be allowed for preservation of obtained technical

skills and for preventive maintenance. The equation for the

annual costs (RMO) is:

rf* 365RMO = {f.TBF x (ARTO + ATO) x HRO + PTT x HRO) xNSMTBF

where:

f = Average operating hours per day;

MTBF = Mean time between failures;

ARTO = Active repair time per failure;

ATO = Average time associated with a repair task,
including access, hookup of support equipment,
paper work, packaging of failed items, etc.;

HRO = Hourly rate for maintenance personnel at the

organization level;

PTT = total number of hours per year spent by
maintenance personnel upon preventive
maintenance, tests, and periodic checks.

NS = number of systems

In some instances, the formula for RMO must

be modified. If the system is operated at a location

isolated from other military establishments and required to
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operate 24 hours per day, a minimum number of technicians must

be assigned to the organizational level. On the other hand,

if the system is onboard a ship or installed in an aircraft,

a pool of maintenance personnel may be available already.

If not fully utilized, this pool may be able to perform the

additional tasks associated with a smaller system.

At the intermediate and depot levels a

pool of maintenance personnel exists, which makes the esti-

mate of the number of manhours required per year a little

easier. The amount of labor needed is determined by the level

of repair policy. For the case where LRU's are repaired at

intermediate level and SRU's at depot level:

f.365,
RMI = ( MT -BF. x (ARTI + ATI) x HRI x Ni

i=l 1

k
= ( I TBf) x (ARTD + ATD) x HRD x N

j=l MBj

where:

RMI,RMD = Annual labor costs of corrective
maintenance at intermediate level and
depot level, respectively;

Z = The number of LRU types in the system;

k = The number of SRU types in the system;

MTBF = Mean time between failures;

HRI,HRD = Intermediate/depot level labor rate
(inclusive overhead which is discussed
below);

Ni = The total number of LRUi in all systems;

N. = The total number of SRU. in all systems.J J
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In addition to the manhours required

at the workshops, occasionally assistance for the organizational

level may be required. If so, not only the active repair time

but the total time including traveling and delays should be

used in the computation of manpower costs.

In some instances, the computation of

manhour rates should be based upon the ratio of annual economic

cost to manhours per year per man available for the maintenance

tasks.

"Other Manpower Costs" include over-

head costs assignable from supporting staffs, social security

tax, bonuses, special pay for aircrews, allowance for quarters,

retirement costs, administrative services, medical service, etc.

Each element of "other costs" may be small, but added together

they will account for between 20 and 40 percent for officers

and civilians and between 30 and 50 percent of the annual billet

cost for enlisted personnel [Ref. 10]. The exact percentage

for each service and each paygrade can be obtained from his-

torical data.

In summary, the equation

cost of number of /~manhours) x(cost)maintenance I  maintenance)x per |xper
labor ' actions action manhour

will grossly underestimate the maintenance manpower costs

unless:

a) checks, tests, preventive maintenance, and all other

tasks requiring maintenance personnel are included,
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b) manhours per action cover the total number of hours

associated with the action, which in general will be signi-

ficantly greater than the direct repair time,

c) the cost per manhour is computed by dividing the annual

billet cost of the person involved by the actual number of

hours per year that the technician is available for maintenance

tasks, and the appropriate value of "other maintenance costs"

per hour is included in the labor rate.

In this thesis, "cost per manhour" allows for all these

elements.

3.3.2. Test and Support Equipment Costs

The scheduled and unscheduled maintenance tasks

of the repair cycle require maintenance stands, tools, and

checkout and calibration equipment. Test and support equip-

ment (TSE) can be classified as "standard" (items already in

inventory) or as "peculiar" (items peculiar to the system

under consideration). Lack of TSE will increase the turn-

around-time of a failed item and reduce system effectiveness.

The investment costs of peculiar TSE (ASCO) are

the sum of the investments for organizational level (ASO),

intermediate level (ASI), and depot level (ASD), or

ASCO = ASO + ASI + ASD

Assuming that failed LRU's are removed and re-

placed, but not repaired at organizational level, the peculiar

TSE needed at this level must always be procured, even when a
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discard policy is chosen. The investment costs of peculiar

TSE for intermediate level and depot level are determined by

the repair policy chosen and by the number of repair actions.

The utilization rate of standard TSE determines

if additional investment (ASCA) is required for this type of

TSE.

Maintenance and support costs also occur for

TSE. These costs could be estimated as for the primary sys-

tem, but usually they are much more moderate costs, therefore,

the annual support costs of TSE are normally predicted as a

fraction (f of the procurement costs.

The general formula for TCSE is:

ots) + Present value of the

TCSE = (Investment cos annual recurring costs

= ASCO + ASCA + f x (ASCO + ASCA) x NDF
r

(ASCO + ASCA) x (1 + f x NDF),
r

where NDF is the discount factor for the life cycle. Discount

factors (DF) are computed in this thesis as: [Ref. ll]

DF 1 (1i +d)DF =3.-( d

where:

d = the discount rate;

Y = the number of years for which DF is computed.
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3.3.3. Inventory Costs

As discussed in Section 3.2.2, the achieved sys-

tem effectiveness is determined, for a given value of system

MTBF,by the mean system downtime, which again is heavily

affected by the probability of spares being available. The

cost of spares for a military electronic system is significant

and may account for as much as fifty percent of LSC (Ref. 121.

The total cost of inventory will be divided into:

(a) initial procurement of spares and repair parts,

(b) replenishment spares,

(c) other inventory costs.

3.3.3.1. Initial Procurement

This cost element is the one time

expenditure to insure adequate support of the newly deployed

systems over a specified interval of time.

Assuming that the repair policy is

chosen, that MTBF's are known, and that the time elements

in the equation (Section 3.2.1) for system mean downtime are

set at the average values, the objective is to minimize this

cost element. For example, suppose that the choise is among

the following repair policies:

(a) all modules are repaired at intermediate level or

discarded at failure.

(b) LRUi is repaired at intermediate level, some of or

all its SRU's are repaired at depot level, the rest

discarded or repaired at intermediate level.

(c) all LRU's and SRU's are repaired at depot level.
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Then, the following procedure can be used:

a) Assume that all repair parts for SRU's are available

when needed and no initial procurement of LRU's and SRU's takes

place. Check if the required system availability (A0 ) has been

reached. If not, continue.

b) For each repair policy, compute for each LRU the marginal

return on investment (increase in A0 per $ invested) if pro-

cured for the organizational level, and for each LRU and

each SRU calculate the marginal return on investment for the

other stockage policies possible.

c) The spare which provides the highest return on investment

is purchased. The new value of A is computed and checked

against the required value. If A is still too low, the spare

with the highest return on investment, given previous procure-

ments, is purchased next and so on, until the required value

of A is achieved.

d) For each repair policy compute the minimum initial invest-

ment in spares and the associated stockage policy based on

c).

When the least cost support alterna-

tive is determined, the cost of the stockage policy, as ob-

tained above, will be added to all other cost elements of

the repair policy with which it is associated.

A detailed procedure (called OPUS-VII)

for initial procurement of spares is found in Appendix C.

The assumption that all repair parts

6 necessary for repair of SRU's are in stock simplifies the
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procedure. It i3 based on the assumption that this is the

least expensive solution and the fact that an LSC model, use-

ful for predictions only would be much more complicated with-

out this simplification.

3.3.3.2. Replenishment Procurements

Replenishment spares and repair parts

cost dominate the annual cost of keeping an inventory at a

specified level (Section 3.3.1). The initial procurement is

the minimum amount of spares and parts in inventory. There-

fore the first replenishment procurement must take place im-

mediately, and a cost occurs during the first year of the life

cycle. However, it is assumed that -no replenishment will be

purchased during the last year (the procurement lead time).

For every LRU/SRU discarded at failure,

a new one ij purchased. If the total number of a replaceable

unit (RU) in all systems is N and the MTBF of this item is

MTBFa, the average annual investment will be

TCD(RU) 365 xf xN (unit
MTBF cost)

a

which, summed for all discarded RU's gives the average annual

replenishment cost of discarded items.

When repair is attempted, a certain

fraction (F) of the RU's will have to be condemned (because of

damage under handling or transportation, for example) and re-

placements will have to be purchased. The value of F is diffi-

cult to predict and is usually based upon experience or

engineering jt.gement.
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The average annual replenishment costs

for repaired RU's will therefore be

RI = TCD x F.

The annual cost of repair parts is

found quite analogously with the cost of discarded RU's as

n 'total
( number x unit
i used" cost

where n is the number of different repair parts.

3.3.3.3. Other Inventory Costs

Other elements of inventory costs

will also arise. Those having the greatest impact on LSC

are:

a) Ordering Costs, the costs of processing an order through

the purchasing and other departments. Included are labor costs,

the cost of eventual computer time to update records, paper,

postage, and telephone costs. This cost element may depend

on the quantity procured and usually differs from one inventory

system to another. For prediction of LSC an average value

based upon historical data is normally used.

b) Inventory Management Costs, the management costs asso-

ciated with entering and maintaining an item in inventory.

It includes the costs of identification, description, editing

and updating of data records, and computer time. These costs

will differ from one supply support organization to another.
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For cost estimation purposes, average values of entering cost

per item and annual recurring management costs are used.

c) Inventory Carrying Costs, the costs associated with

operating the warehouses and other stockage facilities, includ-

ing the cost of direct labor, the annual costs of warehouse

equipment, light, heat, insurance, breakage, obsolescence, and

maintenance of facilities. Additionally, there is usually an

opportunity cost incurred by having capital tied up in inven-

tory. Even if this cost is not accounted for by the military,

it is a cost for the government.

d) Stockout Costs, the costs of being out of stock when a

demand occurs. These are extremely difficult to measure,

especially in the military, but are included in some Life

Cycle Cost models. In the U.S. military several different

values (up to $1500) are used (Ref. 13].

e) Transportation and Receiving Costs, the costs of getting

the material from the manufacturer to the central warehouse

and to the proper storage location in the warehouse. Sometimes

the cost of getting the order from the source of supply to the

stocking facility is paid by the customer. If so, this cost

is considered a part of inventory costs. The cost of transport-

ing an item between military facilities is usually included

in Transportation Costs.

The receiving costs cover inspection,

testing, quality control, and record-keeping.

Most of the cost elements discussed

under "Other Inventory Costs" are affected by the support
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organization and by the operating doctrine for the inventory

system. In addition, some of the elements are difficult to

measure. Sophisticated models, stochastic as well as deter-

ministic, are described in the literature. But, for reasons

of simplification, most models for prediction of LSC use two

average values only; an item entering cost and an annual re-

curring inventory cost per item, which compensate for the Other

Inventory Costs.

3.3.4. Training Costs

For the computation of the maintenance manpower

needed for the support of the system, it was assumed that the

technicians possess the skills necessary to get the jobs done.

The life cycle training costs are normally allocated to

(a) training equipment, (b) initial training, and (c) recurring

training.

a) The training equipment consists of training systems,

operating units, manuals, guides, texts, training aids, special

installations, facilities, and other training material not in-

cluded in the procurement contract.

b) Initial training costs consist of all initial costs of

training maintenance personnel. These costs will typically

include such items as trainee and instructor salaries, per

diem, and travel expenses. The costs may be divided to iden-

tify training expense for various levels of maintenance, or

for each level of the maintenance organization.

c) Recurring training costs are generated by the require-

ment to replace personnel who are reassigned, or who retire
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from positions requiring special training for the system to

be maintained.

The training costs' part of an LSC may be ex-

pressed as:

TTRAIN = ACCF + AC + ftxACxNDF = ACCF + AC(l + ft xNDF)

where:

TTRAIN = life cycle maintenance training costs;

ACCF = costs of training equipment and materials;

AC = initial training costs;

ft = the fraction of trained personnel to be
replaced per year;

NDF = normal discount factor.

As mentioned above, AC is a function of train-

ing hours required (H), hourly rate for involved personnel (HR),

and an overhead factor (OH) covering instructor salary, per

diem, and other expenses. The hourly rate and the number of

trainees are affected not only by system design and character-

istic, but by the maintenance policy chosen as well. The

formula for TTRAIN is:

4Z

TTRAIN = ACCF + (1 + ft xNDF) x T HixHRixOH
i=0

where:

= the number of levels of the maintenance
organization (including logistics staff);
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H. = total training hours required for this level;

HR - average hourly rate at this level;

OH = overhead factor (OH > 1).

3.3.5. Transportation Costs

Transportation costs occur when items are shipped

for repair or replacement. The general way LSC models deal

with these costs is to compute the number of assemblies ex-

pected to be shipped, and multiply this by a transportation

cost factor, determined through cost estimating relationships

based on module size and weight, organizational characteris-

tics, and transportation method.

The number of assemblies to be shipped (NA) from

the organizational level per unit of time is a function of the

number of systems in operational use (NS), the system MTBF,

the fraction (Ft) of failed items repaired locally, and system

application factor (f):

NS x f x (1 - F£)NA = MTBFZ

This element of LSC usually cannot be predicted

with any degree of accuracy unless a detailed knowledge of

the organization, the maintenance, and the stockage policy is

available. Fortunately, the transportation costs normally

account for less than five percent of the total LSC and the

estimating procedure described above may be usable. If not

so, a detailed analysis may pay off.
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The transportation times between system level

and intermediate or depot level, between intermediate and

depot level, and between stockage facilities and each level

of the maintenance organization are all variables in the

formula for system mean downtime (MD) per failure and will,

therefore, affect system effectiveness and/or the initial

procurement of spares. Trade-off possibilities between trans-

portation costs and other elements of LSC will exist. A more

expensive'mode of transportation may lead to a reduced total

LSC.

3.3.6. Other Costs

Many other sources of costs affecting LSC exist.

These must be evaluated as to their significance in each procure-

ment, and judged to be included or not in the estimate of LSC.

Some of the common sources are:

a) Documentation and Data costs: For a system in its de-

velopment phase, this cost is estimated on the basis of the

number of pages required for each item of equipment for differ-

ent repair options. It includes the costs of writing, editing,

reproduction, assembling, packaging, and shipping. For a sys-

tem already in operational use elsewhere, the cost per techni-

cal manual is known. The total documentation cost for each

maintenance policy can be estimated as the sum of the documen-

tation costs for each level of the support organization.

b) Space and Facilities costs: A system may require new

facilities for testing, maintenance, and warehousing/stockage.
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If so, the cost of investment, modification, operation, and

maintenance of these facilities should be included in LSC.

c) Overhaul and Modification costs: For electronic systems

overhauls and modifications are expected. The predicted costs

include labor, overhead, round-trip transportation, and material.

Replacement and modification of common and peculiar support

equipment may be included.

d) Discount and Inflation Factors (see Section B.3.2.).

e) Obsolescence or Salvage cost: A termination cost may

be expected. If a salvage value is anticipated, this may be

accounted for as a negative cost.

3.4. MINIMUM LIFE SUPPORT COSTS

Computation of LSC for each maintenance policy can be

accomplished only after the complete model has been developed.

The least cost alternative can be determined, as shown in

Figure 3-4.

The spectrum of maintenance policies may include:

A = All LRU's discarded at failure;

B = All LRU's repaired at intermediate level, all

SRU's discarded at failure;

N = All LRU's and all SRU's repaired at depot level.

The least LSC of each alternative is computed as

(referring to Figure 3-4):

MTC(I) = MPC(I)+TRC(I)+SEC(I)+IC(IJ)+TRPC(I)+OC(I)
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IC (Al)C TPC (A) OC (A)

MP)

s c(N)
(B TRPC (B) SB ()B)

In this figure, the following abbreviations

are used:

MPC(I) = Maintenance manpower costs of policy I;

TRC(I) = Training costs of this alternative;

SEC(I) = Costs of test and support equipment;

IC(I,J) = Inventory costs, maintenance policy I and
stockage policy J;

TRPC(I) = Transportation costs of this alternative;

OC(I) = "Other Costs" associated with this alternative;

MTC(I) = Minimum LSC for this maintenance and stockage

policy.

Figure 3-4. Determination of Minimum LSC
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The alternative with the lowest value of MTC(I) is,

from a purely economical point of view, the preferred one and

is normally called "The Least Cost Alternative." Each ele-

ment of LSC is computed using a number of assumptions, and

is combined with other cost elements in such a way that the

required system effectiveness is achieved.

Trade-off possibilities exist, expecially between the

two main cost drivers, inventory and maintenance costs. Un-

less sufficient attention has been paid to these possibilities,

a great number of solutions, cheaper than "The Least Cost

Alternative," may never be discovered.

To evaluate LSC of alternative systems and to perform

trade-off analysis, a computerized model is required. Two such

models are used for the numerical example in Chapter VI. These

models are described in Chapter V. AIR is an LSC and LOR

(Level of Repair) model used by the US Navy. SIMPLE was pro-

grammed by the authors and is based on the equations developed

in this chapter. This model does not have the capability to

compute the initial procurement and allocation of spares. The

OPUS-VII model (Chapter V) is used for this purpose and its

output is used as input in SIMPLE.
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IV. REPAIR VS. DISCARD DECISIONS

4.1. INTRODUCTION

The optimum level of reapir (LOR) of a system can be

determined following the procedure described in Chapter III.

The next question is, "should the failed item be repaired, or

is it more economical to throw it away?" The decision to re-

pair or to discard-at-failure can have a very strong impact

on the life support cost of a complex system of hardware.

The Vendor Repairable Items Panels of a joint Aerospace Indus-

tries Association and Electronic Industries Association Spare

Parts Committee [Ref. 14] estimated that an overall saving as

great as 30% may be realized if the proper decisions are made.

Other studies disclose that most organizations, espe-

cially military, tend to prefer the repair posture because

they are reluctant to throw away "valuable" items or have

underestimated the cost of repairs.

Besides the economic benefits, many other advantages

may be obtained from a discard-at-failure alternative. From

a design viewpoint, a module that is to be discarded at failure

is simplified in that no provisions for repair need to be made.

Other technical options can reduce weight, provide for dust-

or water-proofing, simplify the packaging, improve reliability,

and reduce technical data requirements. From an operational

point of view, an advantage is a reduced need to deploy sophis-

ticated test and support equipment and skilled technicians.
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Furthermore, a discard design normally results in a lower

time to restore a failed system, and a throwaway assembly

can generally be designed to be produced at a lower cost

than if designed for repair.

4.2. THE REPAIR/DISCARD DECISION

Repai,,uiscard analysis normally concentrates on the

economic impacts resulting from the decision.

For a repair policy, the events that take place and

their associated costs are described in Chapter III. Under a

throwaway policy, after a failure has occurred a replacement

unit is obtained, and the failed item is replaced. If necessary,

a reorder action is taken. As described in more detail below

(Section 4.3) the economically preferable policy is obtained

by comparing the tota costs of the repair and the discard

alternatives, and by choosing the one having the lower cost.

Military considerations, technological constraints, and

planned system deployment represent some of the additional

considerations that should also be included and evaluated.

Such elements must be evaluated on a case by case basis by

the user.

There are many points in the life cycle where a repair/

discard decision may take place. In a study, Criteria for

Repair vs. Discard Decisions, the Logistic Management Insti-

tute [Ref. 151 identified five major decision points in the

system life cycle (Figure 4-1).

The earlier in the life cycle that the repair/discard

decision is made, the higher are the potential savings.
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Unfortunately, some of the cost elements of importance for

the decision are sensitive to variables which are difficult

to predict in the early stages of the life cycle, unless the

item is one which represents a well-known technology and experi-

ence is available regarding the characteristics of the item.

The ability to accurately predict costs associated with repair

and discard actions improves later in the life cycle. In

addition, after the equipment has been produced, the unit cost

and the failure rate are known, and alternative designs have

been eliminated. This generally reduces the scope of the

decision process.

During the Use Period, actual values are obtained for

the parameters on which the original repair/discard decision

was based. Economic advantages may be obtained by changing

the decision if, for example, the MTBF or the unit cost of

a module differ significantly from the expected values. There-

fore, even when an item is designed as repairable, the user

may decide to discard it at failure. This decision may be

made before the initial provisioning of spare parts is decided

upon or it may be postponed until some field experience is ob-

tained. The final point of decision occurs when the assembly

actually fails. If the item is coded as a repairable, a deci-

sion must be made based on the unit cost and the extent of

the damage to the item under consideration.

4.3. A SIMPLIFIED REPAIR/DISCARD MODEL

A variety of Repair/Discard models are available. These

models are economic decision models in which the cost of
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repairing an item is compared with the cost of discarding

it at failure. The costs considered are total life-cycle

costs, which often makes the models quite complex. According

to the degree of complexity, the repair/discard models can be

divided into the following three groups [Ref. 51.

a) Total Cost Models--computing the exact costs of the

repair as well as of the discard alternative.

b) Delta Cost Models--computing the difference between

the repair and discard alternative, thus eliminating from the

difference equations identical terms of the repair and dis-

card costs.

c) Simplified Models--eliminating cost factors and terms

which are relatively insignificant or insensitive to the

decision.

The intent of this chapter is to develop a simplified

delta cost repair vs. discard decision model. As in the rest

of this thesis, attention is directed towards equipment already

designed, which simplifies the difference equations. Further-

more, in order to be able to compare the results with those

obtained from AIR, fixed values for some readily estimated

parameters are used to develop a simple "screening rule" and

to highlight the more important factors which should be

considered.

The optimal policy for each module is determined by

using the following general equation:

,A = LSCR - LSCD
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where:

LSCR = the total life support cost of the
equipment if the module is repaired
at failure;

LSCD = the total life support cost of the
equipment if the module is discarded
at failure.

AC is the difference in total support cost between the

two maintenance policies with a positive difference indicating

that a discard policy is more economical, and a negative dif-

ference indicating that the repair alternative is preferable.

Values of LSCR and LSCD to be developed in this chapter

will be based on the Life Cycle Support costs as described in

Chapter III. Therefore, the formulas to be developed can only

be used for repair/discard decisions for modules already de-

signed and not as a tool in the earlier phases of the life

cycle. Further, for reasons of simplification, cost elements

judged to have an insignificant impact upon AC are omitted.

In accordance with Chapter III, AC can be obtained as

AC = ACI+ AC2 + AC3 + AC4 + iC5 + LC6

where:

ACI = difference in maintenance manpower costs;

AC2 = difference in test and support equipment
costs;

AC3 = difference in inventory costs;

AC4 = difference in training costs;
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AC5 = difference in transportation costs;

AC6 = difference in other elements of LSC.

For reasons of simplification, it is assumed that

-- Items designed for discard at failure are not ever

considered for reapir.

-- When the system fails, the failure will be located to

a specific Line Replaceable Unit (LRU), which will be removed,

replaced, and sent to intermediate level for repair, if it is

to be repaired, by replacing the failed Shop Replaceable Unit

(SRU). The SRU, if it is to be repaired, is repaired at depot

level. (The formula can easily be modified to fit any other

maintenance alternative.)

-- Low cost assemblies are discarded at the organizational

or intermediate level, and high value assemblies are discarded

at the depot level only.

-- Average values per year are used for all recurring costs.

4.3.1. ACI, Maintenance Manpower Costs

The cost of preventive maintenance is unaffected

by the repair/discard decision, and the value of LCl per

failure is the difference between the cost of corrective

maintenance and the discard cost.

Under the assumptions stated above, the discard

alternative will reduce the time for paperwork and eliminate

the packing and other time elements for low cost items at

intermediate level. If HRI is the hourly rate for personnel

at this level and the total reduction in time per failure is

RTI, the saving per failure is HRI xRTI. At depot level, no
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Vtime will be needed in this case. The result is a saving of

TTD xHRD, where TTD is the average total time per repair at

depot for this item and HRD is the hourly rate for depot

personnel.

For a high cost item discarded at failure at

the depot level, time will not be used for fault isolation,

replacement of failed parts, packing, and some of the paper-

work. If RTD is the time reduction per failure, the saving

is RTD xHRD. The savings per failure for the discard policy

are, for a high cost item,

SPFH = RTD x HRD.

The savings per failure for the discard policy for a low cost

item are:

SPFL = RTI x HRI + TTD x HRD.

The annual number of failures of an assembly is

ANF N x f x 365
MTBF

where:

N = The number of systems procured multiplied by
the number of this item per system;

f = Average operating hours per day;

MTBF = Mean time between failures(hours).
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For the total life cycle ACl becomes,

ACI = SPF x ANF x NDF

where NDF is the normal discount factor (as defined in Section

3.3.2.).

4.3.2. AC2, Test and Support Equipment Costs

Normally, the costs of common support equipment

will not be affected significantly by a repair/discard deci-

sion and the delta cost of common support equipment can be

assumed to be zero.

If a discard alternative is chosen after the

system has been in use for a period of time, the only change

is the cost of peculiar support equipment. If its value is

CPSE when repair is performed and zero under discard, it

follows that

AC2 = CPSE x F x RD x X

where:

CPSE = Acquisition cost of test and support
equipment peculiar to this assembly;

F = Annual support ratio for the equipment
(the ratio between annual support cost
and investment);

RD = Discount factor, computed for the remaining
part of the life cycle (Section 3.3.2.);

X = The total number of this type of support
equipment.
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If a discard alternative for a specific item is

chosen during the acquisition period, the maximum savings are

obtained because procurement of peculiar support equipment

can be avoided. In this case

AC2 = CPSE x X x (1 + F xNDF)

4.3.3. AC3, Inventory Costs

In accordance with Chapter III, AC3 will be

computed as AC3 = AC31 + AC32 + AC33, where:

AC31 = Difference in initial procurement costs;

AC32 = Difference in replenishment procurement
costs;

AC33 = Difference in other inventory costs;

As demonstrated in Chapter III (and Appendix C),

for the repair alternative, the initial procurement of spares

can only be determined for a given system availability and

for the total mix of spares.

An approximation to the number (NN) of a given

item to be procured can be obtained from the formula

NxTATxf NxTATxf x

MTBF " MTBF
(e MTBF-- X!X=0

where:

P = The probability that the spare is available
given a demand;
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N = The number of systems multiplied by the

number of this SRU/LRU per system;

TAT = The turnaround time (hours) for this item;

f = Operating hours per day.

Depending upon the procurement lead time, it

may be sufficient initially to buy spares for one year if the

item is discarded at failure. To obtain a high probability

that a spare is available when a demand occurs, a more expen-

sive approach is chosen, which is to buy enough spares for

two years(although the lead time is assumed to be one year).

The resulting value of AC31 becomes

365xfxN
AC31 = NN x UC - 2 x M65Fx XUCMTBF

where UC is the unit cost.

When a repair policy is preferred, a certain

fraction (Fr) of the failed items will be condemned. The

annual cost of the replenishment procurement will be

365 x f x N
MTBF x Fr x UC.

Each repair requires a certain number of sub-

units and repair materials. The average cost of such materials

is generally estimated as a fraction (,MR) of item unit cost

or

365 x f x N x (1 -Fr) x UC x MR
MTBF
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The total annual costs under a repair policy are then

365 x f x N x UC
MTBF x [Fr + (1-Fr) xMR]

The corresponding cost of the discard alternative

is

365 x f x N
MTBF

For the life cycle the result is

C3 =365 ×f xN xUC 365 x f xN
C32 3 f x [Fr +(l-Fr) xMR] xNDF - xUC xDRMTBF MTBF

where NDF is the normal discount factor and DR is the discount

factor for the life cycle period minus the last two years,

which are covered by the initial procurement.

The ordering costs and inventory management

costs are higher for an assembly repaired at failure than the

corresponding costs for the same assembly discarded at failure.

The reasons for this are that repair parts must be kept in

inventory and a cost occurs everytime such parts are requested.

Normally, the additional life cycle cost for a repairable item

can be expressed as

AC33 = NPI x IEC + NPI x IRC x NDF

where NPI is the number of sub-assemblies/parts entered into

the inventory system, IEC is the item entry cost, and IRC is
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the item retention cost. Values of IEC and IRC can be obtained

from historical data or based upon Cost Estimating Relationships.

The total value of AC31, LC32, and AC33 results

in

LC3 = UC x [NN -365 xf xN x (2 +DR -{Fr + (l-Fr)x MR} x NDFIC3 =UC x NN - MTBF

+ NPI x IEC + NPI x IRC x NDF.

4.3.4. AC4, Training Costs

The costs of training and training equipment may

be lower if one or more items are discarded instead of repaired

at failure. Although total training costs may be an appre-

ciable part of LSC, the change is usually insignificant when

only a single or a few modules of a system already in produc-

tion are discarded instead of repaired at failure. When this

is the case AC4 can be set equal to zero.

4.3.5. AC5, Transportation Costs

For a repairable assembly, the determination of

this cost element may be based on cost estimating relationships

using unit weight (UW) and transportation rate per pound (TR)

established for the organization. The life cycle cost of

transportation (TTRANS) may be expressed as

365 x f x N
TTRANS = MTBF x UW x TR x NDF

"Cost Estimating Relationships (CER) are analytic tools

that relate various cost categories to cost generating or ex-

planatory variables. For instance, it may be feasible to relate

life cycle cost in terms of unit weight, cost per unit of range,

cost per maintenance action, ..." (Ref. 21.
75

- -a-.---- f



where:

f = Operating hours per day;

N = The total number of the assembly installed in
the system;

UW = The weight of the assembly;

TR = The appropriate transportation rate per
pound;

NDF = Normal discount factor.

For the repairable units, transportation to and

from the support source is considered. For the throwaway case,

a one way cost is applicable, reducing TTRANS by 50%. Thus,

AC5 = 0.5 x 365 xf xN UW x TR x NDFMTBF

For low cost items stocked at the organizational

level, AC5 will be twice as high.

For high cost items, discarded at depot level,

AC5 is zero.

For some organizations, a more reliable estimate

of AC5 can be obtained based upon average distances between the

different levels of the support organization and an average

cost per mile of transportation. The procedure resulting in

the most accurate estimate should be used.

4.3.6. AC6, Other Elements of LSC

These elements include documentation and data

costs, space and facilities costs, and overhaul and modifica-

tions costs. These cost elements are generally significant
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to a repair/discard analysis but only when many items within

a common category are considered as a single entity to a repair

versus discard choice. If so, these costs must be included in

the computations. Otherwise, 6C6 can be set to zero.

4.4. A NUMERICAL EXAMPLE

To obtain a simplified screening rule for the repair/

discard decision, the delta cost equations (Section 4.3) are

reduced by using representative values for some of the varia-

bles. The total number of a module in all systems (N), MTBF,

and the unit cost of a module are used as parameters.

4.4.1. Numerical Values Used

The values used for the variables are:

a) HRI--20 $/hour (including overhead);

b) HRD--25 $/hour (including overhead);

c) RTI--2.8 hours per failure;

d) RTD--0.4 hours per failure;

e) TTD--l.2 hours per failure;

f) f--24 hours;

g) d--10%;

h) NY--15 years;

i) CPSE--$2500;

j) X--l;

k) F--0.1;

1) Fr--0.l;

m) MR--0.05;

n) NPI--10;
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o) IEC--$40;

p) IRC--$50;

q) UW xTR--$6;

These values reduce the delta cost equations as follows:

4.4.1.1. AC1, Maintenance Manpower Costs

For low cost items:

ACI = $46 x 7.6 x 8760 x N/MTBF

= $3.1 x106 xN/MTBF

For high cost items:

AC1 = $10 x 8.67 x8760 x N/MTBF

= $0.76 x 106 x N/MTBF

4.4.1.2. AC2, Test and Support Equipment Costs

Assuming peculiar test and support

equipment is not procured,

AC2 = $2500 x l x (1 + 0.1 xNDF) = $4400

For the case where a discard alterna-

tive is chosen one year hence, AC2 = $1675.

4.4.1.3. Inventory Costs

AC3 z UC x (NN 70,000 xN]MTBF + 4200
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4.4.1.4. AC5, Transportation Costs

AC5 200,000 x N/MTBF

4.4.1.5. Total Delta Cost

For a low cost item for which peculiar

test and support equipment is not procured:

C= 3.1 x 106 x N/MTBF + UC x [NN 70,000 N +2,000,000 xN/MTBFM-T2,0,00xNMB

+ 4,200 + 4,400

= 3.3 xO 6 x N/MTBF + UC x INN 70,000xN + 8,600

where NN is a function of MTBF, TAT, and N. Values of NN are

found in Table 4-1 for TAT = 888 hours and P = 0.95.

Table 4-1

Values of NN

SN (hours)

1000 5,000 8,760 10,000 20,000 50,000 100,000

24 NN=28 8 6 5 3 2 1

148 NW=45 14 9 8 5 3 2

j96 NN=86 26 15 14 8 4 3

In Figure 4-2, break-even points as a

function of N, MTBF, and unit cost are presented. It should
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Figure 4-2. A Screening Rule for Repair/Discard
Decisions for the Example Data
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be remembered that these curves are valid only for the numeri-

cal values used in this section. Further, the graphs are

computed for assemblies designed for repair and, therefore,

don't include some of the most important advantages of the

discard design. For modern electronic equipment, the relevant

values of MTBF for a module may range from a few hundred to

close to one hundred thousand hours. The repair/discard deci-

sion is sensitive to the quantity of the specific item main-

tained by the support organization, especially for high values

of MTBF, but if few systems are supported by the support

organization, the best alternative may be to discard items

designed for repair, even when the unit cost is as high as

$1000.

The curves in Figure 4-2 can be com-

bined by using the expected number of failures during the

life cycle for the specific type of module as the independent

variable instead of MTBF. The result is a general screening

curve, as illustrated in Figure 4-3. (The "solid" curve.)

To obtain an estimate of the sensitivity

to the variables for which fixed values have been used, the

break-even curves are computed for N equal to 24, and the

following parameters changed, one at a time, as follows:

-- Labor rates reduced by 50 percent.

-- Peculiar support equipment procured before a repair/

discard decision is made.

-- The turnaround time (depot level) reduced by 50 percent.

-- The number of repair parts per item reduced by 50 percent.
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-The life cycle period increased by 100 percent.

-- The life cycle period reduced by 50 percent.

-- Discount rate reduced to zero.

The first five changes are favorable to the repair policy,

while the last two are favorable to the discard policy.

The repair/discard decision is not

heavily affected by any one of these variables. The maximum

deviation caused by any of the variables is within the dotted

curves, the "Gray Area," Figure 4-3.

The equations and the numerical exam-

ple make it possible for items already produced for repair at

failure, to base a repair/discard decision on a simple screen-

ing rule using the item unit cost and the expected total number

of failures of the module during the life cycle as parameters.

A repair/discard model, based upon

the equations developed in this chapter, has been computerized

and included in SIMPLE (Section 5.4.). The results are com-

pared to those obtained using the MIL-STD-1390B, AIR model

for repair/discard decisions. For any value of MTBF, the

maximum deviation in unit cost computed by the two models is

less than seven percent.
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V. MODELS USED FOR THE NUMERICAL EXAMPLE

5.1. INTRODUCTION

Many life cycle cost models have been developed. Most

of the models reviewed are very complex, primarily because

they are designed as "General Purpose Models," having the

capability to deal with almost any type of equipment and to

cover all phases of the system life cycle. Such models re-

quire a large amount of input data and their complexity makes

it difficult for the user to understand them completely. The

defense for a general purpose model is that the user can just

ignore irrelevant input data, but to do so requires that the

analyst understands the structure completely.

Two other types of models are Operating and Support Cost

models and Life Support Cost (LSC)/Level of Repair (LOR) models,

both of which exclude research and development and acquisition

costs. Further, LSC/LOR models omit the costs associated with

the operation of the system.

If a cost model is to be used to obtain the lowest possi-

ble life cycle cost, it must be adequate as a design tool.

Since this thesis concentrates on systems already designed

and the support costs of such systems, an LSC model is to be

preferred. Four models, published as "Military Standard 1390B

Level of Repair," are examples of LSC/LOR models. One of these,

Naval Air Systems Command Equipments (AIR), is used for the

numerical analysis in Chapter VI and is described in Section

5.2. The way in which AIR deals with initial procurement of
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spares is found, for the purpose of this thesis, to be unde-

sirable. An excellent model for this purpose, OPUS-VII, has

been developed in SYSTECON AB, Sweden, and made available to

the Naval Postgraduate School. OPUS-VII is described in Sec-

tion 5.3.

Realizing that not even the most complex LSC model can

cover every weapon system acquisition process, that a simpli-

fied model would cover the requirements, and having discovered

limitations in AIR, a model was developed (Section 5.4) based

upon the equations found in Chapter III (LSC) and Chapter IV

(Repair vs. Discard). This model is called SIMPLE.

5.2. THE AIR MODEL

A detailed description of AIR is enclosed as Appendix D.

The cost equations used by the model are found in MIL-STD-1390B

(NAVY), and instructions for how to use AIR are found in "AIR,

User's Manual" [Ref. 16] and "AIR, Programmer's Manual" [Ref.

171.

The AIR model was designed for determination of the opti-

mal level of repair policy, including the discard option, for

each module of a system. The policy suggested for implementa-

tion defines either the maintenance level at which the repair

action should be performed, or the discard actions that should

take place.

t*
OPUS-VII is a proprietary product of Systecon AB,

Stockholm, Sweden.
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5.2.1. General Description of AIR

AIR considers simultaneously all items of a

system according to their arrangement in a part hierarchy

illustrated by Figure D-1. Three levels of indenture are con-

sidered: Weapon Replaceable Assemblies (WRA) corresponding

to LRU's, Shop Replaceable Assemblies (SRA) corresponding to

SRU's, and SUB-SRA's which are the sub-assemblies necessary

for repair of SRA's.

For each indenture level, four level of repair

(LOR) alternatives are considered:

a) Intermediate (IMA) repair, equivalent to local (organi-

zational level) repair;

b) Prime-Intermediate (PIMA) repair, equivalent to inter-

mediate level repair;

c) Depot repair, and

d) Discard at failure.

Two major assumptions are used in the assignment

of an LOR code: (1) The LOR coding of a WRA does not depend

on which of its SRA's failed, and (2) an item can only be

shipped to a level of repair higher than that for which its

higher assembly is coded.

5.2.2. The Optimization Procedure Used by AIR

Life support costs are computed for each item,

each LOR alternative, and different cost categories. Some of

the costs allocable to an item depend on the LOR code of the

item and on that of its next higher assembly. The optimiza-

tion procedure is initiated by computing for each SUB-SRA the

86



optimal LOR assignment for all possible assignments of its

SRA. The next step is to obtain the optimal assignment of

each SRA. LSC of the SRA is available from step one. For

each possible assignment of a WRA, the optimal assignment of

each of its SRA's is found, considering both the cost of the

SRA and the costs of the optimal assignment of its SUB-SRA's.

The final step is to find the optimal assignment

of WRA's, taking into consideration the associated costs of

its SRA's and SUB-SRA's.

The LSC for the WRA plus the sum of the optimal

costs for its SRA's and SUB-SRA's is computed for each of the

LOR alternatives (Section 5.2.1.). The smallest of these

costs determines the LOR code for the WRA and its sub-units.

5.2.3. Computation of LSC

AIR allocates costs to six major categories:

a) Inventory;

b) Support equipment;

c) Space;

d) Labor;

e) Training;

f) Documentation

All cost computations are based upon formulas

included in MIL-STD-1390B(NAVY). The more important of the

formulas are included in Appendix D. Therefore, only a brief

discussion of problem areas is found in the following sections.

5.2.3.1. Inventory Costs

AIR computes inventory costs as the

sum of Repairable Inventory Costs, Repair Scrap Costs,
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Inventory Administration Costs, Repair Material Costs, and

Transportation Costs.

As demonstrated in Section 6.6.1.1.,

the calculation of the repairable inventory quantity is one

of the weaker parts of the model. Based upon a required num-

ber of days of stock, and for operational sites a safety

period to cover excess demands, an inventory quantity is com-

puted for each site. The objective is to provide a 95 percent

confidence level against stock-out at the operational site; a

measure of effectiveness which is not directly relatable to

system effectiveness (Section 2.1.1.). Furthermore, the com-

putation of inventory levels is based on a Poisson arrival

distribution of demands, but approximations are used-, under-

estimating the quantity of spares needed. Finally, the per

site quantity of each item is a function of unit cost; the

higher the unit cost, the lower is the quantity. The rules

for computation of repairables inventory are found in Section

D.3.2.

5.2.3.2. Labor Costs in AIR

AIR underestimates the cost of manpower.

The labor costs are computed as the cost of manhours required

to fault isolate and to replace the failed item (MIL-STD-

1390B, page 2). No time is included for getting tools and

documentation, for cleaning, for packaging the failed item,

and for other administrative duties. The sum of these time

elements will usually be several times higher than the

active repair time.
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AIR does not include any time for

preventive maintenance or periodic checks and adjustments

performed by maintenance technicians.

Finally, the labor rate used by the

Navy ($10 for IMA and PIMA level and $15.43 for depot level

[Ref. 10]) does not include all relevant overhead costs. All

things considered, the actual cost of maintenance labor must

be expected to be significantly higher than the cost computed

by AIR.

5.2.3.3. Training Costs

According to MIL-STD-1390B, training

cost is computed as

nf
I NMT x TCPM s x (1 + PARs) x NDF
S=1

where:

n = the total number of sites.

NMTs = the number of men trained, site s.

TCPM s = the training cost per man, site s.

PARS = the personnel attrition rate, site s.

NDF = the normal discount factor.

NMT x TCPM is the initial cost of

training for site "S", and NMTs x TCPM s x PARs is the average

annual recurring cost of training for this site. As seen from

the formula for total training cost, the initial cost is multi-

plied by NDF, which is a mistake. Unfortunately, this error
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is found in AIR as well. The result is that the initial

training cost is computed to be several times higher than the

actual cost. For a life cycle period of fifteen years and a

discount rate of three percent, the computed cost is twelve

times higher than the actual value.

5.2.4. AIR Input Data

Two categories of input data are needed by this

model:

a) Parameters and system data, which includes data defining

the size of the problem (e.g., the number of sites, the num-

ber of systems per site, the different types of maintenance

technicians), and data needed by the overall operation of the

model, such as life cycle period, cost factors, repair cycle

times, labor hourly rates, user specified LOR (level of repair)

alternatives, and sensitivity analysis to be performed.

b) Site data, defining and describing the different main-

tenance levels and the support activities. Included are re-

quired days of stock, system data, and distant repair data.

Examples of input data are found in Appendix F.

5.2.5. AIR Output Reports

The results of a computer run are presented in

six standard reports:

a) Total LSC, by alternative and indenture level.

b) Item summary report, costs by item and alternative.

c) LSC breakdown, by alternative and cost category.

d) Total inventory values, by item and alternative.

e) Per site inventory values.

f) Sensitivity analysis, by alternative and data set.
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Six standard alternatives are always included in

a run. Additionally, the user can specify up to forty other

alternatives. The standard alternatives are:

a) All modules discarded at failure.

b) All WRA's repaired locally, all SRA's discarded.

c) All WRA's repaired locally, all SRA's optimized.

d) All WRA's repaired locally, all SRA's repaired at PIMA,

and all SUB-SRA's optimized.

e) All WRA's repaired locally, all SRA's repaired at depot

level, and SUB-SRA's optimized.

f) Least Cost Alternative, no predesignations of LOR

codes are made.

Examples of AIR output reports are enclosed in

Appendix F.

5.2.6. Limitations of AIR

Two of the main cost drivers of LSC, inventory

and labor, are those least accurately computed by AIR. Con-

cerning inventory costs, the model just follows the rules from

MIL-STD-1390B(NAVY). But since the rules are not directly

relatable to any measure of system effectiveness, AIR is con-

sidered by the writers to be inadequate as a tool for initial

provisioning of spares and for prediction of inventory costs.

Labor costs are incorrectly computed, largely

underestimating the actual costs.

AIR is unable to handle a system in which the same

type of SRA is a part of two or more different WRA's. The com-

putation of training costs is far from correct (Section 5.2.3.3.).
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AIR is programmed in SIMSCRIPT. The lack of

compilers at many facilities for this computer language may

limit the utility of AIR.

5.3. THE OPUS-VII MODEL

OPUS-VII is a proprietary, computerized model developed

by SYSTECON AB, Stockholm, Sweden. A description of OPUS-VII

is enclosed as Appendix C, and a more complete description is

found in the "OPUS-VII, Manual" [Ref. 18].

5.3.1. General Description of OPUS-VII

OPUS-VII is a unique tool for the following

types of problems:

a) Cost-effectiveness evaluation of alternative maintenance

and supply support concepts and alternative system configurations.

b) Initial procurement and allocation of spares within a

support organization.

c) Reallocation of a given assortment of spares.

d) Replenishment procurement of spares.

e) Reallocation of a given assortment followed by replenish-

ment procurement of spares.

f) Effectiveness evaluation of a given assortment of

spares.

For each type of problem, one or more of the

following measures of effectiveness (MOE) can be chosen:

a) System operational availability (A0 ).

b) Probability of successful mission performance.

c) Risk of shortage when a spare is being demanded.
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d) Mean waiting time for a spare (computed for each level

of the maintenance organization).

The ability to combine the different types of

problems by the different MOE's gives OPUS-VII a high degree

of flexibility, which makes it useful for many problems

concerning inventory levels.

5.3.2. Assumptions Used by OPUS-VII

The algorithms used in the program are based on

the following assumptions:

-- The demands are Poisson distributed.

-- Mean values of turnaround times are known.

-- A failure of one item is statistically independent of

those that occur for any other type of item.

-- Repair times are statistically independent.

-- No queues are assumed in the maintenance organization.

-- The system has been in operational use long enough that

all transients have faded out.

5.3.3. OPUS-VII Input Data

The required input data can be divided into

System data and Organizational data.

Recognizing that a specific module may be common

to several types of systems, OPUS-VII can handle more than one

system in a single run. Therefore, system data includes the

number of system types, the number of each type of system,

system MTBF, system breakdown into LRU's and SRU's, module

MTBF, and item unit cost, to mention some of the more

important.
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The support organization must be built up in a

hierarchical way as illustrated in Appendix C (Figure C-2).

Examples of organizational input data are: reference to one

or more stations supporting each site, time to repair every

module at each station, and average time to get a spare from

a superior support station given no shortage exists.

Examples of input data are found in Appendix F.

5.3.4. OPUS-VII Output

A variety of information is obtainable from

OPUS-VII. A few examples are found in Appendix F.

In genera4 the output contains graphs showing

the MOE as a function of investment, tables describing the

number of each type of spare to be purchased and how these

items are best allocated to the different stocks, tables show-

ing how the initial investment costs are distributed with

regard to the assortment and to the different levels of the

organization, and the overall cost-effectiveness curve for

the problem

5.3.5. Limitations of OPUS-VII

Most of the algorithms used in OPUS-VII have

been checked, using a TI-59 (programmable handheld calculator)

[Ref. 19]. No error was detected.

The assumption that demands are Poisson dis-

tributed is valid for electronic systems, but is less prac-

ticable for mechanical and some other types of equipment.

For some spares, it is normal in many organiza-

tions to batch a number of items before repair is undertaken.

If so, OPUS-VII will overestimate the MOE.
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5.3.6. Other Comments

OPUS-VII is written in FORTRAN IVH and can

easily be implemented on any computer system having a FORTRAN

capability.

5.4 THE SIMPLE MODEL

5.4.1. Introduction

The limitations of AIR make this model inadequate

for parts of the analysis necessary to achieve the objectives

of this thesis. In particular, the treatment of initial pro-

curement of spares needed to be improved, a purpose for which

OPUS-VII is available. Since the formulas for computation of

all other elements of LSC are relatively simple, the Swedish

approach [Ref. 203 was adopted, which is, for each procure-

ment case, to develop and program a set of cost equations

relevant for a specific system and a given support organiza-

tion. A model, referred to as "SIMPLE," was developed based

upon the discussion of cost elements in Section 3.3., through

3.4., the cost breakdown given in Figure 3-3, and the suppcrt

organization used for the numerical analysis in Section 6.2.

The intention- of Chapter IV was to obtain a screening rule

for repair/discard decisions in such a way that repair should

never be undertaken if the unit cost of a module is below the

critical value. As previously stated, the curve in Figure

4-2 favors the repair alternative. A more representative

repair/discard model is included in SIMPLE.

As illustrated in Figure 3-3, each cost category

is computed as the sum of several cost elements. Some of
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these elements are calculated as functions of one or more of

the other cost elements and several of them are used for

comparison of repair and discard costs. Therefore, the cost

elements must be computed in a specified order. An interactive

computer program for control of LSC computations has been de-
0

signed by Lt. Colonel L. Palsson, Air Materiel Department,

Swedish Air Force, Stockholm. This program is used for control

of cost computations in SIMPLE.

5.4.2. Cost Computations in SIMPLE

The LSC breakdown illustrated in Figure 3-3 is used

almost unchanged (the differences are described in Appendix E).

Cost equations are based upon Chapter III and the formulas

for change in LSC if an item is discarded at failure are based

on Chapter IV.

Formulas used for computation of each cost ele-

ment and a listing of variable names are found in Appendix E.

Input and output data are included in Appendix F.

It must be emphasized that the cost equations

found in Appendix E are valid only for the basic organization

and the level of repair policy described in Section 6.2. When

either of those is changed (numerical analysis, Chapter VI),

the cost equations affected must be changed as well.

5.4.2.1. Manpower Costs

Compared to AIR, SIMPLE includes the

labor cost of preventive maintenance. Furthermore, the "aver-

age manhours per corrective maintenance action" includes the

total number of manhours associated with the repair action
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(Section 3.3.1.). Accordingly, the cost of maintenance man-

power is significantly higher in SIMPLE than it is in AIR.

5.4.2.2. Test and Support Equipment Costs

Evaluating the LSC of a system already

designed, it is assumed that the requirement for peculiar test

and support equipment (TSE) is determined by the system design

and that the procurement cost per site (for a given LOR policy)

is an input to the model. The investment in common TSE is

determined by the utilization of what is in inventory already

and is, therefore, considered an input as well. The procedure

used by AIR for estimation of the annual support cost of TSE

is adopted.

5.4.2.3. Inventory Costs in SIMPLE

The initial procurement cost of spares

is computed by OPUS-VII and used as input to SIMPLE. For

replenishment of spares, entering and holding costs, and the

cost of consumables, the cost equations are similar to those

used by AIR.

5.4.2.4. Training Costs

Compared to AIR, the main difference

is that SIMPLE includes the cost of training equipment and

materiel, and the correct equation is used.

5.4.2.5. Transportation Cost

The computation of transportation cost

in SIMPLE is based upon the following three variables: (1) the

transportation cost per mile, (2) the annual number of items

shipped from each site to its supporting site, and (3) the
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average distance between a level of the organization and the

maintenance level supporting it. Finally, the transportation

cost is a function of the level of repair policy.

5.4.2.6. Other Elements of LSC

In SIMPLE, "Other Costs" include the cost

of space, documentation, and other costs not included in any

of the other categories.

The cost of space is determined by

factors as the size of the system, the number of systems pro-

cured, the size and the amount of test and support equipment,

and facilities available already. No general equation can

cover this cost element. The initial cost of space is an

input to SIMPLE. The annual cost of using and maintaining the

facilities is computed as a fraction of the investment cost.

The cost of documentation is computed

as the sum of the costs for all sites. An annual recurring

cost of maintaining the documentation is computed as a fraction

of the investment cost.

Other elements of this cost category

are input to SIMPLE.

5.4.3. Repair vs. Discard Cost in SIMPLE

SIMPLE computes for each LRU and SRU the change

in LSC if the module is discarded instead of repaired at

failure. A negative value indicates that a saving can be ob-

tained if a discard policy is chosen. Because non-economic

factors may enter a repair/discard decision, this value is

not subtracted from the LSC computed, but must be so, if the

discard alternative is chosen.
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The equations used for computation of delta

costs are based on the general formulas (not the numerical

example) found in Chapter IV.

5.4.4. Input and Output Data, SIMPLE

The input data is almost the same as for AIR.

The main differences are that the initial investment in spares

is an input from OPUS-VII and that SIMPLE requires other data

for calculation of transportation costs.

The important output data is

-- LSC (life support costs).

-- Initial investment.

-- Recurring costs, discounted for the life cycle.

-- The costs for each of the cost categories used in this

thesis.

-- The value of each cost element, Figure 3-3.

-- For each module, the change in LSC if a discard policy

is chosen.

5.4.5. Limitations of SIMPLE

SIMPLE is a simplified model. Compared to AIR

the number of program statements has been reduced by a factor

of approximately one hundred. The cost of doing so is that a

level of repair policy and a suggestion to initial procurement

of spares are to be obtained from external sources. The esti-

mates of LSC and its elements are of the same or a better

accuracy than those obtained by AIR.

Initial cost of space, documentation, and common

test and support are input data.
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A natural next step would be to include a

"Lowest LSC" capability in SIMPLE. This could be done based

on the decision tree (Figure 3-4). With OPUS-VII available,

the effort to program a model for initial procurement would

not be worthwhile.

In a real situation more information about the

support organization, the equipment considered, facilities

needed, and other factors affecting LSC would be available

and some of the cost equations used in SIMPLE could be improved.

But the purpose of an LSC model should be remembered and the

model not made more complex than necessary to obtain a

reasonably accurate prediction of the difference in LSC for

alternative systems.

5.5. USE OF THE MODELS

The models described above are used for the numerical

example in Chapter VI. The interactions between the models

are illustrated in Figure 5-1.

As seen from the figure, OPUS-VII is used for more than

one purpose. The initial investment in spares is computed and

used as an input to SIMPLE. The operational availability which

can be expected for the allocation of spares as computed by

AIR is calculated by OPUS-VII.

To check SIMPLE and AIR, the LSC categories computed by

the two models are compared.
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VI. NUMERICAL EXAMPLE

6.1. INTRODUCTION

The intention of this chapter is to demonstrate with a

numerical example the impact of system and organizational

characteristics and other selected variables on initial pro-

curement of spares and other significant elements of LSC.

The models described in Chapter V are used for this purpose.

The amount of input data required by the models des-

cribed in Chapter V makes it evident that LSC is a function

of many variables. Fortunately, for a given system procured

for a given organization, many of the variables can be con-

sidered constants, that is, either they will not affect the

choice between alternative systems, or they will not influence

LSC significantly. Eliminating such variables and others,

the~impact of which on LSC is readily seen from the cost

equations, the number of selected input variables explored in

this chapter is reduced to the following:

a) System characteristics:

-- MTBF (Section 6.7.1)

-- MTTR (Section 6.7.2)

b) Organizational Structure and different maintenance

policies:

-- Number of intermediate level sites (Section 6.7.3.1)

-- Eliminating depot level (Section 6.7.3.2)

-- Eliminating intermediate level (Section 6.7.3.3)
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-- Transportation time, organizational to intermediate

level (Section 6.7.3.1)

-- Turn-around time depot level (Section 6.7.3.3).

c) Other input variables:

-- Number of systems procured (Section 6.7.5.1)

-- Discount rate (Section 6.7.5.2)

-- Life cycle period (Section 6.7.5.3)

The impact of the factors listed above on repair/discard deci-

sions is described and the breakeven curve (unit cost and

number of failures) determined (Section 6.7.6). Furthermore,

it is demonstrated that some variables not included in the

analysis (labor rate and condemnation rate) may affect LSC

significantly (Section 6.7.5.4).

The initial procurement of spares is not treated analy-

tically either in Israel or in Denmark. Therefore, special

treatment is given to this issue (Section 6.6).

6.2. THE SUPPORT ORGANIZATION

The support organization used for the numerical example

is chosen as it reflects a support policy often used in Israel

and Denmark. It consists of three maintenance levels:

a) Organization Level (OL)

b) Intermediate Level (IL)

c) Depot Level (DL).

24 identical systems are assumed deployed in two separate

areas (16 and 8 in each area). Two intermediate level sites

support the organizational level. One depot level site supports
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both intermediate level sites. The support organization is

built-up in a hierarchical way, and only vertical relation-

ships are allowed between the maintenance sites. Each main-

tenance site may have its own stock of spares.

The support organization is presented in Figure 6-1.

DEP is the depot level site, IN1 and IN2 are intermediate

level sites, and MNl and MN2 are organizational level support

sites.

Depot ICentral
DEP. stock

Intermediate Intermediate

Organizational Organizational
16 xMl 8 xMN2_

16 sys:6!1 8 systems

Figure 6-1. The Support Organization

6.2.1. Maintenance Policy

When a failure occurs in a system, the failed

LRU is isolated and replaced, and after a verification action,

the system is restored to an operational condition. The

failed LRU is sent to intermediate level where it is restored

by replacement of the failed SRU, and verified. The failed

SRU is sent from IL to DL, where it is repaired. Failed units

which are defined as discardable are replaced and discarded.
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6.2.2. Stockage Policy

LRU's may be stocked at DL as replacement for

failed LRU's. Both LRU's and SRU's are allowed to be stocked

at IL and DL.

6.3. SYSTEM BREAKDOWN

A hypothetical, electronic system is used as an example

for the analysis. The system includes six different LRU's

and eleven different SRU's. The system breakdown is presented

in Figure 6-2.

3xLU &xLEW 2xLMU3 7xM4 2xLRU5 IR.1

4xSIW2

2xSx~nJ4

2xSUtJ

LE ]3xSPRJ6 2xSliJ6

72xS;U81

Figure 6-2. System Breakdown
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6.4. INPUT DATA

Although the support organization and the system are

hypothetical, the data used are considered representative

for a system operated and supported in an actual military

organization. The input data is included in Appendix F. This

identifies the model(s) for which each variable is used as an

input. Where two of the models require different input varia-

bles to compute an output, attempts have been made not to favor

any one of the models. For example, AIR and OPUS-VII do not

use the same elements of the turn-around time for a failed

item, but the values of the input data used assure that the

total turnaround time is the same for both models.

6.5. COMPARISON OF OUTPUT

The first step of the analysis compares the output

from AIR, OPUS-VII, and SIMPLE. As illustrated by Figure 6-3,

the "comyon" set of input data (Appendix F) is used for all

three models.

To compare the LSC breakdown from AIR and SIMPLE, a

user specified alternative, in accordance with Section 6.2.1,

is used in AIR. The AIR "Least Cost Alternative" is discussed

and evaluated in Section 6.6.1.1.

The LSC and its breakdown, as obtained from AIR, is

illustrated in Table 6-1. Each cost category can be further

broken down with a share allocated to LRU's, SRU's, and sub-

SRU's. (An example is included in Appendix F.)

Some of the cost categories in Table 6-1 require further

explanation. INVENTORY is the initial procurement cost of
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AIR

Initial procure- Initial procure-
ment and alloca- ment and alloca-
tion of spares tion of spares

breakdownbradw

- - data flow, - ---- w coipare,

-- -- effectiveness evaluation of AIR allocation

Figure 6-3. Comparison of Model Output

Table 6-1

AIR Cost Breakdown

TOTAL
COST CATEGORY $ %

SUPPORT EQUIPMENT (SE) 154050 3.86
SUPPORT OF SE 198860 4.98
INVENTORY (INV.) 901930 22.59
INV. ADMINISTRATION 293413 7.35
SE SPACE 40230 1.01
INV. STORAGE 5020 .13
REPAIR SPACE 0 0.
LABOR 697320 17.47
MATERIAL 348700 8.73
TRANSPORTATION 306865 7.69
REPAIR SCRAP 547165 13.71
TRAINING 495905 12.42
DOCUMENTATION 2730 .07

TOTAL 3992188 100.00
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LRU's and SRU;s. INV.ADMIN. is the inventory entering and

holding costs. MATERIAL is the cost of piece parts used for

repair of LRU's and SRU's. REPAIR SCRAP is the cost of re-

plenishment procurements.

Compared to AIR, the cost breakdown in the output from

SIMPLE is more detailed and includes the cost of each cost

element (as illustrated in Figure 3-3). The major cost cate-

gories of the output are shown in Table 6-2. A complete print-

out of the basic input data is found in Appendix F.

Table 6-2

SIMPLE Cost Breakdown (basic version)

COST
$ CATEGORY

4666829 LSC LIFE SUPPORT COSTS, DISCOUNTED, NY YEARS

2034667 TMANPW: LSC,MANPOWER

356156 TTSE LSC,TEST AND SUPPORT EQUIPMENT (T&SE)

1694450 TINVEN: LSC,INVENTORY

193719 TTRAIN: LSC,TRAINING

294207 TTRANS: LSC,TRANSPORTATION

93630 TOTHER: LSC,OTHER ELEMENTS

804315 A : INITIAL INVESTMENT,SUPPORT ACTIVITIES

323551 R : ANNUAL RECURRING COSTS

3862514 RN : ANNUAL RECURRING COSTS,NY YEARS

To facilitate comparison between the cost computation in

the two models, costs are allocated to the six major categories

described in Section 3.3, as illustrated in Table 6-3.
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Table 6-3

LSC, AIR and SIMPLE ($ 1,000)

COST CATEGORY AIR SIMPLE

LSC 3,992 4,670

Maintenance manpower 697 2,034

Test and support equipment 353 356

Inventory 2,091 1,697

Training 496 194

Transportation 307 294

Other costs 48 94

The difference in maintenance manpower costs is caused

by the fact that AIR computes the cost of active repair time

only. SIMPLE includes the average total time per repair action

plus a cost for preventive maintenance. One hour per day

per system spent on periodic checks and adjustments or other

preventive actions performed by maintenance personnel accounts

for M$ 1.05 during the life cycle. The cost of active repair

time computed by the two models is the same.

A significant difference in inventory costs exists

($394,000). The main reason for this is that the required

initial investment in spares (computed by OPUS-VII) is $374,000

lower in SIMPLE. This issue is discussed in Section 6.6.1.1.

The replenishment procurement and inventory administration

costs are almost the same for both models.
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The difference in training costs is due to an incorrect

formula used in AIR, which is discussed in Section 5.2.3.3.

The 100 percent difference in "Other Costs" is the

result of an annual recurring cost of maintaining documenta-

tion, data, and new maintenance space included in SIMPLE but

not in AIR.

6.6. INITIAL PROCUREMENT OF SPARES

In this numerical example, spares are procured in such

quantities that allow achievement of an operational availa-

bility (A0 ) of approximately 97.0%, at the time the new sys-

tems are introduced into the operational environment. Usually,

more spares are added to this basic inventory, initially

resulting in a higher value of the achieved A . (This assures

that A will remain above the minimum value until replenishment

is received.) In this case A can be viewed as the minimum

requirement. To maintain this standard, a replenishment

procurement is performed (an annual basis is assumed for

replenishment procurements).

MTBF and actual repair time at the organizational level

(including transportation time) initially have the values of

291.2 hours for system MTBF and 2.3 hours for actual repair

time at the organizational level. The actual repair time

includes:

-- 1.3 hours for active repair time, and

-- 1.0 hours for transportation (round-trip)

The quantities of spares to be procured initially depend on
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the period of time to be covered by them (from two years up

to the whole life cycle period), budgetary constraints, and

the measure of effectiveness (MOE) used to determine the re-

quired level of effectiveness with this inventory. At the

time when the initial procurement is ordered, the maintenance

organization and the repair policy should already have been

defined and can be considered as given.

Holding A0 at a fixed level, it is possible to deter-

mine the impact of each of the main variables on the initial

procurement cost. The impact of the following variables is

explored below:

a) mean time between failures (MTBF);

b) active repair time at the organizational level (MTTR);

c) turnaround time at the depot level;

d) Organizational structure.

Other variables are considered as fixed at the time the initial

procurement of spares evaluation is performed or as having an

insignificant impact.

6.6.1. Impact of Mean Time Between Failures on Initial
Procurement of Spares

The uncertainty with regard to MTBF to be achieved

in the operational environment (Section 2.2.1) is a key factor

in any decision concerning the investment in initial procure-

ment of spares (IIPS). A priori, to consider the consequences

of an MTBF to be obtained during the use of a new equipment

different from the one predicted requires an adequate model,

advanced enough to evaluate any possible variation.
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If MTBFD is the expected value and MTBF° is

the value of MTBF obtained in the operational environment,

field data indicates [Ref. 8] that MTBFo will normally be

within the following limits.

2MTBFD I MTBFo  > MTBFD/6

The cases which are explored in this thesis are:

a) MTBF° = MTBFD , and

b) MTBF° = MTBFD/ 4

The problem one faces, then, is whether to rely

upon the MTBF data provided by the manufacturer (MTBF0 = MTBFD)

or to assume that the actual MTBF in the operational environ-

ment will be four times worse (MTBF° = MTBF /4). As demon-

strated below, this decision is very significant to the cost

of initial procurement of spares. After the systems are

introduced into the operational environment, the two possi-

bilities described above may develop into four different

scenarios:

a) [MTBF o  = MTBFABFo = MTBFD]

b) [MTBF °  - MTBFD/4/MTBF° = MTBFD/4]

c) [MTBF o  = MTBFD/XTBF ° = MTNFD/4]

d) (MTBF MT =F4/MBF° TBFDI

where [X =Y/x Z] should be read as: "initial procurement

of spares was performed assuming X = Z, when actually X = Z

(or X = Y) was obtained." Each of these four scenarios is
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discussed below, and illustrated in Figures 6-4 and 6-5.

These figures present the waiting time (WT) and A as func-0

tions of investment in initial procurement of spares (IIPS).

Scenarios a,b,c,d correspond to curves 1,2,3, and 4, respec-

tively. All curves are approximated by continuous functions,

although their precise representation is step functions. All

scenarios are analyzed for an IIPS of $528,000.

6.6.1.1. First Scenario,

MTBFO = MTBFD/TBF0 = MTBF D

For this case, an in-

vestment of $528,000 suggested by OPUS-VII enables the achieve-

ment of an A° of 97.5%. Inventory data and MOE values are

presented in Table 6-4. The abbreviations used in this table

are adopted from OPUS-VII. Some of them require additional

explanation:

DEP = depot level site;

IN1/IN2 = intermediate level sitenumber 1 and2, respectively;

MNl/MN2 = the maintenance level directly supporting the
system level (part of organizational level).

Availability:

System 1: Denomination of the system

Total : OPUS-VII can handle more than one system in a
single run. "Total" is a weighted average of
A if more than one system is included in the
analysis;

ORl/OR2: A for systems supported by intermediate level
site 1 and 2, respectively.

Investment:

Perc ESS: Percent of total investment used for depot level

Perc First Level: Percent of total investment used for
organizational level.
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Table 6-4

Inventory Data and MOE Values of the First Scenario (OPUS-VII)

16x 8x
mCtM TOTAL INVESTM. D fll IN2 Ml1 M2

LR 1 4 12300.0 0 2 2 0 0
LRU 2 8 37640.0 0 5 3 0 0
LRJ 3 3 12480.0 0 2 1 0 0
LU 4 5 15200.0 0 3 2 0 0
LRU 5 5 53350.0 0 3 2 0 0
LR 6 24 278520.0 15 6 3 0 0
SmJ 1 15 15300.0 10 3 2 0 0
SRU 2 7 2275.0 4 2 1 0 0
SRU 3 4 1940.0 2 1 1 0 0
SRU 4 24 42480.0 16 5 3 0 0
SRU 5 4 3842.0 2 1 1 0 0
SRU 6 13 27365.0 7 4 2 0 0
SRU 7 3 3015.0 1 1 1 0 0
SRJ 8 6 9450.0 3 2 1 0 0
SRU 9 4 29,60.0 2 1 1 0 0
Smi0 2 1780.0 1 1 0 0 0
SIpl1 6 3070.0 3 2 1 0 0

AVAILABILITY
PER S STE4: PER SYSTEK AND DEMAND GENERATING STATION:oRI oR2

SYSTEM 1 0.97465 0.97896 0.96605
TOTAL : 0.97465

TO INVESTM. - 527965.0
PERCE SS = 46.1
PERC FIRST LEVEL= 0.0
PERC LRU = 77.6
P- SR- 22.4

MESURE OF EFFECTIVES

AVAILABIIY (A) 0.97465
NORS - 0.60829

WAITING TIME = 5.28426
RISK OF SHORrAG - 1.000000
RSK OF SMGE(IST LVL)= 1.000000
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Measure of Effectiveness:

NORS: The expected number of non-available systems

Risk of Shortage: The probability that a given demand
(at any site) cannot be satisfied within a given
time (T) due to shortage in stock.

RSK SHRTGE (1st LVL): The probability of shortage, given a
demand, at organizational level.

(Table 6-4) differs

significantly from that suggested by AIR (Table 6-5). The

main reason for this is the difference in MOE's used by the

models. While OPUS-VII bases its procurement of spares on one

or more of several well-known MOE's. AIR uses as its MOE a

95% of requisitions fulfillment which to the authors appears

to be less adequate. Comparison of the two suggestions reveals:

Table 6-5

Initial Procurement of Spares Suggested by AIR

24x OPER. DEPOT/CENTRAL
MODULE TOTAL* SITE STOCK

LRU i 1 1
LRU 2 50 2 2
LRU 3 1 1
LRU 4 25 1 1
LRU 5 25 1 1
LRU 6 25 1 1

TOTAL COST LRU's 875,360 (97%)

SRU 1 4 4
SRU 2 1 1
SRU 3 1 1
SRU 4 5 5
SRU 5 1 1
SRU 6 3 3
SRU 7 1 1
SRU 8 1 1
SRU 9 1 1
SRU10 1 1
SRU1l 1 1

TOTAL COST SRU's 26,570 (3%)
TOTAL COST 901,930 (100%) no spare parts

are suggested to
be stocked at the
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a) AIR invests $875,360 in LRU's procurement, while OPUS-

VII invests $409,700, only.

b) OPUS-VII invests $118,265 in SRU's procurement, while

AIR invests $26,570 only.

c) Totally, AIR invests $373,965 more than OPUS-VII (+70.8%)

in initial procurement of spares.

d) AIR spends 97% of the investment on LRU's, vs. 77.6%

spent by OPUS-VII (the rest is spent on SRU's).

e) AIR stocks 94.5% of LRU's at operational sites, and the

rest at the central stock. OPUS-VII stocks 69.4% of LRU's

at the intermediate level, and the rest at the central stock.

f) AIR stocks all SRU's at the depot level, while OPUS-

VII stocks 42% of SRU's at the intermediate level, and the

rest at the depot level.

A is not calculated by AIR. To evaluate A0 , the initial
00

procurement of spares suggested by AIR was used as input to

an effectiveness evaluation version of OPUS-VII. The results

are presented in Table 6-6. A obtained by the initial pro-
0

curement of spares suggested by AIR is only 56%, which is

too low for military organizations. A part of the procured

LRU's turns out to be superfluous, as no improvement of A0

is obtained due to their procurement. (Elimination of LRU's

1 to 5 from the central stock saves more than $30,000, and

only slightly lowers the obtained A0.) Recalling that by

using OPUS-VII, an A of 97.5% is obtained with $373,965 less

invested indicates the advantages of the MOE used in OPUS-VII.
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Table 6-6

Inventory Data and A for Initial Procurement
of Spares S~ggested by AIR

16x 8x
DENOM TOTAL DEP IN1 IN2 MNI MN2

LRU 1 0 0 0 0 0 0
LRU 2 48 0 0 0 2 2
LRU 3 0 0 0 0 0 0
LRU 4 24 0 0 0 1 1
LRU 5 24 0 0 0 1 1
LRU 6 25 1 0 0 1 1
SRU 1 4 4 0 0 0 0
SRU 2 1 1 0 0 0 0
SRU 3 1 1 0 0 0 0
SRU 4 5 5 0 0 0 0
SRU 5 1 1 0 0 0 0
SRU 6 3 3 0 0 0 0
SRU 7 1 1 0 0 0 0
SRU 8 1 1 0 0 0 0
SRU 9 1 1 0 0 0 0
SRU10 1 1 0 0 0 0
SRU1l 1 1 0 0 0 0

TOT INVESTM. = 871575 AVAILABILITY - 0.559

The results obtained

by AIR can be improved by reallocating the initially procured

inventory. Using a reallocation version of OPUS-VII, an A

of 76.6% is obtained. Table 6-7 presents the reallocated

assortment of spares. The improvement is achieved by moving

LRU's from the organizational to the intermediate and to the

depot level, where the LRU's are more effective. Once again,

OPUS-VII is more cost-effective than AIR. Therefore, the

analysis concerning initial procurement of spares is mainly

based upon OPUS-VII. To verify the "least cost alternative"

which AIR suggests, the spares allocation and the level of

repair (maintenance policy) suggested by AIR were used as

input data to OPUS-VII.
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Table 6-7

Reallocated Inventory Data, and A of Initial
Procurement of Spares Suggeste8 by AIR

16x 8x
DENOM TOTAL DEP IN1 IN2 MNl MN2

LRU 1 1 0 1 0 0 0
LRU 2 50 0 26 16 0 1
LRU 3 1 0 1 0 0 0
LRU 4 16 0 5 3 0 1
LRU 5 25 0 15 10 0 0
LRU 6 25 13 8 4 0 0
SRU 1 4 4 0 0 0 0
SRU 2 1 1 0 0 0 0
SRU 3 1 1 0 0 0 0
SRU 4 5 5 0 0 0 0
SRU 5 1 1 0 0 0 0
SRU 6 3 3 0 0 0 0
SRU 7 1 1 0 0 0 0
SRU 8 1 1 0 0 0 0
SRU 9 1 1 0 0 0 0
SRU10 1 1 0 0 0 0
SRUl1 1 1 0 0 0 0

TOT INVESTM. = 874570 AVAILABILITY = 0.766

Applying this maintenance

policy, an A of 97.5% is obtained for an initial investment

in spares of $612,000 (vs. $528,000 required when all LRU's

are repaired at the intermediate level, and all SRU's are

repaired at the depot level).

6.6.1.2. Second Scenario, MTBFo = MTBFD/4/
MTBF o = MTBFD4

For this case an investment of $520,500

(corresponding to an AO of 97.5% for the first scenario) re-

sults in an A of 23.0% (OPUS-VII). Inventory data and A°o0

are presented in Table 6-8. An A of 23.0% is unacceptable

for military organizations.
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Table 6-8

Inventory Data and A of the Second
Secenario (OPUS-VII)

DENOM TOTAL DEP IN1 IN2

LRU 1 4 0 3 1
LRU 2 12 0 8 4
LRU 3 3 0 2 1
LRU 4 6 0 4 2
LRU 5 1 0 1 0
LRU 6 3 0 3 0
SRU 1 49 38 7 4
SRU 2 18 13 3 2
SRU 3 8 5 2 1
SRU 4 83 64 12 7
SRU 5 10 7 2 1
SRU 6 45 30 10 5
SRU 7 6 3 2 1
SRU 8 17 11 4 2
SRU 9 9 6 2 1
SRU10 4 2 1 1
SRUIl 16 11 3 2

TOT INVESTM. = 520455 AVAILABILITY = 0.230

A priori assuming a situation where

MTBF = MTBF D/4 an investment of approximately $2,500,000

is required to obtain an A of 96.9% (Table 6-9). Such an

investment in initial procurement of spares (70% of acquisition

cost) seems unrealistic. For this case, AIR suggests an in-

vestment for initial procurement of spares of $3,343,000

($3,255,000 in LRU's, and $88,000in SRU's). This suggestion

overruns the one suggested by OPUS-VII by $843,000 (33.7%),

but the value of A obtained is only 39.3%. LRU's 1 to 5

procured for the central stock are found by OPUS-VII to be

redundant, which results in an unnecessary expenditures of
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Table 6-9

Replenishment Inventory Data ("Target Inventory")
and A of the Second Scenario

0

16x 8x
DENOM TOTAL DEP IN1 IN2 MNI MN2

LRU 1 32 0 5 3 1 1
LRU 2 43 0 12 7 1 1
LRU 3 31 0 4 3 1 1

LRU 4 34 0 6 4 1 1
LRU 5 34 0 6 4 1 1LRUl 384 7 4 0 0
LRU 6 105 62 12 7 1 1SRU 1 49 38 7 4 0 0
SRU 2 18 13 3 2 0 0
SRU 3 8 5 2 1 0 0SRU 4 84 64 13 7 0 0
SRU 5 10 7 2 1 0 0
SRU 6 47 30 11 6 0 0
SRU 7 6 3 2 1 0 0
SRU 8 17 11 4 2 0 0
SRU 9 9 6 2 1 0 0
SRU10 4 2 1 1 0 0
SRU11 17 11 4 2 0 0

TOT INVESTM. = 2497155 AVAILABILITY - 0.969

$104,000 by AIR. Reallocation of the inventory suggested by

AIR improves A to 52.5%.

6.6.1.3. Third Scenario, MTBF ° = MTBFD/MTBFO MTBFD/4

For this case, utilizing $490,000 re-

sults in an A of 59.5% (OPUS-VII). It can be noticed that

some of the quantity of SRU's procured under the assumption

of MTBFo = MTBFD/
4 do not contribute to availability when it

turns out that MTBF0 = MTBFD. Hence, more than $30,000 is

wasted on procurement of SRU's that do not improve A (and

WT). For this case, inventory data and A0 are presented in

Table 6-10. Reallocation of this inventory does not improve
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Table 6-10

Inventory Data and A of the Third Scenario (OPUS-VII)

DENOM TOTAL DEP IN1 IN2

LRU 1 4 0 3 1
LRU 2 12 0 8 4
LRU 3 3 0 2 1
LRU 4 6 0 4 2
LRU 5 1 0 1 0
LRU 6 3 0 3 0
SRU 1 45 34 7 4
SRU 2 18 13 3 2
SRU 3 8 5 2 1
SRU 4 68 49 12 7
SRU 5 10 7 2 1
SRU 6 45 30 10 5
SRU 7 6 3 2 1
SRU 8 17 11 4 2
SRU 9 9 6 2 1
SRU10 4 2 1 1
SRUII 16 11 3 2

TOT INVESTM. = 489825 AVAILABILITY = 0.594

the obtained A . In order to reach an acceptable Ao , an

additional investment of $234,000 is required, increasing A0

to 97.4% (Table 6-11).

Investigation of curve #3 in Figure

6-5 reveals an interesting phenomenon. In the investment

interval of $770,000-$1,020,000, A0 is lower for higher than

for lower investments. This implies that within this inter-

val, "the higher the investment, the lower the effectiveness."

The explanation of this phenomenon depends on the fact that

curve #3 is a result of an optimization process performed for

the case [MTBF O = MTBFD/4(TBFO = ZMTBFD/ 4]. Within this in-

vestment interval, A illustrated by curve #2 (Figure 6-5)

0
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Table 6-11

Replenishment Inventory Data ("Target Inventory")
and A of the Third Scenario (OPUS-VII

DENOM TOTAL DEP IN1 IN2

LRU 1 4 0 3 1
LRU 2 12 0 8 4
LRU 3 3 0 2 1
LRU 4 6 0 4 2
LRU 5 3 0 2 1
LRU 6 24 16 5 3
SRU 1 45 34 7 4
SRU 2 18 13 3 2
SRU 3 8 5 2 1
SRU 4 68 49 12 7
SRU 5 10 7 2 1
SRU 6 45 30 10 5
SRU 7 6 3 2 1
SRU 8 17 11 4 2
SRU 9 9 6 2 1
SRU10 4 2 1 1
SRUll 16 11 3 2

TOT INVESTM. = 754870 AVAILABILITY = 0.974

improves continuously as the investment increases, mainly due

to procurement of additional LRU's. But as MTBF turns out to

be four times better, these additional LRU's are revealed

to be unnecessary. Therefore, AO (and WT) remain at a fixed

level, although more resources are used for procurement of

additional LRU's. An improvement can be achieved by inventory

reallocation. For example, after reallocation of the inventory

presented in Table 6-12 (a specific point on curve #3, Figure

6-5, Investment = $826,745), A rises from 91.5% to 95.5%

($88,000 can be "saved" by this action). The reallocated

assortment of spares for this point is presented in Table 6-13.

Applying the reallocation procedure to all points within the
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Table 6-12

Inventory Data and A of a Point on Graph #3
within a Fixed AO (and WT) Interval

DENOM TOTAL DEP IN1 IN2

LRU 1 3 0 2 1
LRU 2 12 0 8 4
LRU 3 3 0 2 1
LRU 4 6 0 4 2
LRU 5 1 0 1 0
LRU 6 32 32 0 0
SRU 1 45 34 7 4
SRU 2 18 13 3 2
SRU 3 8 5 2 1
SRU 4 68 49 12 7
SRU 5 10 7 2 1
SRU 6 46 30 10 6
SRU 7 6 3 2 1
SRU 8 17 11 4 2
SRU 9 9 6 2 1
SRU10 4 2 1 1
SRU11 17 11 4 2

TOT INVESTM. = 826745 AVAILABILITY = 0.915

Table 6-13

Inventory Data and A of Reallocated
Table 6-9 (8PUS-VII)

DENOM TOTAL DEP IN1 IN2

LRU 1 3 0 2 1
LRU 2 12 0 7 5
LRU 3 3 0 2 1
LRU 4 6 0 4 2
LRU 5 1 0 1 0
LRU 6 31 18 8 5
SRU 1 33 11 12 10
SRU 2 18 3 8 7
SRU 3 8 1 4 3
SRU 4 46 19 15 12
SRU 5 10 2 4 4
SRU 6 34 11 13 10
SRU 7 6 1 3 2
SRU 8 17 4 7 6
SRU 9 9 1 5 3
SRU10 4 1 2 1
SRU11 17 4 7 6

TOT INVESTM. = 738700 AVAILABILITY = 0.955
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investment interval of $770,000-$1,020,000 improves curve #3

significantly. The improvement is represented by the dashed

curve on top of curve #3 (Figure 6-5).

6.6.1.4. Fourth Scenario, MTBF0 = MTBFD/4/
MTBF° = M-rTBF D

For this case using OPUS-VII, an invest-

ment of $528,000 results in an Ao of only 11.5% (Table 6-14).

This situation is the most intolerable of all the four scenarios.

To obtain an acceptable value of A0 , an additional investment

of $2,000,000 is required (the "target inventory" is described

in Table 6-9).

Table 6-14

Inventory Data and A of the Fourth Scenario (OPUS-VII)

DENOM TOTAL DEP IN1 IN2

LRU 1 4 0 2 2
LRU 2 8 0 5 3
LRU 3 3 0 2 1
LRU 4 5 0 3 2
LRU 5 5 0 3 2
LRU 6 24 15 6 3
SRU 1 15 10 3 2
SRU 2 7 4 2 1
SRU 3 4 2 1 1
SRU 4 24 16 5 3
SRU 5 4 2 1 1
SRU 6 13 7 4 2
SRU 7 3 1 1 1
SRU 8 6 3 2 1
SRU 9 4 2 1 1
SRU10 2 1 1 0
SRUl1 6 3 2 1

TOT INVESTM. = 527965 AVAILABILITY 0.114
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Reallocation of the inventory improves

the obtained effectiveness slightly. For example, for an

investment of $1,560,000, inventory reallocation improves Ao

from 21.8% to 24.5%, but the obtained results are still

unacceptable. In curve #4 (Figure 6-4) "jumps" are found for

investments of $250,000, $930,000, and $970,000, approximately.

These jumps are explained by the fact that at these investments

the optimization process requires additional resources for the

procurement of LRU's. These resources are partially obtained

by reducing the invesmtent in SRU's. For the first scenario

(curve #i, Figure 6-5), this action results in an increase

of A0. But when it turns out that MTBF° = MTBFD/4 , procurement

of more LRU's and fewer SRU's leads to a lower probability of

an operational LRU being available given a demand, thus lower-

ing A . In addition, some SRU's are shifted from the inter-

mediate to the depot level, where they turn out to be less

effective. As soon as the optimization process abandons this

course of action and starts increasing the number of SRU's

procured, A improves continuously. A similar phenomenon to

the one described above was found for a different sytem, as

well [Ref. 19]. In that case, because the number of systems

was lower, the "jumps" revealed were significantly higher.

6.6.1.5. Summary of Scenarios

The four scenarios described above

are summarized in Table 6-15. The impact of MTBF on invest-

ment in initial procurement of spares is illustrated in Figure

6-6 for an approximate A of 97.0%. In this figure, MTBFo
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Table 6-15

Summary of IIPS and A for the Four Scenarios (OPUS-VII)0

Initial In- Initial In- Additional
vestment ()vestment ()A_ % Investment A (%)

Scenario Available utilized khieve Needed (ued

1 528,000 528,000 97.5 0 97.5

2 528,000 520,500 23.0 2,000,000 96.9

3 528,000 490,000 59.5 234,000 97.4

4 528,000 528,000 11.5 2,000,.000 96.9

varies between one fourth and twice MTBFD, and the function

is approximated by a continuous curve. The figure demonstrates

that a decrease in MTBF causes an increase in the required

IIPS, which becomes steeper when MTBFo < MTBFD/2.

The analysis in this section demon-

strates the significant impact MTBF has on initial procurement

of spares. As a consequence, one should seriously consider

what actions might be taken to assure that MTBFD will also be

achieved in the operational environment. This may be done in

various ways, such as by means of a reliability warranty in the

acquisition contract or through redesign of some components

of the system. Both methods can reduce the uncertainty with

regard to MTBFo and save on IIPS. Independent of the actions

taken to assure an acceptable MTBF0 , an adequate model for

the evaluation of initial procurement of spares should be

available to the user, otherwise, any decision obtained in

this matter is far from being optimal and results in a waste

of resources.
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6.6.2. The Impact of MTTR on Initial Procurement

The active repair time (MTTR) at organizational

level is an important factor, which directly affects Ao of

the system (Section 3.2.2). Due to the fact that MTTR in the

operational environment (MTTRo ) may be up to several times

higher than the MTTR value predicted by the manufacturer or

resulting from a maintainability demonstration (MTTRD ) [Ref. 9],

this variable has been chosen for investigation.

As shown previously, an A° of 97.5% can be ob-

tained for an IIPS of 528,000 (Table 6-4). In addition to

this case, two cases are investigated. First, MTTRD is changed

to 2.6 hours (MTTRO = 2 xMTTRD). Second, MTTRD is changed to

5.2 hours (MTTRo = 4 xMTTRD). In the first case, an A of
0 0

97.5% is obtained for an IIPS of $553,000 (4.7% increase in

lIPS with respect to the basic version which is a moderate

change. Table 6-16 presents inventory data and Ao for this

case.

In the second case, an A of 97.5% is obtained
0

for an lIPS of $803,000 (52.1% increase in IIPS with respect

to the basic version). The increase in IIPS is mainly caused

by the larger quantities of LRU's procured, primarily for the

organizational level (only a few LRU's are procured for the

other maintenance levels). The change in the quantity of

SRU's procured is less significant. Inventory data and A
0

for this case are presented in Table 6-17.

The impact of MTTR on IIPS is clearly revealed

from the second case. Thus, an increase of MTTR at the lowest
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Table 6-16

Inventory Data and A. for MTTRo = 2 x MTTRD

DENOM TOTAL DEP IN1 IN2

LRU 1 5 0 3 2
LRU 2 9 0 5 4
LRU3 4 0 2 2
LRU 4 5 0 3 2
LRU 5 5 0 3 2
LRU 6 25 17 5 3
SRU I 15 10 3 2
SRU 2 7 4 2 1
SRU 3 4 2 1 1
SRU 4 24 16 5 3
SRU 5 4 2 1 1
SRU 6 14 8 4 2
SRU 7 3 1 1 1
SRU 8 6 3 2 1
SRU 9 4 2 1 1
SRU10 2 1 1 0
SRU11 6 3 2 1

TOT INVESTM. = 553615.0 AVAILABILITY = 0.97557

Table 6-17

Inventory Data and A for MTTRo = 4 xMTTRD

16x 8x
DENOM TOTAL DEP IN1 IN2 MNI MN2

LRU 1 6 0 3 3 0 0
LRU 2 36 0 7 5 1 1
LRU 3 5 0 3 2 0 0
LRU 4 15 0 4 3 0 1
LRU 5 7 0 4 3 0 0
LRU 6 29 21 5 3 0 0
SRU 1 17 10 4 3 0 0
SRU 2 8 4 2 2 0 0
SRU 3 4 2 1 1 0 0
SRU 4 26 16 6 4 0 0
SRU 5 5 2 2 1 0 0
SRU 6 16 8 5 3 0 0
SRU 7 3 1 1 1 0 0
SRU 8 8 3 3 2 0 0
SRU 9 5 2 2 1 0 0
SRU10 3 1 1 1 0 0
SRUI1 7 3 2 2 0 0

TOT INVESTM. 803245.0 AVAILABILITY = 0.97486
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maintenance level of the organization can cause a need for

much higher spending on the spares initially acquired.

For Ao equal to 97.5%, the required initial

investment in spares as a function of MTTR is presented in

Figure 6-7. The function increases exponentially with MTTR.

The impact of MTTR on IIPS implies that precau-

tions should be taken by the customer to ensure that MTTR0 =

MTTRD. Some ways to achieve this may be by using a maintaina-

bility warranty in the acquisition contract, emphasizing the

training given to the maintenance personnel at the organiza-

tional level, and procurement of adequate tooling and test and

support equipment.

6.6.3. The Impact of TAT at Depot Level Upon Initial
Procurement of Spares

The turn-around time at depot level affects WT,

and therefore, Ao . TAT at depot level (TAT DL) is normally

the largest of the time elements of the repair cycle (Section

3.2.1). It is possible for the support organization to con-

trol this variable to some extent. To check its impact on

initial procurement of spares, TAT DL was varied between 720

and 24 hours (assuming it can be cut down to this low value

by implementing priority/emergency procedures in the organiza-

tion). The required investment in spares as a function of TAT

DL is illustrated by Figure 6-8. The curve reveals that when

TAT DL is lowered to 24 hours, a saving of approximately

$100,000 (19%) in the initial procurement of spares is gained.

This reduction of TAT DL is not always easy to achieve because
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of existing constraints in the support organization (manpower,

workload, emergency situations, travel distances, and budge-

tary limitations), but changing TAT DL is a possible course

of action to be considered.

6.6.4. The Impact of Organizational Structure Upon
Initial Procurement of Spares

To illustrate one of the trade-off possibili-

ties between initial procurement costs and organizational

characteristics, the number of intermediate level sites is

reduced from two to one. This change is performed under each

of the following two assumptions:

a) The average transportation time (round trip) between

an operational site and the intermediate level site remains

unchanged (2 hours). A net saving of $75,000 (14%) in IIPS

is obtained by eliminating an intermediate level site.

b) Assuming that the average distance between operational

sites and intermediate level is increased when the number of

IL sites is cut to one, the transportation time is changed to

12 hours. The initial investment required for spares jumps

to $889,000, an increase of $436,000 (or 83%).

The examples above illustrate the impact of the organizational

structure on the initial investment in spares.

6.6.5. Summary, Initial Procurement of Spares

Much emphasis has been paid to the initial

procurement of spares, mainly because it is normally a signi-

ficant part of LSC and because essential savings are obtain-

able, if a scientific approach is adopted. But this cost

element is still only a part of LSC, and to minimize the
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investment in spares for a required value of A should not be

a goal in itself. The objective must be to find the lowest

LSC alternative (Section 3.4).

6.7. LIFE SUPPORT COSTS

6.7.1. The Impact of MTBF Upon LSC

For investigation of the impact of selected

variables upon LSC, the models are used as illustrated by

Figure 6-9.

Initial procure-
ment and alloca- ment and alloca-
tion of spares tion of spares

- data flow

4-- - - uxsparison of output data

-- --- effectiveness evaluation of AIR allocation

Figure 6-9. Use of Models for LSC Analysis

136



The initial procurement cost computed by SIMPLE

is based upon OPUS-VII and an operational system availability

of 97%. When one or more of the cost categories (Table 6-3)

are unaffected by the variable being changed, these cost cate-

gories are not discussed. The variables entering the analysis

are varied one at a time while the "basic" values (Appendix F)

are used for variables not affected by this change.

The first variable in the sensitivity analysis

is MTBF. For all LRU's and SRU's, MTBF is changed in steps

from 0.25 to 2.0 times the basic value.

The results are found in Table 6-18 and for the

more important cost categories illustrated in Figure 6-10. In

this figure, only costs accounting for 10% or more of LSC are

included.

Comparing the cost curves obtained from AIR and

SIMPLE, significant differences are revealed in inventory and

maintenance manpower costs, but having compensated for the

factors discussed in Section 6.5, the cost curves are identical.

As illustrated by Figure 6-10, LSC is heavily

affected by MTBF. The increase in LSC is especially steep

when MTBF decreases below 0.5 times the expected value. The

main reason for this is the effect a lower MTBF has upon inven-

tory costs (Section 6.6.1), manpower, and transportation costs.

The total effect MTBF has on LSC illustrates

the importance of adequate planning and conduction of relia-

bility demonstrations, so that they are more reflecting what

can be expected in the operational environment.
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Table 6-18

LSC as a Function of MTBF ($1000)

M1ML COSTCAEORY 2xMTBF NUF MIF/2 MTBF/3 MIBF/4

LSC 2307 3992 6609 9352 12149

Manpower 349 697 1395 2113 2789

AIR T&SE 353 353 353 353 353

Inventory 911 2091 3698 5403 7220

Training 496 496 496 496 496

Transport. 153 307 614 930 1227

Other Costs 44 48 53 57 63

ISC 3436 4667 6826 9566 12618

Manpower 1644 2035 2816 3598 4379

SIMPLE T&SE 356 356 356 356 356

Inventory 1000 1694 2779 4445 6426

Training 194 194 194 194 194

Transport. 148 294 587 879 1172

Other Costs 94 94 94 94 94

6.7.2. The Impact of MTTR Upon LSC ($1000)

The mean active repair time (MTTR) at organiza-

tional level is increased to 2, 3, and 4 times its basic value.

The impact upon LSC and its components is shown in Table 6-19.

The only significant impact MTTR has on LSC when

computed by AIR is the change in manpower cost of active re-

pair time at the lowest level of the support organization.

Computed by SIMPLE, this cost element increases by the same

amount even if the calculation of manpower costs is based upon

total time per corrective maintenance task. The reason for

this is that it is assumed that other time elements associated
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Table 6-19

The Impact of MTTR on LSC ($1000)

MDL COST CATEGOMI MITRxl MTRx2 M1TRx3 M1IRx4

LSC 3,992 4,103 4,213 4,324

Manpower 697 808 918 1,029

T&SE 353 353 353 353

AIR Inventory 2,091 2,091 2,091 2,091

Training 496 496 496 496

Transport. 307 307 307 307

Other Costs 48 48 48 48

ISC 4,667 4,805 4,984 5,310

Manpower 2,035 2,147 2,259 2,371

T&SE 356 356 356 356

SIMPLE Inventory 1,694 1,720 1,787 2,001

Training 194 194 194 194

Transport. 294 294 294 294

Other Costs 94 94 94 94

with the repair task (Section 3.3.1.1) are unaffected by MTTR.

Computed by OPUS-VII, the initial investment in spares is a

function of MTTR (as it should be). For the case where MTTR

is multiplied by four an additional investment in spares of

$336,000 is necessary to maintain the required availability.

The total value of the additional cost is 13.8% of the ex-

pected LSC, a change which should be included in the estimated

future cost if the maintainability demonstration is well

conducted.

6.7.3. The Impact of Organizational Structure and TAT DL

Upon LSC

*To demonstrate the impact of organizational char-

acteristics on LSC, the following alternatives are examined:
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1) The number of intermediate level sites is reduced from

two to one,

2) the depot level is eliminated, and

3) all LRU's and SRU's are repaired at depot level.

6.7.3.1. One Intermediate Level Site Only.
Different Transportation Times.

For this maintenance alternative, LSC

is computed for unchanged and two, four, and six times higher

average transportation time between the operational sites and

the intermediate level site.

LSC computed by AIR is unaffected by

changes in the transportation time. When one intermediate

level site is eliminated, the only changes in LSC computed

by AIR are that the cost of test and support equipment is re-

duced by $84,000 and inventory entering and holding cost is

reduced by $4,000.

Computed by OPUS-VII, the initial

investment in spares is heavily affected by the transportation

time. In SIMPLE, the calculation of transportation cost is

based on an average distance between the levels of the support

organization and a cost per mile. The change in transportation

time is assumed to be caused by the fact that elimination of

an intermediate level site will result in a larger average

distance between the maintenance levels involved. Therefore,

this input to SIMPLE is changed in accordance with the trans-

portation time. The changes in LSC and the cost categories

affected (computed by SIMPLE) are illustrated in Table 6-20

(Manpower costs are $2,034,700 for all alternatives).
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Table 6-20

Changes in Support Costs (x$1000), One Intermediate
Level, Different Transportation Times

cost Transportation Time Basic
Category 2 hours 4 hours 8 hours 12 hours Version

LSC 4,473 4,548 4,902 5,115 4,667

T&SE 271 271 271 271 356

Inventory 1,599 1,619 1,907 2,054 1,694

Training 185 185 185 185 194

Transport. 294 347 413 478 294

Other Costs 91 91 91 91 94

The changes in cost of test and sup-

port equipment, training, and other (documentation) costs are

obtained in the model by eliminating the share of an inter-

mediate level site from these cost categories.

Concerning inventory costs, the enter-

ing and holding cost is reduced by $5,000. The rest of the

effect is caused by the change in the initial investment in

spares. The possible advantages of having a "central" inter-

mediate level are seen from the fact that even when the

transportation time is doubled the resources initially re-

quired for spares are lower than if two intermediate level

sites are operated. For higher transportation times, the

increase in inventory and transportation cost makes it not

cost-effective to have only one intermediate level site.

6.7.3.2. All LRU's and SRU's Repaired at Inter-
mediate Level

In this case, it is assumed that the

technicians at the intermediate level have attended the
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training courses which normally are required for depot level

personnel, that relevant documentation is procured, and that

piece parts needed for repair of SRU's are stocked at both

intermediate level sites. The results (with the output data

for the basic version) are illustrated in Table 6-21.

Table 6-21

LSC (x$1000), All Models Repaired at Intermediate Level

CPLU-VII and
COST AIR SIMPLE

CATLY Basic No Depot Basic No Depot
Data Level Data Level

LSC 3,992 4,146 4,667 4,418

Manpower 697 503 2,035 1,841

T&SE 353 293 356 293

Inventory 2,091 2,644 1,694 1,915

Training 496 532 194 196

Transport. 307 129 294 79

Other Costs 48 45 94 93

This repair policy is more expensive when computed by AIR

and less expensive when computed by SIMPLE than the repair

policy used in the other sub-sections of this chapter. For

both models, the manpower costs are reduced by approximately

$200,000 (due to a lower hourly rate at intermediate than at

depot level) and so is the transportation cost. The increase

in inventory costs (computed by AIR) is mainly caused by a

higher scrap and materials rate for intermediate than for depot

level. The increase in inventory cost (computed by SIMPLE)
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is mainly due to a higher initial investment in spares. The

short transportation time (2 hours) and the relatively short

administrative delay time (84 hours) at intermediate level

make OPUS-VII suggest that 93.5% of the initial investment

in spares are used for LRU's procurement.

6.7.3.3. All LRU's and SRU's are Repaired at
Depot Level

It is assumed that even if no repair

takes place at intermediate level, the two sites can still be

used as stockage facilities. Failed modules are sent directly

from organizational to depot level. LSC and its breakdown

are illustrated in Table 6-22.

Table 6-22

LSC (x$1000), All Modules Repaired at Depot Level

OPUS-VII
COST AIR and SIMPLE

CATBMIO Basic Repair Basic Repair
Data Depot Data Depot

LSC 3,992 5,034 4,667 5,234

Manpower 697 793 2,035 2,162

T&SE 353 289 356 282
Inventory 2,091 3,346 1,694 2,251

Training 496 292 194 176
Transport. 307 268 294 272
Other Costs 48 47 94 90

The higher labor costs are caused by the higher hourly rate

at depot than at intermediate level.
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Computed by OPUS-VII, the resources

required for initial provisioning of spares are $1,100,000.

The long administrative delay time at depot level (720 hours)

becomes the most significant factor for the probability of

spares being available (Section 3.2.2), and it is not longer

cost effective to buy SRU's. Of the LRU's procured, 83% are

stocked at the depot and the remaining at intermediate level

sites.

The initial investment in spares com-

puted by AIR is $2,150,000. These resources are almost equally

divided between LRU's and SRU's, all stocked at the depot

level. When the administrative delay time at the depot level

is reduced, the only impact on LSC is the decrease in resources

required for initial provisioning of spares, which is discussed

in Section 6.6.3.

6.7.4. The examples of organizational and maintenance

policy changes discussed above cover only several possible

alternatives, but are illustrations of the type of analysis

needed to obtain the lowest LSC (Section 3.4).

6.7.5. The Impact of Some Other Variables on LSC

6.7.5.1. Number of Systems in the Organization

The number of systems supported by the

organization is changed in steps between 6 and 100. It is

assumed that the average distance between the different levels

of the support organization and the costs of training and test

and support equipment per system are unaffected. Under these
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assumptions, inventory is the only cost category for which the

cost per system is affected by the number of systems.

The initial investment in spares per

system is computed by OPUS-ViI and by AIR. The results

are illustrated by Figure 6-11. LSC and LSC per system are

illustrated in Figure 6-12. LSC and LSC per system are higher

when computed by SIMPLE than are the same costs computed by

AIR. The main reason for this is that AIR does not include

the cost of preventive maintenance.

6.7.5.2. Discount Rate

It is argued that once cost estimates

have been generated they must be time-phased to allow for

alternative patterns of expenditure [Ref. 4]. The time-value

is obtained by computing the present value cost. The Depart-

ment of Defense (DOD)currently uses a 10% discount rate and

does not include the effect of inflation. Some organizations

use a zero discount rate and others include a discount and an

inflation rate as well. The intention is not to argue pro or

con the present value approach but merely to illustrate the

effect of using different discount rates. Figure 6-13 shows

LSC for the numerical example used in this chapter as a function

of the discount rate. As illustrated, use of a discount rate

of 10%for this example will "reduce" LSC by more than 40%

compared to its value if the Jpresent value approach is not

used. Further, the figure illustrates that if high values of

discount rate are used, inventory costs become a greater part
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of LSC than manpower costs. (The reason is the initial invest-

ment in spares which is in a "present value" form already.)

6.7.5.3. Assuming that the MTBF remains con-

stant, the life cycle period is changed to 5, 10, and 20

years. Using a zero discount rate, LSC is (as expected) a

linear function of the life cycle period. For this numerical

example a 33% change of the use period changes LSC by 22%.

6.7.5.4. Additional Variables

An example of a variable heavily

affecting LSC but not controllable by the military is labor

rates. For the basic set of input data used in this chapter,

maintenance manpower costs (computed by SIMPLE) account for

more than 40% of LSC. (A 10% increase of labor rates will

increase LSC by $203,000.)

The condemnation rate (the fraction of

failed repairable modules for which repair is not cost-effective),

together with MTBF, determines the replenishment procurement

cost for repairable items which, in this example, accounts

for 11% of LSC ($540,000). This variable is affected by such

factors as system design (in modern electronic equipment, using

circuit cards, welding can only be performed a limited number

of times), packaging, handling, and transportation methods,

and training and responsibility of operator and technical per-

sonnel. Thus, this cost can to some extent be controlled

by the user.

6.7.6. Repair vs. Discard

The repair/discard decision curve is easily

obtained from SIMPLE due to the built-in procedure which
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calculates the delta costs (repair minus discard cost) for

each module. This curve is illustrated in Figure 6-14 (for

an SRU with 10 peculiar piece parts and IIPS of $4000).

To verify the repair/discard decision curve, AIR

was used (with modified input data, including a specific SRU

unique to an LRU). The points at which the repair decision

shifted to discard (or vice versa) were found by "trial and

error" (the unit cost was varied around the expected value

until the decision shifted fom "all dicard" to "repair starts").

As a result, an approximate repair/discard curve was

obtained from AIR, which, as expected, lies slightly below

the curve from SIMPLE (AIR favors repair due to manpower and

inventory costs. Active repair time only and a low IIPS for

SRU's are used). General repair/discard curves were found,

for which unit cost is a function of the anticipated number

of failures of a module during the life cycle. These curves

(illustrated in Figure 6-15) are for SRU's which include zero

to forty two peculiar piece parts and an IIPS of $2000 to

$27,000. The lower curve is to be considered as the lowest

limit for the repair choice to be adopted.

The impact of the following variables on the

repair/discard decision was found to be as anticipated:

a) discount rate--changes delta-costs almost linearly.

b) MTTR--an insignificant change in delta-costs.

c) scrap rate--an insignificant change in delta-costs.

d) one intermediate level only--an insignificant change

in delta-costs.
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e) transportation time--no general trend of change in

delta-costs (a function of IIPS).

f) number of systems--when changed to 6, 12, and 18, a

saving of $140,000, $51,000 and $1,400 (respectively)in LSC

was obtained due to modules for which the maintenance policy

shifted from repair to discard.

6.7.7. Limited Resources for Initial Procurement of
Spares

In reality, the initial procurement of spares

is often performed under a budgetary constraint. For example,

if only $357,000 is available for the IIPS, the A obtained

will be 82% only (in comparison with $528,000 which enables

an Ao of 97.5%). In this case, improvement of A may be

attempted to be obtained by using only 23 operational systems

instead of 24, and "canibalizing" the remaining system by

using its modules as spare parts. Thus, one LRU (No. 4) and

many SRU's are added to the inventory and A will increase

from 82% to almost 85%. In this numerical example, the total

operating hours obtained during the life cycle turn out to

be lower with "canibalization" than without it (2,568,870

versus 2,585,952 hours) and the change is not worthwhile. But

in other cases it may be a possible course of action to over-

come the budgetary constraint, although it is not a solution

easily acceptable by most organizations (usually the preference

is to improve Ao by means of cutting down turnaround times

or a priori decreasing the number of acquired systems to

release more funds for spare parts).
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6.7.8. The Cost of an Operating Hour

The calculation of LSC and IIPS for different

levels of A enables the obtaining of the curve (Figure 6-16)

which illustrates the cost of an operating hour as a function

of IIPS. When appropriate, IIPS should be specified at a

level which gives the lowest value of the cost of an opera-

ting hour during the life cycle. In this example, lIPS should

be $528,000 for which the cost of an operating hour is $1.69.

Cutting the resources for IIPS results in a significantly

higher cost of an operating hour (as well as a lower A0 ).

On the other hand, higher resources for IIPS have a smaller

impact on A and the cost per operating hour.0
The significance of allocating sufficient

resources for IIPS is illustrated by the figure.

6.7.9. Summary

The analysis in this chapter is based on a given

system supported by a specified organization. Therefore, no

general conclusions can be drawn. But, it is demonstrated

that an efficient model for initial procurement and alloca-

tion of spares is required if a given operational availability

is to be achieved for a minimum cost.

Figure 6-17 summarizes the impact of the various

variables on LSC. For the example data used in this chapter,

it is demonstrated that of the system characteristics ex-

plored, MTBF has the strongest impact on LSC.

No attempt has been made to find the lowest LSC

alternative. But a twenty percent difference exists between
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the two maintenance alternatives: 1) all modules are re-

paired at depot, and 2) all modules are repaired at inter-

mediate level sites. This illustrates the importance of an

LSC analysis.
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VII. SUMMARY AND CONCLUSIONS

7.1. SUMMARY

Two important factors in the procurement decision

process are the Life Cycle Cost (LCC) and the System Effec-

tiveness (SE) of the systems and equipments being considered.

Life Support Cost (LSC) is a significant part of LCC, especial-

ly for small countries which buy equipment which has already

been developed and produced by the larger industrial countries.

To determine the optimal LSC alternative, trade-off

analyses must be performed. This is a complex task for which

computerized models are necessary. For appropriate measures

of effectiveness (MOE's), such models must have the ability to

perform a repair/discard analysis and to determine the optimal

initial procurement and allocation of spares.

Provisioning of spares is the most complex issue in the

prediction of LSC. A provisioning model is necessary in order

to obtain the minimum LSC alternative. When a provisioning

model is available, useful estimates of LSC can be obtained by

use of a simplified model, an approach which has been success-

fully adopted by the Swedish armed forces. SIMPLE, the model

developed in this thesis, is an example of a simplified LSC

model.

Two of the important LSC cost-drivers are the Mean Time

Between Failure (MTBF) and the Mean Time to Repair (MTTR) of the

modules of the failed system. These variables are sensitive
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to the actual values obtained in the operational environment

which may be several times worse than those predicted or

demonstrated by the manufacturer.

7.2. CONCLUSIONS

Based on the model analysis and the numerical example,

the following is concluded:

a) The support organization structure has a significant

impact on all elements of LSC. Substantial cost savings are

obtainable if the optimal level of repair and stockage poli-

cies are determined.

b) The system characteristics found to have the greatest

impact on LSC are MTBF, MTTR, and the requirement for preven-

tive maintenance. The impact of MTBF is stronger than that

of MTTR.

c) Insufficient spares initially procured and allocated

will significantly reduce the operational availability and

increase the cost per operating hour.

d) Both the quantity and the optimum assortment of allo-

cated modules (LRU's and SRU's) are sensitive to the value of

MTBF. As a result, some modules which are cost-effective at

one value may not be so for another value of MTBF.

e) All time elements of the repair cycle affect the provi-

sioning of spares. The impact of a given time element is

greater the lower the level at which it occurs in the support

organization.

f) If provisioning is performed according to an accepted

value of MTBF and it turns out that the actual MTBF is
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substantially lower, the operational availability will become

unacceptably low. Furthermore, the operational availability

may decrease at some points with an increasing investment.

g) The modules which should be included in a detailed

repair/a.,card analysis can be determined by use of a simple

screening rule.

h) OPUS-VII has several MOE's and is an efficient model

for the optimization of spares provisioning.

i) AIR is a useful model for repair/discard and LSC analy-

sis. However, it does not have an appropriate MOE for optimal

allocation of spare modules. It understates the cost by

omitting the cost of preventive maintenance and portions of

the actual repair time. The equation used for computation

of training costs requires revision. The total effect is

that the LSC computed by AIR is not as realistic as the value

computed by SIMPLE/OPUS-VII.

j) SIMPLE is a useful model for estimating LSC, especially

for comparison of systems already produced.

k) Compared to OPUS-VII, AIR invests almost twice as much

in provisioning of spares, but the operational availability

achieved is significantly lower. This is caused by the MOE

used in AIR (95% fulfillment of requisitions). As a conse-

quence, AIR stocks LRU's mainly at operational sites and SRU's

at the depot level only. Although OPUS-VII may stock some

LRU's at operational sites, it stocks LRU's primarily at

intermediate level sites and it divides SRU's between the depot

and intermediate level sites.
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In addition to the above, to assure that the deviation

between the expected and the actual values of MTBF and MTTR

is kept at a minimum, the following actions are recommended:

a) Include reliability and maintainability warranties .n

the acquisition contract.

b) Provide adequate training of operating and maintenance

personnel.

c) Consider design changes to modules which have a high

failure rate.

d) Devote sufficient funds for test and support equipment.
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APPENDIX A

SYSTEM LIFE CYCLE*

A.l. INTRODUCTION

A System's Life Cycle may be originated in one or more

of the following ways:

a) As an outgrowth of a new need, based upon changed goals

or missions, or a new threat revealed ("needs").

b) As a response to a new technologically feasible

opportunity ("technology").

c) As a result of a deficiency in existing systems' capa-

bilities ("system obsolescence").

The new system should be defined in terms of the mission,

purpose, capability, schedule, and cost objectives, and not

in hardware terms.

Different systems have different life cycles. They vary

from three to five years for computers, 10 to 20 years for air-

craft, and up to 20 to 30 years for ships. Between the two

end points of a system's life, a number of periods exist,

through which the system passes. In the grossest sense it

may be defined as the Planning Period, the Acquisition Period,

and the Use Period, each consisting of several phases (Figure

A-l).

A.1.1. The Planning Period is the initial period in the

system life cycle. During this period the need for the system

is verified, system's concepts are formulated,

and their feasibility and worthwhileness are established,

leading to an output of system identification and requirements.

The material presented in this appendix has been abstracted
from Reference 5. 162
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Although the planning function is primarily the system user's

responsibility (he is the one who specifies the needs, and

is directly concerned with the resources available and the

existing constraints), it should be carried-out with pro-

ducer's assistance.

The Planning Period starts with input information

about the needs, the resources available, the environment in

which the system will operate, and the existing constraints.

This information sets the bounds of the problem. The output

is a set of system requirements for system design, derived

from activities which comprise the Concept Formulation and

System Definition phases (Figure A-1).

A.1.1.1. The Concept Formulation Phase is the

initial phase of the system life cycle during which the feasi-

bility of system operational requirements is identified and

evaluated--technologically, economically, financially, legally

and politically. An optimal system concept for performing

the specified mission is considered, and justified for further

development. The decisions are made based on the following

activities:

a) Mission Feasibility Studies--analysis of the stated

needs, synthesis of alternative missions, and analysis of

these mission activities for feasibility.

b) Preliminary Approach Studies--detailed investigation

of the system cost and effectiveness of alternative approaches

for defining the best system concept possible subject to exist-

ing constraints.
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c) System Development Planning--a management planning

stage, justifying the further development of the approach

adopted, with respect to resources required and available,

time schedule, and risk involved. After this stage is com-

pleted, a final approval to proceed with system development

is obtained. The primary activities of Concept Formulation

Phase are illustrated in Figure A-2.

A.1.1.2. The System Definition Phase is used

for refining the selected approach, and further consideration

of technical, economicand financial feasibility and risk.

During this phase, system operational requirements are trans-

lated into a set of system design requirements, as a pre-

requisite for the engineering development effort.

The System Definition Phase consists

of the following three stages:

a) System Functional Analysis--analysis of system opera-

tional requirements, identification of system and sub-system

parameters, constraints and their relationships, establishment

of cost-effectiveness criteria, and feasibility analysis.

b) System Design Concept Studies--formulation of initial

system design concepts, first diagrammatic representation of

sub-systems and their interfaces, and evaluation of alterna-

tive system design concepts (including trade-offs against de-

sign criteria and constraints).

c) System Requirements Specifications--transformation of

the selected design concept into detailed system and sub-system
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requirement specifications and management planning documents,

to be used for development and design of the different inden-

ture levels of the system.

A.l.2. The Acquisition Period is concerned with the

design, test, evaluation, pr,'duction, and installation of the

system, and is the system producer's responsibility. This

period includes three phases: the Design Phase, the Produc-

tion Phase, and the Installation Phase.

A.1.2.1. Design Phase (RDTE--Research, Develop-

ment, Test and Evaluation) encompasses that portion of the

Acquisition Period during which major times and system design

costs occur. Its output is a model, demonstrated and evaluated

to optimally meet the requirements specified. The Design Phase

consists of five stages, as illustrated in Figure A-3, below.

, PRELIMINARY DESIGN STAGE

, ENGINEERING DEVELOPMENT STAGE

DETAIL DESIGN STAGE

0 TEST AND EVALUATION STAGE

° PRODUCTION DESIGN STAGE

MODEL OF SYSTEM

(specifications for producing, installing, using,
supporting and maintaining the system which optimally
satisfies the recognized need)

Figure A-3. Design Phase Stages
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a) Preliminary Design Stage--selection of one of the feasi-

ble design concepts for implementation, using sensitivity

stability , compatibility, aratate-of-the-art analyses,

experimental laboratory work, and physical mock-ups.

b) Engineering Development Stage--intensive development

and design of the system and sub-systems (investigation of

packaging and configuration schemes, selection of parts and

materials, provisions for test and support, and estimation

of reliability and maintainability).

c) Detail Design Stage--consideration of details to the

smallest part, performance of a statistical analysis to assure

the design producibility, incorporation of logistic design

considerations, as well as human factors, safety, and train-

ing, to assure that the design is operable, reliable, and maintain-

able. Various interface requirements are also checked (Figure A-4).

d) Test and Evaluation Stage--full performance of the

prototype test model under service conditions. This stage

includes operational suitability, reliability, and maintaina-

bility tests to evaluate system effectiveness under service

conditions.

e) Production Design Stage--redesign activities, definition

of production processes and tooling, and production and quality

control tests, procedures, and equipment.

A.1.2.2. The Production Phase includes effec-

tiveness factors, such as quality assurance, reliability, and

reproducibility. Individual inspections and acceptance tests

are made under various environmental conditions, and life

tests are performed to provide a measure of reliability
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assurance. Marginal performance items and production tolerance

effects are measured, resulting in design changes and

improvements.

A.1.2.3. Installation Phase includes planning

of facilities (space, power, water, cabling), logistics

(support equipment, materials, supplies, spare parts and

storage), test and checkout (equipment and personnel), and

interface requirements. Only after installation, using all

the required resources, the system exists as a complete

entity, ready for use in an operational environment.

A.1.3. The Use Period is that period during which the

system operates to fulfill the mission requirements for which

it was designed and produced. This period consists of three

phases: Operations and Support, Modification, and Retirement.

A.1.3.1. The Operations and Support Phase in-

cludes activities concerning provisioning, maintenance, sup-

port equipment, training, technical manuals, security

requirements, and personnel (operating and technical).

A.1.3.2. Modification Phase includes the en-

gineering changes made to the system, as a consequence of

problems detected during actual use, or new or changing re-

quirements that have to be met. These modifications are

undertaken to minimize early obsolescence and to keep the

system operational for longer periods.

A.1.3.3. Retirement Phase occurs at the final

stage of system life cycle, when it is no longer cost-effective

to operate and support. This phase concludes the life cycle
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of the existing system, and leads to requirements for a new

system which will fulfill different needs and requirements.

A.2. SYSTEM-LOGISTIC SUPPORT INTERFACES

The functions involved with the system life-cycle are

closely related to logistic support. Figure A-5 illustrates

the system development process, and conveys the major inter-

faces between prime mission equipment and logistic support.

The presentation represents a general process covering basic

engineering and logistic support considerations.
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APPENDIX B

COST-EFFECTIVENESS

B. 1. INTRODUCTION

Any system is required to be cost-effective, which means

it must fulfill needs within constraints specified by economic,

operational, and support requirements, and do so as economically

as possible. Thus, cost-effectiveness relates to the measure

of a system in terms of system effectiveness (level of mission

fulfillment), and total life cycle cost (a monetary value).

The cost-effectiveness methodology and approach is based

upon an economic evaluation of engineered systems, assuming

that each system has a certain worth in terms of the missions

for which it has been designed. Prime elements of the concept

are illustrated in Figure B-1.

Effectiveness

I7
Lif

Cost Effectiveness

I Research and Develop- Availa- Dependa- System
n1ent Cost bility bility Performance Others

. Investment Cost

. Operation and Nlainte-
nance Cost

. System Phase-Out Cost

Figure B-1. Prime Cost-Effectiveness Elements [Ref. 2]
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B.2. SYSTEM EFFECTIVENESS

One of the major facets of cost-effectiveness is the

mission fulfillment ability of a system. System effective-

ness is basically concerned with a system's ability to

perform successfully a defined mission in the intended

environment. To express this in quantitative terms, a num-

ber of measures have been derived. They are widely used

as a prediction tool for system-effectiveness during the

formulation of system design, and for evaluations during the

Use Period.

System effectiveness is primarily concerned with three

major concepts [Ref. 2]:

a) System Performance (Design Adequacy, Capability, Utili-

zation)--the probability that the system will perform its

mission when operating within designed specifications

(capacity, range, altitude, accuracy, weight, shock, and

vibrations).

b) Availability.

c) Dependability.

A combination of the above measures represents the system-

effectiveness aspect of the cost-effectiveness approach.

Various logisitc elements have a significant impact upon these

measures, especially on availability and dependability.

B.2.1. System-Effectiveness Models

An early attempt to develop concepts of

system-effectiveness was done by ARINC Research Corporation.

Their definition of system-effectiveness is: "the probability
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that the system can successfully meet an operational demand

within a given time, when operated under specified condi-

tions." The three components emphasized in this definition

are mission reliability, operational readiness, and design

adequacy (Figure B-2), which are defined as follows [Ref. 71:

a) Mission Reliability (MR)--the probability that, under

stated conditions, the system will operate in the mode for

which it was designed for the duration of the mission, given

that it was operating in this mode at the beginning of the

mission.

b) Operational Readiness (OR)--the probability that, at

any point in time, the system is either operating satisfac-

torily or ready to be placed in operation on demand, when used

under stated conditions (including stated allowable warning

time. Thus, the basis for its computation is total calendar

time).

c) Design Adequacy (DA)--the probability that the system

will successfully accomplish its mission, given that the sys-

tem is operating within design specifications.

The model distinguishes between the

terms "Operational Readiness" and "Availability", which are often

used as synonyms. The latter was defined as "the probability

that the system is operating satisfactorily at any point in

time when used under stated conditions, where the total time

considered includes operating time, active repair time, admin-

istrative time, and logistic time." Using these definitions,

9 System Effectiveness (SE) is expressed as a product of the

175

...



Eff*-±ct iveness

LUso operati- - oeatiDgsign

Tine~

Effctiv eaines

1? 6railty



three probabilities OR, MR, DA:

SE = OR x MR xDA

which are defined, respectively, as: (1) the probability

that the system is operating satisfactorily/ready to be

placed in operation; (2) the probability that the system will

continue to operate satisfactorily for the mission time;

(3) the probability that the system will successfully accom-

plish its mission, given that it is operating within design

limits.

Another system-effectiveness model developed

by the US Air Force, defines system-effectiveness as: "a

measure of the extent to which a system may be expected to

achieve a set of specific mission requirements, and is a

function of availability, dependability, and capability."

System effectiveness is expressed by the formula [Ref.21]:

SE = A x D x C

where,

a) Availability (A)--a measure of the system condition at

the start of the mission, when the mission is called for at

a random point in time.

b) Dependability (D)--a measure of the system condition

at one or more points during the performance of the missicn,

given the availability.

c) Capability (C)--a measure of the ability of the system

to achieve the mission objectives, given the dependability.
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When comparing the ARINC model to the WSEIAC model, quite a

similarity may be noted.

B.2.2. Operational Readiness, Dependability,

and Availability. The terms Operational Readiness, Dependa-

bility and Availabiliiy have similar connotations. It is,

important, therefore, to discuss each one of them in more

detail, to achieve a better understanding.

B.2.2.1. Operational Readiness

includes total calendar time as a basis for its computation

(free time, storage time, operating time, active repair time,

logistic time, and administrative time). The most adequate

definition of it seems to be the one suggested by ARINC

Research Corporation.

B.2.2.2. Dependability. The pre-

ferred approach for expressing Dependability seems to be the

one developed for the US Navy, which takes into consideration

the fact that, in many instances, a failure occurring during

an operating period t1 may be acceptable if it can be corrected

in a specified time < t2, and the system continues to complete

its mission (Ref. 22):

D Rm + (1 -Rm)Mo

where

D = System Dependability--the probability that the mission
will be successfully completed within the mission
time t , given the down-time per failure < t2 will
not affect the overall mission.
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Rm = Mission Reliability--the probability that the

system will operate without failure for t .

(R = e- t/MTBF for a constant failure rate,

and a mission duration of 7).

Mo = Operational Maintainability--the probability
that the failure, when it occurs, will be
repaired with a time < t2.

This concept applies particularly for systems with long mission

times, in which system failures do not necessarily cause

mission aborts.

B.2.2.3. Availability, which is

the probability that the system will operate satisfactorily

at any point in time when used under stated conditions, may

be defined as a ratio of the uptime (the total time the system

is capable of performing its function) to the uptime plus

down-time (total time where there is demand for the system).

The following three kinds of availability have been defined

[Ref. 6]: 1

a) Inherent (Intrinsic) Availability--a measure of the

intrinsic design variables only, controllable by the system

designer.

A, = MTBF
3 MTBF + MTTR

where:

A = Inherent Availability;

MTBF = Mean-Time-Between-Failures;

MTTR = Mean-Time-To-Repair (Restore).
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b) Achieved Availability--a measure which includes preven-

tive maintenance in an ideal support environment.

A = MTBM
a MTBM + MADT

where:

A = Achieved Availability;
a

MTBM = Mean-Time-Between-Maintenance;

MADT = Mean-Active-Down-Time

= Mean Corrective Maintenance Time + Mean
Preventive Maintenance Time.

c) Operational Availability--An extension of the term Aa

to the actual operating environment, including delay times.

A = MTBM
o MTBM + MDT

where:

Ao = Operational Availability;

MDT = Mean-Down-Time

=MADT + Logistic Time + Administrative Time.

Availability is a relatively simple concept. Therefore, it

has received the largest attention in system -effectivness

measures.
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B.2.2.3.1. Availability

Breakdown. System Availability concerns itself with two major

issues:

a. Reliability (Operating Time)

b. Maintainability (Down Time).

B.2.2.3.1.1. Relia-

bility Considerations. Reliability may be viewed as a

system's ability to operate at or above prescribed thresholds

for the duration of an assigned mission in an operational en-

vironment. In probabilistic terms it may be defined as [Ref. 22]:

"the probability that a system will perform its intended func-

tion for a specified interval under stated conditions." Being

a systems engineering discipline, reliability encompasses

different issues of material science, statistics, design, physics

of failure, product assurance, and management.

Reliability features should be incorporated in the sys-

tem design by means of high reliability components, use of

redundancy, development testing, stress theory, and failure

analysis.

A basic concept in reliability is the Bathtub Curve,

which represents the instantanecus failure rate. It consists

of three regions, called "infant mortality region," "constant

failure rate region," and "wearout region." Referring to

the middle portion of the curve, test and field data covering

a variety of systems have indicated that in electronic systems,

the failure rate (M) can often be assumed to be relatively

constant. It allows the implementation of the Poisson (random)
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distribution arrival of failures, where the exponential dis-

tribution fits the time-to-failure random variable. The

exponential law may be used, thus,

R(t) = e-t = et/MTBF

where:

R(t) = systems reliability at time t;

1 = failure rate
MTBF

X is a significant factor in determining the frequency of

corrective maintenance.

B.2.2.3.1.2. Maintainability

Considerations. Maintainability is a characteristic

of system design which determines a system's ability to

be restored to or retained in an effective usable condition.

Together with reliability, maintainability determines the sys-

tem's operational readiness, and contributes to the system

effectiveness concept [Ref. 231.

Maintainability engineering concerns itself with various

disciplines, including human factors, maintenance technician

skill levels, safety, and system attributes such as accessi-

bility, test and checkout philosophy, test equipment, controls,

and displays. All these disciplines are included to ensure

effective and economical maintenance within prescribed opera-

tional readiness requirements.
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Being a part of systems engineering, maintainability is

considered in terms of the system life cycle, and is related

to system trade-offs, and life cycle costs. Resources associated

with-maintainability include test and support equipment, spares

and repair-parts, maintenance personnel, training equipment,

maintenance facilities, and maintenance instructions and data.

The extent to which these resources are utilized depends upon

specified maintainability features which are designed into

the system.

Affecting heavily the annual military budget (up to one

third is spent on maintenance), maintainability issues should

be deeply considered during all system development phases.

Thus, during the Conceptual and Definition Phases, moderate

investments in maintainability and support design requirements

may lead to substantial savings in the Use Period, while ig-

noring them may cause an excessive maintenance and support

expenditure [Ref. 11.

A system to which maintainability engineering has been

properly applied can be expected to have lower downtimes

(high availability), quicker restored, and retained longer in

an operationak state. Therefore, the purpose of maintainability

is to provide maximum operational readiness by enabling quick

maintenance performance (consistent with all other system re-

quirements) with given support resources used.

To achieve this purpose, a variety of techniques for

prediction, demonstration and evaluation have been developed,

using statistical measures, such as MTTR, median and maximum

repair time, maintenance man-hours per unit, etc.
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A cost-effective system depends upon the proper balance

between reliability and maintainability. The latter interacts

with safety requirements (access, protection from environmental

hazards), configuration (location of test points, tools, con-

nectors, handles), and costs (cost of maintenance and support

versus maintainability design cost).

During recent years, experience has shown substantial

deviations between maintainability predictions and demonstra-

tions, and actual field data obtained from system use in its

operational environment [Ref. 9]. Actual repair-times have

been proved to be several time longer than the initial predic-

tions and demonstrations. Because they affect life support

cost significantly, this experience should be used in system

procurement decisions.

B.3. LIFE CYCLE COST

The second, and a very important part of cost-effective-

ness is Life Cycle Cost (LCC). It is defined as "the sum

total of the direct, indirect, recurring, nonrecurring, and

other related costs incurred, or estimated to be incurred, in

the design, development, production, operation, maintenance

and support of a major system over its anticipated useful

life span" [Ref. 24).

Cost elements to be included in a given LCC must

be defined for each case separately, but despite that,

the gross approach towards LCC breakdown is that illustrated

in Figure B-3. The total cost of a system includes all
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STotal Systern Cost I

(R&D) (Production) (support) (O&S)

Figure B-3. General LCC Breakdown

expenses for R&D, production, modification, transportation,

facilities, support, disposal, and any other ownership costs

less salvage revenues at the end of its lifetime.

Use of the LCC concept is a result of smaller budgets

dedicated for the DOD by the U.S. Federal Government during

recent years. These tighter budgets caused the use of more

"scientific" approaches in budget planning, after realizing

that procurement costs represent only a part of the total

life cycle costs, and are, therefore, an inadequate measure to be

used for planning purposes and in procurement decision processes.

Analysis of DOD budgets confirmed that operation and support

costs compose 40%-60% of the DOD budget as a whole, and caused

a greater interest in this area. As a result, the main deci-

sion factor in selection of new systems has shifted from

purchasing costs to LCC (Ref. 1].

The main motivation.behind LCC analysis is the possibility

of saving money on O&S costs by increasing the expenditure

during the R&D phase. It enables the analyst to provide the

management with-an overall quantitative picture of the system

-life cycle, and contributes to various decisions reached during

the life-cycle phases.
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B.3.1. Life-Cycle Cost Drivers

The LCC effort concentrates on the search

for those system characteristics that result in large cost

portions, realizing that it is impossible to devote the

same effort to each of the cost elements. These signiti-

cant costs, when isolated, are used to reduce the LCC of

the system by applying trade-off techniques, modification

of policies, and design changes.

Although cost drivers are peculiar to each

system, some of them can be found frequently, such as stockage

levels, level of repair, downtime, training, manpower, and I
facilities. Concentration upon those elements makes an

efficient LCC program possible.

B.3.2. Inflation and Discounting

Inflation and Discounting can both be used

to modify future costs to present costs. Various LCC esti-

mates can be presented either in ':current dollars" or in

"constant dollars", with the first preferred.

The effect of inflation and discounting can

be combined into an adjustment factor for each year's cost,

as follows [Ref. 1]:

AF= {

where:

AF = adjustment factor

i = average inflation rate/yr

.9
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d = average discount rate/yr. (usually d = 0.1)

n = number of years

Usually, military organizations do not have a predictable

stream of revenues. Therefore, the present value method,

used in the private sector, can be modified into a discounting

method. Other capital investment financial analysis methods

(such as return on investment or pay-back period) are not

recommended for use by military organizations, which often

tend to ignore even the discounting method, as well as infla-

tion (the latter is compensated through annual budgets).

B.3.3. Life-Cycle-Cost Breakdown

A Life Cycle Cost Breakdown Structure (LCCBS)

is an ordered breakdown of the components of LCC, which repre-

sent an accounting model for LCC estimates. Although a standard

LCCBS does not exist, many common elements are included in a

lot of them. The first breakdown level includes usually three

categories: Research and Development, Production (Investment),

and Operations and Support (or Maintenance) costs. A possible

LCCBS is illustrated in Figure B-4.

B.3.3.1. Research and Development Costs.

Research and Development (R&D) costs include all the expenses

necessary to produce a set of engineering drawings and

specifications for release for manufacturing. They cover the

conceptual, definition, and the full-scale development phases.

Systems engineering studies, design, development, testing,

prototype fabrication, O&S planning, and manufacturing planning

costs are included in this category, in addition to customer
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Development Cost
Concept Formulation Cost
Validation Cost
Full-Scale Development Cost
Program Management
Engineering
Fabrication
Contractor Dev. Tests
Test and Eval. Support
Data
Producibility Eng. & Planning

Investment Cost
Non-Recurring Investment Cost
Program Management
Producibility Eng. & Planning
Initial Production Facilities
Initial Spares and Repair Parts
Common Support Equipment
Peculiar Support Equipment
Data
Initial Training
Technical Support

Recurring Investment Cost
Manufacturing
Production Material
Sustaining Engineering
Quality Control and Inspection
Packaging and Transportation
Operational Site Activation

Operations and Support Cost
Operations Cost
Electric Power
Consumables
Operational Personnel
Lease

Support Cost
Maintenance Personnel
Maintenance Facilities
Support Equipment Maintenance
Contractor Services
Inventory Administration
Inventory Holding
Replenishment Spares
Repair Material
Transportation and Packaging
Supply Facilities

Figure B-4. Life Cycle Cost Structure [Ref. 12]
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testing costs, and qualification test costs. R&D costs are

9 divided into non-recurring and recurring costs (one-time costs

vs. costs that occur with each unit produced). A typical

R&D cost breakdown is illustrated in Figure B-5.

B.3.3.2. Investment Costs. Investment costs

V occur during the production phase. The non-recurring

costs of this category include tooling, support and test

equipment, manufacturing planning, new facilities, training

and recruitment, while the recurring costs include manufactur-

ing labor, material, inspection, and support equipment main-

tenance. These costs are charged directly to a particular

part/equipment produced, while other costs, such as building

maintenance, supervision, clerical personnel, and accounting

costs are accumulated and allocated to each part/equipment

as overhead.

A typical investment cost breakdown

is illustrated in Figure B-6.

B.3.3.3. Operation and Support Costs. O&S

costs account for the largest part of LCC during the Use

Period of the system. Operating costs are the incurred

costs, and include operating personnel, energy, and operating

support costs. Support costs include the various costs for

maintenance, provisioning, support equipment, transportation,

training, documentation, site preparation, installation and

security.

Being the largest part of LCC,

O&S costs require a detailed examination. It is obvious
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-- Adanced R&D

System Engineering
Electrical Design
Mechanical Design
Reliability
Maintainability
Human Factors
Producibility
Logistic Support
Analysis

Equipment Development[

Engineering Models
Test and Evaluation

• ngeinig Data

Fikure B-5. R&D Cost Breakdown [Ref. 2]
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Investment]

Manufacturing Engineering
Tools and Test Equipment
Fabrication
Assembly
Inspection and Test
Quality Control
Material (Inventory)
Packing and Shipping

Construction I

Fabrication
Material
Utilities
Capital Equipment

LLostic Support}

Program Management
Provisioning
Initial Spare/Repair Parts
Initial Inventory Management
Preparation of Technical Data
Initial Training
Test and Support Equipment
First Destination
Transportation

Figure B-6. Investment Cost Breakdown [Ref. 21.
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that these cc.-ts depend directly on how much the system

is used. For military systems these costs tend to increase

dramatically during wartime, but because wars are difficult

to predict, O&S cost estimates are based on peacetime

operations. A typical breakdown of O&S costs is illustrated

in Figure B-7.

B.3.3.3.1. Operating Costs are costs

associated with the use of the equipment/system. One of

their major elements is the operating personnel cost,

which includes expenditure on each operating person needed,

such as salaries, cost of training, non-productive time,

recruitment cost, and retirement cost. Usually, operating

personnel costs will not include overhead costs (headquarters

and staff office).

Another important cost

element included in Operating Costs is the energy cost ele-

ment (petroleum, oil, electrical, and nuclear power), which

may account for a significant part of the LCC. Diverse

consumables used by various weapon systems (such as ammuni-

tion, bombs, and rockets), in addition to materials and

supplies for personnel (such as food, uniforms, tools, and

medicines) account for a large portion of operating costs.

External support system costs required for operating military

systems (aircraft carriers, command and control networks,

air defense systems) are often allocated to each system under

consideration.
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Operations and Maintenance

| Operations]

Personnel
Replenishment Training
Operational Facilities
Handling Equipment

SMaintenance I

Maintenance Personnel and
Support

Organizational
Intermediate
Depot

Spare/Repair Parts

Organizational
Intermediate
Depot

Test and Support Equipment
Maintenance

Transportation and Handling
Maintenance Replenishment

Training
Maintenance Facilities
Technical Data Changes

Figure B-7. Operation and Support Cost Breakdown
[Ref. 21
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B.3.3.3.2. Support Costs. Support

costs account for the largest part of O&S spendings and are

mainly generated by maintenance requirements. These costs

can be derived from the Integrated Logistic Support (ILS)

planning, which integrates the maintenance plan, the support

and test equipment plan, supply support, transportation and

handling, technical data, facilities, personnel and training,

logistic support funds funding, and logistic support manage-

ment information.

B.3.3.3.2.1. Maintenance

Costs arise from preventive and corrective maintenance activi-

ties performed. These costs are incorporated in all main-

tenance levels (operational level, intermediate level, and

depot level). It is important to recall that sometimes these

cost estimates run as low as one-eighth of the actual costs

obtained during initial deployment of new systems, mainly

because of deviations in maintainability measure estimates

[Ref. 1]. Software maintenance costs (revisions and correc-

tion of computer programming software) may be added to the

total maintenance costs calculated in the LCC.

B.3.3.3.2.2. Inventory

Costs include two cost categories:

a. initial and replenishment spares and repair-parts costs;

b. supply management costs.

The first category contains expenses on initial procurement

of spares and repair parts, which allow the new systems to

operate for an initial period of time on a defined availability
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level and replenishment inventories purchased to maintain

the desired availability level for the Use Period.

The second

category accounts for administrative cost of entering a new

item into the inventory system, and the cost of retaining it

in the supply system.

B.3.3.3.2.3. Support

Equipment Costs arise from procurement and maintenance of

test equipment, tools, calibration equipment, and transpor-

tation and handling. These costs are usually categoriezed

as peculiar or common, and according to this distinction

apportioned to the systems purchased.

B.3.3.3.2.4. Training

Costs include training equipment, facilities, and service

costs (simulators, mock-ups, books, manuals, special train-

ing aids, and cost of instructors and students).

B.3.3.3.2.5. Technical

Documentation Costs include costs of technical manuals and

logistic data required for operation and maintenance of the

equipment.

B.3.3.3.2.6. Transporta-

tiQn and Handling Costs include costs of packaging, handling,

and transportation of spares, repair parts and material between

maintenance levels and supply points, in support of main-

tenance activities.

B.3.3.4. Miscellaneous Costs are sometimes

considered as a fourth cost category of LCC (auxiliary

costs and phase-out costs). A major cost element of this
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category regards new or modified constructions. It may in-

clude facilities (for operations, maintenance, supply,and

training), site preparation (roads, bridges,and foundations),

site installation (plumbing, wiring, pipelines, air-condition-

ing, and communications), and security requirements (fences,

gates, bunkers, and detection devices). Of these, the most

important for LCC considerations is construction of new ele-

ments, such as silos, launch pads, test range modifications,

and weapon-system facilities. During the evaluation process

of various feasible alternatives, such issues as rental vs.

construction costs should not be ignored, as well.

Another cost element to be

considered is the Disposal Cost. The necessary activities

for destroying missile silos, bomb shelters, concrete struc-

tures, and nuclear devices are complicated and often very

expensive. On the other hand, revenues may be gained at the

end of the life-cycle. Portions of obsolete systems can

usually be sold, sometimes even whole constructions (such as

ships or airplanes). With regard to military systems, the

Foreign Military Sales issue should be incorporated into the

LCC calculations, when a possibility of sales to other coun-

tries exists.
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APPENDIX C

THE OPUS-VII MODEL

C.l. INTRODUCTION

The OPUS procedure [Ref. 18] was developed by SYSTECON AB,

Stockholm, Sweden. The original modelwas designed in 1970 as a

computer-based aid for initial provisioning of spares. New

requirements and experience from more than 100 different pro-

ject applications have led to improvements, making the current

version of OPUS-VII a highly efficient and useful tool with

regard to the following types of problems:

-- Initial procurement of spares and the allocation of

them within a support organization.

-- Reallocation of a given assortment of spares.

-- Replenishment procurement of spares.

-- Reallocation of a given assortment and initial procure-

ment of new types of spares.

-- Cost-effectiveness evaluation of alternative maintenance

and supply support concepts, and alternative system configurations.

Depending upon the type of problem, one or more of the

following Measures of Effectiveness (MOE) can be chosen:

-- System operational availability.

-- Probability of successful mission performance.

-- Risk of shortage when a spare is being demanded.

-- Mean waiting time for a spare.

As for other computer models, the quality of the input

data determines the quality of the output data. For a new
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system, input data has to be gathered from several different

sources, including the manufacturer, and some uncertainty may

be involved. To cope with this problem, OPUS-VII has the

ability to perform sensitivity analysis on the most important

variables. Input data is needed about the deployment and

operation of the equipment, the structure of the maintenance

and supply support organization, and the material structure

of the system.

Combinations of the different MOE's and problem types

will result in a large amount of information. In general,

the output contains the following:

-- Graphs, illustrating how the MOE chosen depends on the

level of investment.

-- Tables for different levels of investment, describing

for each type of spare the number to be purchased and how

these items are best assigned to the different stocks within

the organization.

-- Tables showing how the total initial investment costs

of spares are distributed among the different levels of the

maintenance organization, and with regard to the assortment

of spares chosen.

-- The overall cost-effectiveness curve for the problem.

OPUS-VII has the capability of accepting data for a fairly

complex system. A maximum of 500 spares can be handled. If

the problem is larger, it must be broken down into subproblems

which are handled individually. The results of the subproblems

are combined by a special computer program, OPUS-VII W,
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which performs a marginal cost analysis, and determines the

overall cost-effectiveness curve.

C.2. INPUT DATA REQUIREMENTS

C.2.1. System Data

OPUS-VII was designed to. handle systems with two

indenture levels, Line Replaceable Units (LRU's) and Shop

Replaceable Units (SRU's) (Figure C-1.). Repair parts can be

included in the analysis by treating each LRU as a system,

and its SRU as an LRU; in this analysis the repair parts are

regarded as SRU's.

Recognizing that a specific LRU or SRU may be

common to several different system types, the model has the

capability to handle more than one system in a single computer

run. This requires that the input-data contain the following:

a) System Data:

-- The number of system types.

-- For each system type:

• System MTBF

• The number of different LRU's

• The number of each LRU type.

b) LRU Data:

-- Unit cost.

-- LRU MTBF for each item.

-- The number of different SRU's.

-- The number of each SRU type.
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c) SRU Data:

-- Unit cost.

-- SRU MTBF for each item

Systems

; LRU' s

1 2 3 4 5 6 7 8 9 10 11 SRU's

Figure C-I. An Example of System Breakdown

C.2.2. Data for the Support Organization

The maintenance and the supply support organi-

zations must be built up in a hierarchical way. No .flow of

spares between stations at the same level (echelon) of the

organization can take place. (This requirement can be softened

by use of "dummy stations", with a turn around time of zero.)

The model operates with three types of stations in the support

organization (Figure C-2):

a) End Support Station (ESS), corresponds to depot level,

and may include stockage facilities for the depot.

b) Support Station (SS), corresponds to intermediate or

system level of a maintenance organization, and/or to a stockage

facility.

c) Demand Generating Station (DGS), corresponds to opera-

tional systems.
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ESS1 ES2Depot Level

Level

SS3 SS'SSI~ Mainte-
L Jnance

L 1e Orgarii-

L -G 12 Level

Systemi
Level

Ss.1 St2 SSyst. ys.2Syst.

Figure C-2. Possible Support Organization; An Example

201



Each DGS must be supported by one and only one

SS (the system maintenance level). This SS must be supported

by one or more SS (intermediate level), or by an ESS. The

requirements are not real restrictions. By use of fictitious

SS, it is possible to model almost any support organization.

The following types of input-data must be

specified for each SS:

-- A reference to one or several stations to which propa-

gated demands are addressed.

-- Identification of items which may be kept in stock.

-- Time to repair every item of each system, if repaired

at this station.

-- Time to get a spare from a superior SS, given no

shortage exists.

An ESS is similar to an SS with the exception

that a demand is not propagated to any higher level support

station.

The time to satisfy a demand at an SS depends on

the stock level, the demand rate, and the turn around time for

support, which is composed of a fixed time, including logistic

time, transportation time, etc., and a variable time, repre-

senting the expected waiting time for the type of item being

demanded.

C.3. ASSUMPTIONS USED IN THE COMPUTATIONS

The development of the OPUS-VII algorithms has been

based on the following assumptions:
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-- The demands are Poisson distributed.

-- Mean values of turnaround times are-known.

-- A failure of one item is statistically independent of

those that occur for any other type of item.

-- Repair times are statistically independent.

-- No queues are assumed in the repair organization.

-- The system has been in operational use for a period

of time, long enough that all transients have faded out.

C.4. MATHEMATICAL DESCRIPTION OF THE MODEL

The key variables describing the steady-state condition

at a certain position of the support organization are stock

level, demand rate, turn-around time, unit cost of items

stocked, and the MOE to be used.

The turn-around times are computed using a procedure very

much like the one used for calculation of system mean down-

time (MDT) per failure, described in Section 3.2.

All appropriate time elements of the repair cycle must be

included in the input data.

C.4.1. Computation of Measures of Effectiveness

Computations of all MOEs are based upon a proba-

bilistic approach.

C.4.1.1. Expected Waiting Time (EWT) and the
Expected Number of Backorders

EWT is the average time needed to

satisfy a demand. It is computed for each type of spare

part and for all portions of the support organization. The

formula for EWT is developed under the following assumptions:
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-- A demand can be satisfied immediately if fewer than N

(N is the number of this spare part procured for stockage at

this position) demands have occurred during a period of time

equal to the turn-around time (TAT) for this position,

EWT equals zero.

-- Spare parts are equally spaced in time in the repair

cycle. For (N+x) demands during TAT the time space will

TAT
beN

The first x items finishing the repair

cycle will not be available for the (N+x) th demand, for which
EWT will be x TAT

N+x"

The formula for EWT is

EWT = P{f < N} x 0 + [ P{f =N+x} x TAT ×

x=0 N+x

- P{f =N+x} x TAT x xX=0 N+x

where f is the number of demands, P{f} is the Poisson proba-

bility of f demands, and TAT is the turnaround time for this

spare part if sent to higher echelon.

The expected number of backorders

(ENB) at each position of the organization is computed for

each type of spare parts as

ENB =D x EWT

where D is the demand rate.
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C.4.1.2. System Availability

Based upon the values of EWT it is

possible to compute the average downtime per failure (EDT),

and the system availability (A). The formula used by OPUS

is:

1
A = 1 + D × EDT

The demand rate is D 1 and the formula may be rewritten
MTBF

as:

A MTBF
MTBF + EDT

which is the formula used in Section 3.2.

The expected number of nonavailable

systems (NORS) is found as

NORS = N x (1 - A)

where N is the total number of systems.

C.4.1.3. The Probability of at Least One

Backorder (PALOB)

This measure is found as one minus

the probability of zero backorders, or

PALOB = I - Pif < N} = P{f > N)

where P~f} is the Poisson probability of f failures during the

turn-around time (TAT), and N is the number of that spare part
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procured for the stock. This gives

PALOB = [e- (TATxD) x (TATxD) (N+X/(N+x)!]
x=l

C.4.1.4. The Probability of Shortage Given a

Demand (PSGD)

PSGD is defined in the OPUS manual as:

"The probability that a given demand can not be satisfied

within a certain amount of time T) due to shortage in stock."

The value of T may be specified as an input to the program or,

a built-in procedure will decide this value. A shortage in

stock lasting less than T time units will be left out of

account. For values of T greater than TAT, the probability

of a shortage is set to zero. For T < TAT, PSGD is:

PSGD = [e-(TATD) (TATXD) (N+x)/(N*+x)f!]
x=0

where N* is the integer part of

NXT/(TAT-T)

and other variables are as described above (C.4.1.3.).

C.4.1.5. The Probability of Successful Mission

(PSM)

This measure is relevant when the sys-

tem must operate for a period of time without connection to

the rest of the support organization (e.g., on board a ship),

and only LRU's are allowed to be stocked at the systems level.
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Two new variables are introduced, MT is the mission time and

TBM is the time between missions.

Taking into consideration that a demand

may be satisfied during TBM, the probability that no unsatis-

fied demand will occur (POLLD) during MT is computed for each

LRU, provided that the mission started with a given number

of the spare part in stock.

The weighted probability of successful

mission performance is then given by the formula:

n M(i)
PSM = 1 POLLD (i)

i=l

where n is the number of different LRU's and M(i) is the

quantity of LRU(i).

C.4. THE OPTIMIZATION ALGORITHM

The cost-effective allocation of spare parts is in

principle performed according to the following procedure:

a) The only procurement allowed is of LRU's for the

highest level (Depot) of the support organization. The LRU

giving the best marginal return on investment (improvement of

MOE per $) is procured first. The LRU with the highest

marginal return on investment, given previous procurements,

is procured next. This procedure continues until a specified

level of investment is reached, or the specified value of the

MOE is obtained. A number of points of a "Cost-effectiveness

curve number 1" is found (See Figure C-3).

207

... . .. .. .. . .. . . ... . . . .. ... _ . .. ,. ... 2



EWT

-Investment

Figure C-3. C-E Curve Number 1

b) Allow for procurement of SRU's for the highest level

and LRU's for the next highest level (normally intermediate

level or a stockage facility) of the organization. Select

a number of points (maximum fifty) of "C-E curve number 1."

For each of these points, compute the marginal return on

investment for each spare part, and procure the one with

highest return per $ given previous procurements. Find the

next spare part to procure etc. A set of CE curves is obtained

(see Figure C-4), the envelope of which is "C-E curve number 2.

EWT

C-E curve no. 1

no. 2

L- Investment

Figure C-4. C-E Curve Number 2
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c) Include the next lower level of the support organiza-

tion and repeat the procedure, item (b). Continue until LRU's

for the maintenance level directly supporting the system is

included, and the final C-E curve is obtained.

The results of the optimization procedure are:

-- For each level of investment, an optimized value of

the MOE.

-- For each level of investment, the optimal assortment

of spare parts.

-- For each assortment of spares, the optimal stockage

policy.

C.5. LIMITATIONS

A maximum of 500 different types of LRU's and SRU's

can be handled by OPUS-VIl. The product of the number of

different stock points and the number of different types of

spare parts can not exceed 1500. Larger problems must be

divided into subproblems, each subprcblem is then analyzed by

OPUS-VII. The results of the subproblems may be combined

by a special computer program, the OPUS-VII W, which will

determine the overall cost-effectiveness curve for the

problem.

The assumption that demands are Poisson distributed, is

valid for electronic systems, but is less practicable for

mechanical and some other types of systems.

It is assumed that no queues exist in the repair cycle.

For some spare parts it is normal to batch a number of items

before repair is undertaken. If so, OPUS-VII will overestimate

the MOE.
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APPENDIX D

LEVEL OF REPAIR MODEL (LOR MOD III, AIR)

D.I. INTRODUCTION

Level of Repair (LOR) models are used to determine the

Life Support Cost (LSC) policy during the operating and sup-

port phase of the life cycle. These models, therefore, omit

acquisition costs. Four models known as "Military Standard

1390-B(NAVY) LOR" models exist. One of these, the "Naval

Air Systems Command Equipments" (AIR) model has been used

for this thesis.

The AIR computer program is complex and written in

SIMSCRIPT. This could be a-drawback if the user does not have

a SIMSCRIPT compiler since the model is meant to be used by

the manufacturer in the early phases of the system life cycle,

as well as by the user later on.

LOR analyses are based on operational factors such as

operating hours and base loading factors; support factors such

as maintenance action rates, maintenance times and costs; and

non-economic factors. The purpose of the analyses is to estab-

lish the least cost feasible repair or discard decision

alternative for performing the maintenance actions, and to

influence equipment design in that direction.
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D.2. GENERAL DESCRIPTION OF AIR

D.2.1. LOR Codes.

AIR is designed to simultaneously consider all

parts of the system according to their arrangement in a part

hierarchy, as illustrated by Figure D-1.

System

- - - - - Y _ -- - - --

SUB-S A 1 1.1.2.2 1.2.3.21

Figure D-1. System Breakdown in AIR

The computer model considers three levels of

indenture: Weapon Replaceable Assembly (WRA) corresponding to

LRU, Shop Replaceable Assembly (SRA) which corresponds to

SRU, and SUB-SRA which are the sub-assemblies necessary for

repair of SRA.

For each indenture level, four LOR alternatives

are available. These are:

a) Intermediate Repair, which is the equivalent of local

repair in other models and occurs at operational sites, in-

cluding carriers.

b) Prime-Intermediate Repair, the equivalent of intermediate

repair in other models, which occurs at a Prime Intermediate
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Maintenance Activity (PIMA), a site with additional repair

facilities compared to the basic operational site.

c) Depot Repair.

d) Discard.

Two major assumptions are used in the assignment

of an LOR code to an item. (1) The LOR code assigned to a

WRA does not depend on which of its SRA's failed (similarly

for the SRA and its SUB-SRA). (2) An item can only be

shipped to a level of repair hiaher than that for which its

higher assembly is coded. Th-se two assumptions make it

possible to assign a uniq-s LOP posture to each item, and

they will for each item g c all possible combinations of LOR

codes.

D.2.2. Spares Inv'aatory

AIR makes a distinction between spares inventory

for repair and discard policies. For the repair posture,

inventory levels are calculated for each item, site, and LOR

alternative. The on-site quantity is divided into two separate

inventories: the Part 1 allowance- or Attrition quantity,

against assemblies being repaired at a higher level of the

maintenance organization; and the Part 2 allowance, or Rota-

table Pool, against items being repaired at operational sites.

The rules for operating sites are based on ASOINST 4441.15B

[Ref. 16], and are summarized in MIL-STD-1390B(NAVY). The

stock level for a given item and site is computed as the sum

of the two amounts. A system stock is established to replace

all items lost to the organization because they have been
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condemned. Further, thi stock contains a safety quantity

to cover excess demands on the support pipeline.

For the discard alternative, the entire spares

inventory is included in a single stock quantity, the "Dis-

card Inventory," which is equal to the anticipated number of

removals per year. No buffer stock is computed for the dis-

card posture.

Some oddities, the reasons for which are not

obvious, are as follows:

-- The objective is to provide a 95 percent confidence

level against stock-out. This measure is not directly re-

lated to the required system effectiveness.

-- The calculation of inventory level is based on a Poisson

arrival distribution, but the exact formula is not used. The

approximation used seems to underestimate the quantity of

spare parts needed.

-- The attrition quantity per site is a function of unit

cost, the higher the cost, the lower the attrition quantity.

D.2.3. LSC Allocations

Life cycle logistic support costs are calculated

for each item, each LOR alternative, and different cost cate-

gories. The costs are divided into allocable and non-allocable

costs.

Allocable costs are those which can be associated

with particular items, in contrast to non-allocable costs,

those that are commonly used by several items.
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AIR allocates costs to six major categories:

(1) Inventory, including stocks, administration, repair and

scrap material, and transportation; (2) Support equipment,

which includes costs of hardware and support of the hardware;

(3) Space required by inventory storage, repair work, and

support equipment; (4) Labor; (5) Training of technical

personnel; (6) Documentation. These cost elements are des-

cribed in more detail below.

D.2.4. The Optimization Procedure

Some of the allocable costs depend on the LOR

code of the item, and on that of its next higher assembly.

Thus, for a WRA four LOR decisions are possible, each of which

is associated with a specific cost, while for an SRA, nine

combinations exist. These possible assignments are given

as follows:

Assignment Assignment of
of ITEM next higher

Case (SRA) ITEM (WRA)

1 IMA IMA

2 PIMA IMA

3 Depot IMA 1

4 Discard IMA

5 PIMA PIMA

6 Depot PIMA 2

7 Discard PIMA

8 Depot Depot 3

9 Discard Depot

Discard 4

The four or nine costs corresponding to the

different assignments are computed for each assembly, and for
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its next higher assembly, if applicable. The optimization

procedure is initiated by finding for each SUB-SRA the

optimal LOR assignment for each possible assignment of its

SRA. The optimal assignment of a Sub-SRA, given that its SRA

is assigned to IMA, e.g., is the smallest cost from cases (1)

through (4) in the table above. If the SRA is assigned to

PIMA, it is the smallest cost of the cases (5) through (7);

and if the SRA is assigned to Depot, it is the smallest cost

of the cases (8) and (9). For every possible LOR code of an

SRA, the optimal assignments of its Sub-SRA's are determined,

along with their costs.

The next step is to find the optimal assignment

of each SRA. The life support costs of the SRA are already

available from step one. For each possible assignment of a

WRA the optimal assignment of each of its SRA's is found, con-

sidering both the SRA costs and the costs of the optimal

assignment of their Sub-SRA's. Having found the optimal

support costs for each WRA considered at each level of repair,

the costs of the optimal assignment of its SRA's are aummed.

The final step is to find the optimal assign-

ments of WRA's, taking into consideration the costs of its

SRA's and Sub-SRA's. The following four quantities are

calculated:

-- The LSC for the WRA if assigned to IMA plus the sum of

the optimal costs for all its SRA's and Sub-SRA's, given this

assignment.
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-- The analogous quantity for the WRA assigned to PIMA.

-- The analogous quantity if the WRA is assigned to

Depot.

-- The LSC if the WRA is discarded.

The smallest of these costs determines the LOR

code for the WRA and its sub-units.

Non-allocable costs are assigned to the item

at the highest indenture level for which they are common.

D.2.5. Input Data

A variety of input data must be prepared in

order to describe the system being analyzed and the support

organization. Special pre-designed forms facilitate the

preparation for the analyst. The following categories of

data are needed by the program:

-- Parameters and System Data:

Data defining the size of the problem, e.g., the number

of sites, the number of systems per site, the number of man

types, etc., and data needed by the overall operation of the

model, such as life cycle period, cost factors, repair cycle

times, and labor hourly rates.

-- Site Data:

Data defining and describing the different maintenance

sites and the support activities such as site type, required

days stock, system data, and distant repair data.

S-- Identification:

Defining the various parts of the system being analyzed

and their position in the parts hierarchy by a part number,
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the number of the next higher assembly, and the item

number.

-- Item Characteristics:

This set of data includes unit cost, MTBF, materials

cost per reapir, scrap rates, and other descriptive data,

such as weight and volume.

-- Manpower Data:

Describing the various kinds of manpower required to

support the system. Included is training cost per technician,

quantity needed, and attrition rates.

-- Task Data:

Defining and describing verify and repair tasks, and the

associated requirements for manhours, support equipment, space,

and documentation.

-- Other Input Data:

The analyst may specify alternatives in terms of pre-

designating the LOR codes for some or all items. Further,

he may specify sensitivity analysis to be performed for some

of the input variables.

D.3. COST ELEMENT COMPUTATIONS

All cost calculations are based upon formulas included

in MIL-STD-1390B(NAVY). Formulas are developed for repair

and discard alternatives, as well as for land-based and

carrier-based equipment.

The main differences in cost calculations for land-based

and carrier-based equipment are that the required days of stock
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and the transportation cost from the central stock are

higher for the carrier based systems.

D.3.1. General Basis of Computations

The annual number of items received for repair

at each level of the maintenance organization can be predicted,

based upon the number of systems, the MTBF for the system, and

the optimal LOR alternative. To obtain the actual number of

repair tasks, corrections are made for items falsely removed,

assemblies that are beyond the Capability of Maintenance (BCM)

at a particular site, and the fraction of failed items that is

scrapped. All these fractions are input data, which are used

for computation of manpower, transportation, inventory, and

other cost elements.

The present value of annual recurring costs is

obtained by use of one of the following three discount factors:

-- Normal Discount Factor (NDF) is used with expenditures

occurring as equal payments, starting one year hence and t'r-

minating at the end of the life cycle

NDF = (1 + DR) Y - 1

DR x (1+DR)
Y

where:

DR = Discount Rate;

Y = Number of years in the life cycle.

-- Present Discount Factor (PDF) is used with equal payments

starting at the present and terminating one year prior to the
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end of the life cycle

( + DR) -1
PDF = -DR x (1 + DR)Y - 1

-- Reduced Discount Factor (RDF) is used with equal

payments starting two years hence and terminating at the

end of the life cycle

RDF (I + DR) 1 -
DR - (1 + DR)

The model does not include the effect of

inflation.

D.3.2. Inventory Costs

Included in this cost category are Inventory

Administration Costs (IAC), Total Repairable Inventory Costs

(TRC), Repair Scrap Costs (RSC), Repair Material Costs (RMC),

and Transportation Costs (TC). The Tual Inventory Cost (TIC)

is

TIC = IAC + TRC + RSC + RMC + TC.

D.3.2.1. Inventory Administration Cost (IAC)

IAC is the cost of local management,

entry, and retention of the repairable item and its peculiar

components in the NSN system.

The equation used for IAC is

IAC = [IEC + (IRC +FAC x NS) xNDF] x (1 + NPC]
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where:

IEC = Item Entry Cost;

IRC = Item Retention Cost;

FAC = Field Supply Administration cost per item
per site per year;

NS = Number of Sites Repairing the Item;

NDF = Normal Discount Factor;

NPC = Number of Peculiar Components.

The values of IEC and IRC are obtained from historical data.

D.3.2.2. Total Repairable Inventory Cost

The repairable inventory quantity con-

sists of the Rotatble Pool Quantity (RPQ), the Attrition

Quantity (AQ), and the System Stock Quantity (SSQ).

RPQ is stocked at the operating site

to allow immediate replacement of items repaired locally. A

Raw Rotatable Pool Quantity (RRPQ) is computed for each site

as RRPQ = ANR *RPCT, where ANR is the annual number of repairs

of the item, and RPCT is the repair cycle time for local re-

pair measured in years. The RPQ is determined from the follow-

ing table:

RRPQ RPQ per site

<0.1 0

0.11-0.59 1

0.60-1.29 2

1.30-2.09 3

2.10-2.89 4

2.90-3.89 5

> 3.9 INT{RRPQ + l)
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The Attrition Quantity (AQ) is, just as RPQ, stocked at the

9 organizational level. AQ is meant to replace those items

sent to higher level for repair. A Raw Attrition Quantity

(RAQ) is computed per site for Local Repairs and for Off-

Site Repairs.

The basic formula for RAQ is

RAQ = annual number of failures per item times the required

years of stock at the site.

AQ is not dependent upon RAW only, but

is a function of unit cost of the item as well. A table for

AQ as a function of RAQ and unit cost is included in the AIR

model. An example is:

unit cost ($) <0.17 0.18-1.25 1.26-7.0 7.01-36 >36

AQ per site: 5 4 3 2 1

With the ability to fulfill a given

demand as the measure of effectiveness, the favoring of inex-

pensive items may lead to a low system availability. Further,

if RAW is less than 0.34, AQ is set to zero.

The System Stock Quantity (SSQ) is

stocked at depots or designated resupply points.-.SSQ is procured

to satisfy demands due to anticipated losses during the pro-

curement leadtime and to account for repair cycle times ex-

ceeding required days stock. For each item, SSQ is computed

as
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SSQ = INT[FS + T x NP x (l-BCMP) + T2  ND]

where:

INT = Integer part (rounded off);

FS = Total number of the items scrapped during a
period of time equal to the sum of the
procurement leadtime and a safety period;

T1  Repair cycle time from IMA to PIMA minus
the required years stock at IMA. If this
difference is negative, T1 is set to zero;

NP = The total number of failed items of this
type received at PIMA per year;

BCMP = Fraction beyond capability of maintenance
at PIMA;

T2 = Repair cycle time from site or PIMA to
depot minus required years stock.

As indicated, the SSQ is not affected

by RPQ and AQ; for items having a reasonably high MTBF and if

only few systems are procured, it is possible that all three

quantities will be equal to zero.

The total repairable inventory quantity

per item (TRQ) is

TRQ = RPQ + AQ + SSQ

and the total repairable inventory cost (TRC) is the summation

for all item types of the system of TRQ times the unit cost

of the items.
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D.3.2.3. Repair Scrap Costs (RSC)

9 The repair scrap quantity is the

inventory procured throughout the life cycle to replenish the

system stock quantity due to items being scrapped during the

repair process. The AIR model calculates an annual repair

scrap quantity (RSQ) for each repair facility in the support

organization. For each maintenance level a "scrap fraction"

is contained among the input data, and the RSQ is computed

as the annual number of repairs (for each item) multiplied

by the fraction of items scrapped. The life cycle RSC is

the summation for all items and all repair facilities of the

product

RSQ x unit cost of item x PDF

(MIL-STD-1390B uses a normal discount factor, while AIR uses the

present value discount factor (PDF), which is more correct.)

D.3.2.4. Repair Material Costs (RMC)

This cost element accounts for the

cost of parts required per repair action, excluding parts which

are included in t.e analysis. The total RMC is the summation

of the cost at all repair facilities. For each item RMC is

computed as

RMC = ANR x unit cost of item x RMR x PDF

where:

ANR = Annual Number of Repairs for this item;
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RMR = Repair Material Rate.

RMR has a great impact upon this cost

element, as has the scrap fraction on Repair Scrap Cost. The

values of these variables to be used must be based upon experi-

ence from similar equipment, the manufacturer's suggestion,

and other relevant sources, but still uncertainty will exist.

D.3.2.5. Transportation Costs (TC)

In this model TC is an element of

inventory costs. Included are the costs of packaging, handling,

and transportation to and from operational, repair, and stockage

sites. The costs are computed per site as functions of

packaging and handling rates per cubic foot and transportation

rates per pound.

In principle, the life cycle costs of

transportation are computed as

TC = NDF x [ [AN(i,j) x TRRPi j x WI + PHR "xISS]

i,j

where:

NDF = Normal Discount Factor;

AN(i,j) = Annual number of items sent from site i to
site j;

TRRP. = Transportation rate per pound from site i
Ri' to site j;

WI = Weight of the item;

PHR = Packaging and handling rate per cubic foot;

ISS = Inventory storage space per item, cubic feet.
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The procedure used by AIR may be

*suitable for the Navy, but for other organizations (especially

in small countries) simpler, more specific, and less

demanding methods may exist.

D.3.3. Support Equipment Costs (SEC)

SEC is computed as the sum of support equipment

(TSE) acquisition cost (SEAC), which is a one time cost, and

the annual cost of maintaining the support equipment (MSEC ,

which is computed as a fraction of the initial investment

for support equipment.

Two types of TSE are considered in LOR decisions.

First, an item may require Peculiar Ground Support Equipment

(PGSE) for fault isolation or verification. Second, TSE may

be designed to serve a group of items, in which case it is

required at a repair facility if at least one member of the

group is assigned for repair at this facility.

D.3.3.1. Peculiar Ground Support Equipment Costs

In the PGSE cost equations that follow,

the total cost of one PGSE set is defined to include the unit

acquisition cost and annual recurring support costs, the

total amount of which is the Unit and Support Cost of a

PGSE (USCPGSE).

USCPGSE =UCP x [ + SSEYI + SSEYY x RDF]

1 +DR

where:

UCP = Unit cost of the PGSE;
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SSEYl = Support cost rate for the first year;

DR = Discount rate;

SSEYY = Support cost rate for succeeding years;

RDF = Reduced discount factor.

The quantity of a PGSE required is a

function of the LOR alternative and is computed for each item

for IMA, PIMA, and Depot level repair.

The life cycle cost of PGSE is the

summation for all types of PGSE at all repair facilities of

the following product:

USCPGSE x NRS x NS

where NRS is the quantity of thePGSE required for this type of

site, and NS is the number of sites.

D.3.3.2. Common Ground Support Equipment Costs

The life cycle cost of a set of common

support equipment is computed using the formula

SSEY1
USCCOMSE = UCC x [1 + I +DR + SSEYY x RDFI,

where UCC is the unit cost of the common TSE and other varia-

bles are as for PGSE. A utilization factor is not used.

D.3.4. Space Costs

Space costs are computed as the sum of the cost

of space for inventory, support equipment, and repair work.

The factors involved in the computation are the number of

items, the size of the items, and the cost of space. The
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cost of space available to the government already is

9 excluded.

Inventory Storage Space Cost (ISSC) is calcu-

lated for each storage facility:

ISSC = TQ x CPY x SPI x NDF,

where TQ is the total quantity stored at this site, CPY is

the cost of space per cubic foot per year for the site, SPI

is the storage space per item, and NDF is the normal discount

factor.

The cost of support equipment space

(SESC) is computed per site:

SESC = NSE x SR x CSPY x NDF,

where NSE is the number of support equipments at this site,

SR is the space required per support equipment, and CSPY is

the cost of space per square foot per year for the site.

The cost of repair work space is

obtained quite analogously with the cost of support equipment

space.

Finally, the total cost of space is

the summation of all costs of space for all sites.

D.3.5. Labor Costs

The cost of maintenance labor is computed only

for direct maintenance actions on the item itself. The labor

cost is calculated for each site of the maintenance organization
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as the sum of the costs of verify tasks and repair tasks.

9 The cost of verify tasks is associated with the discard

posture and is not included for repair cases, which only

takes into account the cost of removing and replacing the

failed lower-level parts; these will be piece parts if the

given assembly is a lowest-level item.

The maintenance labor cost equations

are too extensive to be reproduced. Some reasons for this

are:

-- to find the least cost alternative, it is necessary

for each item, to compute the labor costs for the following

cases:

* IMA repair.

* The item is repaired at PIMA, its higher assembly

at IMA.

* The item and its higher assembly are both repaired

at PIMA.

* The item is repaired at Depot, its higher assembly

at IMA.

* The item is repaired at Depot, its higher assembly

at PIMA.

• The item and its higher assembly are both repaired

at Depot.

-- Different labor cost per hour at different levels of

the maintenance organization; even for one site, several

different hourly rates can be used.
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-- The model assumes that a fraction of items removed has

no real failures ("Fraction of items falsely removed").

The general form of computation of the

cost per site is as follows:

Cost of labor (number of maintenance actions) x

(manhours per maintenance action) x

(cost per manhour).

As complex as the labor cost equations

are, it is surprising that the onlyelements of the repair proc-

ess included are the removal and the replacement of failed parts.

D.3.6. Training Costs

Training costs are computed for each LOR alterna-

tive. For the IMA repair case, a training cost is incurred

for each operational site; additionally, costs occur for the

back-up facility (PIMA or Depot). For the PIMA repair cases,

training costs are incurred for each PIMA and Depot facility;

discard training cost is included for each IMA site if the

higher assembly is repaired at IMA level. For depot repair

cases, training costs are incurred for each Depot; discard

training costs are incurred for other sites, which repair the

higher assembly.

The number of men to be trained per site is an

input variable, with no relation to the number of manhwours

required, upon which the computation of maintenance labor

costs is based.
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The training costs are divided into the initial

9 cost and the recurring cost due to personnel attrition. The

training cost per site (TCPS) equation is:

TCPS = NMT x TCPM x (1 +PAR) x NDF

where:

NMT = Number of men to be trained for this site;

TCPM = Training cost per man;

PAR = Personnel attrition rate for this site;

NDF = Normal discount factor.

TCPM is not specified, so it is possible to

include all relevant elements of cost as described in Chapter

III.

The total maintenance training cost is the

summation of TCPS for all sites of the organization.

D.3.7. Documentation Cost

In AIR documentation includes the following ele-

ments: the drawings and specifications which make up the

system technical manual, the Logistic Support Analyses Record

(LSAR) preparation, provisioning lists, and other relevant

documentation. The cost of documentation is the sum of the

costs for each level of the support organization.

For equipment already in production, the cost

of documentation will normally be marginal, and an estimate

will be obtainable from the manufacturer.
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D.4. OUTPUT REPORTS

tThe results of a run of the AIR model are presented in

the following six reports:

a) Total LSC, a summary of costs by alternative and indenture

level (WRA, SRA, Sub-SRA).

b) Item Summary Report with Maintenance Scheme, a summary

of costs by alternative and item.

c) Breakdown of LSC, percentages are given by alternative,

cost category, and indenture level.

d) Total Inventory Values, values are given by alternative

and item.

e) Per Site Inventory Values, given by alternative, item,

site, and type of inventory.

f) Sensitivity Analysis Report, a summary of LSC, asso-

ciated LOR codes, and percentages are given by alternative

and data set.

An alternative consists of a predesignation of LOR

codings for some particular items; the model will decide the

optimal solutions for the remaining items. Six standard

alternatives are always included in a run. In addition, up

to forty other alternatives may be specified by the analyst.

The six standard alternatives are:

a) All WRA's Discard;

b) All WRA's Local Reapir--All SRA's Discard;

c) All WRA's Local--All SRA's Local-Sub-SRA's optimized;

d) All WRA's Local--All SRA's PIMA-Sub-SRA's optimized;
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e) All WRA's Local--All SRA's Depot-Sub-SRA's optimized;

f) Least-Cost Alternative, no predesignations of LOR codes

are made.

Examples of such output reports are included in Appendix

F.

D.5. AIR USED FOR REPAIR/DISCARD DECISIONS

AIR considers the discard alternative by comparing, for

each possible LOR alternative, the difference in support costs

for a repair versus a discard posture. The model is designed

as a tool to be used during all phases of the life cycle and

it does not place any restrictions on the level of repair

policy. Therefore, the equations used for repair/discard

decisions are much more complex than those developed in

Chapter IV.

Since AIR does not allocate costs to the categories

used in this thesis, and since the equations used by the

model are given in MIL-STD-1390B, only fundamental differences

between computations or between cost elements included in

AIR and in the approximated formulas developed in Chapter IV

will be discussed.

D.5.1. Maintenance Manpower Costs

AIR assumes that a discard action, if any, is

performed at the organizational or intermediate level for

assemblies having a unit cost of less than $5,000. More ex-

pensive items are discarded at depot level. The manhours re-

quired per discard action and per ipair action are input

data, but to obtain correct results from the model, it is
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necessary in the "Time to Remove and Replace Failed Parts"

to include all the other time elements of the repair action,

and in "Labor Cost per Hour" to include overhead. If this is

not done, the model will favor the repair alternative.

D.5.2. Cost of Test and Support Equipment

In AIR, "Discard Peculiar Support Equipment"

(DPSE) may be used for checks and tests of an assembly dis-

carded at failure. This cost is allocated to the maintenance

site, that repairs the higher assembly. If a cost of DPSE

is not entered, AIR will not use the cost of peculiar support

equipment for repair purposes in computation of the costs of

a discard action, but will set the cost of support equipment

to zero.

D.5.3. Inventory Costs

The main weakness in the computation of inventory

costs for discarded items is that AIR initially buys spares

for one year only, even if the procurement lead time is more

than that. This leads to a lower life cycle cost of discarded

items than the equations used in Chapter IV suggest.

The procedure used by OPUS-VII (Appendix C) and

the one used by AIR for determination of initial procurement

of spares are so divergent that no real comparison is possible.

In most cases, AIR's suggestion will be insufficient for

fulfillment of a ninety five percent system availability,

and if this is required, the cost of a repair alternative

is underestimated.
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D.5.4. Training Costs

In AIR a special training cost for the discard

cases is given in the input data. For an item repaired at

failure, different training costs are computed for each level

of repair policy. For the organizational level, a repair

training cost is incurred for each operational site and for

the back-up facility (intermediate level or depot). For the

intermediate level, a repair training cost is computed for this

level and for the depot; further, discard training costs are

included for each operational site. For the depot repair

alternative, repair training costs are included for this

site, and discard training costs are computed for the sites

which repair the higher assembly.

D.5.5. Transportation Costs

For the discard cases, AIR computes this cost

element as the cost of shipping an assembly from the resupply

facility to the site where the item is discarded; by using a

transportation rate of zero, it is possible to simulate that

the item is stocked at this site.

For the repair cases, the transportation costs

are computed as the sum of the costs of shipping the failed

item to the site at which it is repaired and the transporta-

tion cost from the resupply facility to the repair site.

D.5.6. Other Elements of LSC

The costs of documentation are predetermined

(input data to the program). If space not already available

to the organization is needed, the different requirements for
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a repair versus a discard policy must be estimated and

included as input to the program.

D.5.7. Conclusions

The AIR model takes into consideration many of

the cost elements judged as insensitive in the development

of the simplified equations for repair/discard decisions

(Chapter IV). Except for the limitations mentioned in

Section 5.2.6., AIR is found to be adequate for evaluation

of LSC and repair/discard decisions.
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t APPENDIX E

THE SIMPLE MODEL

E.l. INTRODUCTION

SIMPLE was programmed for two reasons. The first is

that, in addition to AIR, it was needed for parts of the

numerical analysis in Chapter VI. The second reason is a

desire to illustrate that useful estimates of Life Support

Costs (LSC) and its elements can be obtained without using a

complex model.

All cost and delta-cost (repair/discard) equations are

based on the general cost formulas developed in Chapters III

and IV.

E.2. CHANGES FROM CHAPTER III

Changesto the cost breakdown illustrated in Figure 3-3

are marked by 1) in Figure E-1. Using OPUS-VII for computation

of initial investment in spares, it is more convenient to

compute AI as AICU + AICL + AICS (the sum of entering costs

and initial investment in LRU's and SRU's). To make the output

more illustrative the costs of documentation (AOCD) and space

(AOCG) are divided into a cost per level of the support organi-

zation (AOOD, AOID, AODD and AOOG, AOIG, AODG, respectively).

Some cost elements [marked by 2) in Figure E-1] are not

relevant to the example in Chapter VI. A zero cost for these

elements is entered as input to the model.
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E.3. COST EQUATIONS

The cost equations used in SIMPLE are based upon Chap-

ter III. Since the specific equations used in the model are

designed for the system, the support organization, and the

support policy stated in Chapter VI, such variables as cost

per site of test and support equipment (common and peculiar)

and documentation are assumed to be given (input data).

The initial procurement of LRU's and SRU's is computed

by OPUS-VII and the cost is used as input to SIMPLE. In the

example, the initial investment in repair parts is assumed

insignificant and set to zero (in a real situation this cost

would be known and should be included). For computation of

the annual recurring cost of repair parts, fixed values are

used per LRU and SRU repair (ACMCL and ACMCS, respectively).

More accurate cost estimates require the use of a different

value for each module.

An annual recurring cost of updating and maintaining

documentation and maintaining space is computed as a fraction

of the initial investment in these elements.

The main part of the source program and an alphabetically

sorted list of input variable names are found in Sections E.5 and

E.6. An example ofinput/output data isincluded in Appendix F.

E.4. DELTA COST, REPAIR/DISCARD

For each repairable module, SIMPLE computes the change

in LSC if the module is discarded at failure. A negative

value of "Delta Cost, LRUi/SRUj Disc. At Failure" [DLTL(i)
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and DLTS(j)] among the output data indicates that, based on

9an economical evaluation only, this module should be discarded
at failure.

The delta cost equations used in SIMPLE are based on

the formulas discussed in Chapter IV.
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E.5. THE SIMPLE PROGRAM*

C
C 'FFCG;A4 c14PLtLSC MCD=L

C

C tEFIHITICN CF FlLc;

C
CALL FQCS'17r7 1,111 ,6")SK #?F!L=!.1 ',

1 ICATt 1'O1( ' 'BLK-IZ= 1 91 33 ,'tIC,%I4
CALL F'RTCMS(1FILEC'F 1111)- 191)ISK I ,-FTL;-1C -*,

1CU It$( 11'3LKS!!FE 1,1133 vftPEP'4 0)

C
C rLIPLI CATO
C *44**44**4
C
C

C C C PPC N L 5C , 3, R N , P,7 TO 4N 0 T S 2, T INV --4 vT - 41N 9TT R4 N S, 1C TH C-R

C

+ I CC9A01 0 r I G, DICG, AC M
C

CC .C 6 CE
C

CP C 1ACC IF0 Kq 41C, o .LC , N9RVPIR NtRMIP
C

+FPC~RCF,FSCCNtCPRMOCN,RC CNPRi4CPIPN,MICP, C i

C
W"I rc

C
+P l vC *C I, C PI C t T ,TT g" 1 R C N -C tkC N ; C)

C
+FC CICt FPC CG, CCE -CP-Tz FTNSUC1:,RF9

C
4A L f , F ( 1

C

C
C4**44**4*4**4*4**L**4* CA**********4**4*******

C

C
C***4444**4**4****L(6*r3******* **'GC*****L**Ip4****,*****

This printout exhibits only those parts which have
been programme4~ by the authors. Additional parts adopted
from Colonel Paisson's program (Section 5.4.1) are omitted
(such as definitions and read and write statements).
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FILC: A)FCPIFAN A NAV.4L !)CC.T(RAOLAT7 SCHiCOL

C A)
CCt k'N FPLqL ! 91SRL !tKLPJ(6) ,NSRI.(111 , Nr:ZPPL(o It PS (I )

c Ax
CCP CN ,NCx~A~AI~A

C xx
*CFSS(11lRLCL ,RLIL,RL -L,TCA,TCA!,CA' ,QLT),ANF.1C xx

C x )
CCP'PCN ANFAI, i

C XX
+AttFAE,TFAC,1PhI,T--CENTC,I-f)LC X)

C XXl

CC.41CN ICTC qI CTII VT- X)
C A)

CCPMCN rCCC.- X)

*CCIP,CCCF,FICINCVI4L,C)N3s4~rL~C.C,-7ILALAT', XXX

+I V CC 1,A4IcA VCCC tCCT 'JSK9 SPII'I, PC IL(6 ~C IS( 11 t XX
c X)

+CI!AR,AFF,51,S2,S3,NY X)

C x )

C X)
C ENC CF C978 XX
C XX

C xx
FEAL LSC ,oNILRLS ,'4FUS,NLRU,NS-RU, X)

+NF;T ,KS hl ,NC tN1TC,N PT I N4 TO XX
* C xX,

C (ALCLU1ICh CF LIFE iUFPQRT COST (LZJC) XX

C XXl
C CUTIRCL-ELCC( xx

C XX
C TH'IS ELCC$ C NTFCLS TH.': UTILIZA'T.CN X)

C CF 1I-E FCLLCWING ECL47icNS. XX
C X)

C-C JC(2621t XXl
LC xx

*262t ,262Cv6C25, (5,20,--2t E 9803O XX
C xx

*33!C ,36CCJ1CCt38CJ,'.55,6O,4o5'JI2O1,51lJO,5125951 C,52-'O, x

+522!,52!C,56CC,5C.,80-l,'~2~62i65J6L,,C,60 xx
r XXl
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Fit':: ))FCPRAN 3 %AVL PCSTGRADCLATE SCH1CCL

c *iCC,6aCC71CC,72CC,13)C, 1600, 1C0,78C'J,20OO250C,3CCC,35O), xx
C 4C#4(,CC5C X)

4 CC15(,9C,5C T6 COOto500 1OOJ,7500, Ii Jq 1200,dCC6, 3016, XX

C *ICCCtS9gSS),JFK U

C. XX'
C LIFE SLPPCP-'T CCST FC!AIIrNS LSEC. IN SlPL XXi

C ~xxi
* C** LIFF SUFFCP7 CC57!,ICTAL xx!

ICCO LSC =XXF
CC rC 5cc xxi

C** LSC,PANFCWExx

C X

C-C TC 5CC xX

L~CT~ENC~vXX

C XX

C-C ic 5CC XX

C* L !CItIN N C xxV
C x
13C1 TINVEK .ACsPC Xl

CC IC 5CC Ax

C LSCtTRA1NPhr11N
C A~
14C1 17PAIN = ACA

C-C IC 5CC A

C** L!CCTIRhSLE7A7INT x
C x

16CI TC7tFP 2AC4PC x

C**JtINTIAL IN E1FNTCTL
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FILcE: )X FrCPTRA1N I 'AVAL P cTCAOLA7E SCHCOL

C )
12CC Ph 2 P4P+IR+TP X)

C-C iT 5CC A)

* IhMT!AL t'5I'PC*F-l C:STS,FXCL. 7IN' X)

2cco 300 C. X)
CC TC 5CC A)

X)
C** I&SE,]KI1IAL INJESIMENT X

C X)
25CC tS = AlC4A -I+ASC K)

1?4 hl4ENJC,, I N IT I L INVE; T~r-N' x)
C X)
3CCO AI - A IC L +4 C S+, 1CU

CC TC iCC A)

C*4 TFAININGIT !A'.
C X)
35CC tC 2 ACC4ACI#ACC*8CCF X)

C-C TC 5CC X)

C*'1 'FANSFC'4TAl1EK,lNIT!,AL COSTS X)
C~ C)

CC T CC 44*x*f**44x*s * * * *
X)

C CWE-R INCSTIV: CrSTS A?
C X)

G C TC 5C( A)

M* ANPC'oER CCSTSOFr-CL V]-,NY~jv YEA-S X)
C X)
50CO RIP z R.CCNtFICNPACCN+RMPNR'vIPN+RiCPN A?

C-C iT 5C( A

Cf LFPEFI CF Tf.SE,NY yEA5 s X)
C X),
55CC R S = PSCCN.F-cICN-tiCCN x

C-C iC 5CC X)

!E1C,*C,*Ic CO rS,N'w YE-ARS A)
C x )
60CO PI = PCLN*RICSN+QICXN+RICVN A)

CC iT 5CC xx

C** ~Tr.AINING,RECURRIlC CirSTSN'Vy YS:A~S x
C X )
65CC PC z PCCS*AC[N+RCcN A)

C-C TC 5CC xx

C"* iRFC;rji1IN CSTS,'f YEAQS x x
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FIL;: : FCRiR.Th N .VL PriT~jRfADLATr SCHCiCL

ICCC z h+; 7I CN1 K+P7C,:hA)
CC IC 5CC A)

C C*IF,-; AE(LR~liC Cr'STS,4Y Y'ES x)

75C0 C C T INu~ x

G-C IC 5CC

26CC CCNT INUS A)X
tsc = SCA+ASCC X)(
CC 7C 5CC(A

XXt
2t25 C C NII NLE x )

tSCA A!C.AL*NS X
CC IC 5CC X

C xX
262C ASCC Co.X

CC 2f5l 1=1,6 xx
ASCC=fiSCC#CFSL(I,*KS X)(

2651 CCNI(INUE X)
C-C 7TC 5CC )

X)

21C Ic sT = AS1A+Aslo )
C-C TC 5CC XY

C X
2725 ASIA A$IhL*N1 X)

CC 1C 5CC X)
AX

27!C BSIC =A$CC*N1/NS AP
CC 2751 .=1911 X

A!IC=*SICcpssfJ)*NI X
2175!1 CC htI fytr X)

CC 7C 5Cx

C A)
28CC IS' z ASEA+AcCC

CC 7C 5CC XX
X)

C X)
2d2! A!CA 6!8CAL*FD X)

C-C TC 5CC X)

C A
283 ASCC =C. X)

CC 2E51 x=ioll X)
3ScC=.15cc.cp55 t,)*Kc X

28!1 CCNT INUE X;.
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AIc ) FCR~tFAN I NAVAL orTGQ40LA'5 SHHflL

CC TC 5(CX

31 CC AICL C. J
IC 3101 1 =1,6 Ax

AICL:sAICI..ZCIL CT) X)
S1C I CCN7 INtE XXl

Cc 7c =cc XXl
X)

32CO fICS = C. xx
CC 2201 j=1911 xx

AICSSSICSFCIS(J) XX
32CI CCST1NLE Ax

CC TC 5CC X)
XXc
XXt
X)

33!0 AICL (= R!(ctlt4RJ*N+rl+PTN)cT XX

ccC c X)

36CC ACC - NM'1C*IC704NS X)
CC IC 5CC X)

37CC .5CI z Nlf~114CTI*NI X)

CC TC 5CC XXl
C XXl

38CC ACC =NMTC4ICTC*NC xx
CC IC 5CC X)

4.5!C ICCC CCCP4?NS XX
cc IT 5CC XX

X)

46CC 4CiC =CC!P*N1 Ax
cc IC 5CC XX

C XX
46!C ACCC CCCR*KC x

CC IC 5CC XX

* 11g CCNIITNUE XXl
P= PPCCe+R'IC.RMCC O'CP.' IP #;liP+PSCC*.IS I>*PSZ~*R ICL+ CS+ X)

CC IC SCC xx

12C1 CCNTINVJ xx
IF (CISOI.LE.C.) G!'2TC 12,)2 xx
CF z (1.-tI .4CiLSRTICC)**( -NY) i/U)SRT'lC3) xx
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FILE: )F CRTR.N I NAVAL PCS'zT3,PDLJTE SCH11OL

PCF A .~.DS/0)* -N.. /CSTiJ
CC TC 5CC x

12C2 CCNTIINUE A
[F z NVxx
FOFZ KV-. XX
cc IC 5CC xx

C xx
51ICC POCC I (FF F35 )1 S *S *RLCL4TCA1 A X

R1MCCh F"PCC*OF XX
CC TC 5CC xx

C A X
5 125 7NLRLF -- C.xx

CC 5126 1=1,6 XXI hLR L F hLRL;F N NL RU T 130F 3 65 XAPFL I) x x
5 126 CCNI INUE XX

RPIC z1ftL;LF*TCI*'...IL xx
PP'IC?' = PPIC*CF xx
CC IC 5CC xx

C XX
5150 TNSFLF zC. xx

CC 5151 ;=I'll xx

5151 CC ST YNUEc XX
RPCC z 1hS;F*RLCL* T CfiC XX
PPCCh = FM'CC*CF XX
CC TC 5CC xx

C XX

52CC CCNTIKLE XX
RPCF = NSAFC71*L, XX
Rf'CFI' a FN'.F*CF XX
CC IC 5CC XX

C XX
5225 CC.NT!NLF xx

RPIF = rS*irNAI*TFA1*QL[L X x
QMIFN z FP'!F*CF xx
CC IC 5CC XX

C X X
5250 CCNTINLE AX

Rfacp z N!*iNPAO*TF1:*QLOL xx
RPC~h = PtMCF4CF xx

-'CC 7C 5CC AxX

C~ XX
916CC CCS1 INLE A )

RSCC a8SCC*FACI% XX
PSCCN A SCC*CF XX
CC TC 5CC X)
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F IL E:) FCRRAh~' NVL PC STGR OL.t'~ SC(YT

c X)
57CC CC N I Nur- A)

F S C ahS Ir FAC IN
ASO= PSEC*CF xX

CC TC 5CC A)
xx

C A X
58CC CCNTTNUE x )

FSCC = ASCC*FACIN X)
RSCCN = FSCC*CF X)
CC IC 5CC A)

tICC CCNI INLF X)
QICL = C, XXl
cct ~I CI 1 IL,t x )

R I CLQICL ( AP P F*%S* %'L:U 1 6 ~5/X'lF L *C, hL *rL{'
6I1 CNTIINLE X)

RICL' = PICL*CF XXl
cc ic 5CC X

C A
62CO CCS1INUE X)

F Ics = C. )
CC kiC1 J=1z IIXX

RPI CS= R IC 4 ( AP P*N S* JSR! J T6/ X4FS )) j*CDN S*CS(J XX
62C1 CCNTINUE xx

RIC~h PIC!*CF X )
CC TC 5CC xx

C X)(
63CO FICK F FII'(IPICK x x

RICKlk P.ICI4CF AX
CC TC 5CC XX

C X)
6325 RtiK = TL.:LF*AC~'OC X)

RIlKN A Ifl(*CF x
cc TE 5CC A)[

-I63!C FICK = ISRLF*AC?'CS Ax
RIlKN =PICK*CF X

ccICc X)

64CC RIC . = (LPLS*NSs(?'LIuS+'S;US)*NI*(MSPI5+NP-T)Njee*-CL: XXl
RICON RICV*CF Xx

66CC FCC z ACC*ATTCL X)
QCCN P CC*CF X)
CC '!C 5CC xx
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ci:)X FCOIRAN A NAVAL OOSTGRA)LA-S SCHGG7L

6 7CC PCI a ACI*AY77 IL
KCIN x RCYT*F
CC IC 5C(

oeCC PCC -aCC*SIICi
PCCN x ACC*CF
CC Ic 5CC

71CCP7C2 TSLOLF#AVCCI*CmrT

CC T( 5CC

72CC F7! = TNSPLF*AVC!C*CN'

CC TC 5CC
x

C x
73CO PTCE =(INPiI*AVCC!*.'NOAt*AVOrjCI*C1Q-T x

FICFS P TCE*CF
CC iC 5CC x

x
C x
16CC PCCC tl{CCC+ACICC)*UDSK x

FCCC% FCCC*CF x
CC IC 5C( x

C x
77CC FCCC =(ACCCtACIC..CCG)*SPAIN x

RCCCN R CCG*CF
CC IC 5CC

c x
2621 CCNTINUE

CC 2,2 1=1,6 x
CL(Ila(1(II*S3 x
)K~FL( I )Xf'FL( I)*1 K

2622 CCNIINUF

CC 2t23 .=1,11 x
CS IJ)=(S(J)*S3 K
)PPFSI. )=sXPFS(J )*S1 x

262? CCSTINUE x
ICIC-TCAt *5. x
ICAI:1CA I*S2 X,
!CAC=TCAC*S4 x
GCC it 5CC X

C X,
78CC FCCE = ACCN4ACCE)*C.1 x

PCCEN F CCE*EF x
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LF rEi )) s NASVA~L Pr-TGRDL8-E SC.L

X)
C xx
iCC6 CCt'TINLF X)

cc EM( 1319t xx

dcC CCATINUC XX,
CC TC 5CC XXl

xx
cc XX

dcIICC I ME x1 X

CC T( 5CC xx
CAX

C C C S CF F E FAI 1 zt 1 U C F C ISC -'C AX

C LOL 0S: XX
C 444XX
C XY
8CCe CCNTINLE xx

CC ecc9 1-1,t xx
~ I JJ c. XX

LTL(Ij=2.C*AFUWI*CLh(1(.-C)L)*AFL(j*RCF*CL(t)-or7LU!) xx
C L 7 L i I )=ELI iL I CL IL*TC I T4',;tT-)*Q1L'L *TC AD) #CF *AFL( (I) X)

C L IL Ii zC LL I IE STr-*) F*HC L ) * P0L ( ) . )*N0 x )
CLTL I I)=CL TL (I -(C4CL+AC%4C-- *DF*AFL( I) A)
C Lt L ( I)CLTL ( I- ( COIAVD1-.*Acc 1*C40*CF*AFLl' xx
1F(CL(!).GT.aCJG.) GO 173 8C27 xx

CLTL(I)=CLIIUJ)-j.-RLCL)*TCA:)tAVXC*C'40TJ*CF*AFL(1) XX

C SPIA.S: xx
C ***XX
C X)
d~lS CCNTINUE xx

CC E(1S .=toll xx
C L IS ( j IC X
CL1S(J :.*S.*F ,D*SL)ASJuocN)Diu xx
CL1S(4 i..LTSfJ)-1F*AFS( J)*PqLT1)*QLCL*7CAD) xx

CL~h)aCLS1J-CP~IJ~(L.CCF*AC'N*NlXX
C L TS( J I zD L -S(J i-(N TC +-*HQI LC J (0 S (J I .J*N 01XX
CLlS (J1:CL, S(J )-(A 4CS+AV')tC*CMO/2.)*rLFsAFZ-(J) xx

IF (C ( J). GT.SCJiC.) GO TO3 8C14 XX
C L 7S (Ji) aOLIS WJ (5 A VO 17)*CMC T+ I -PR L T.0*R L L 7 C C C F P ) XX

8014 CC1%rINUE xxecis CCNTJNUE XX
c-c TC 5CC x

C*** 4*4*444 4**********************-* ********* 44*#*** AX
C Y X
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FILE: ) ~ FCR!PAb I NVAL 0C 5 TGRADCA-= SC'IGZLI

qs,; IIITuSx
EN~c xx
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E.6. VARIABLES USED IN SIMPLE

The following alphabetically sorted variable list in-

cludes the variables used in SIMPLE:

VARIABLE NAMES USED) IN SP4PL=E
(ALPI,48ETICALLY SCRT=-D)

ACMACL : CCNSUPO,&MAT,/LRU REPAIRpAVERAGE

ACMCS : CCKSUM.MAT,/SRU REPAIR,AVERAGE
ANPAC : ANNUAL 4 OF PREV~r41NT*ACTDEP-LEVEL

ANPAI : ANNUAL # OF PREV.4AINT.ACT.1INT-LEVEL

ANPAC : ANNUAL # OF PREV.MATNT*ACT.OiRG-LEVEL

ACIG : SPACE COSTS INT-LEVEL

ACOG : SPACE COSTS,ORG-LEVEL
ACOG : SPACE COST 'ZEPL~E

APPF : CPERATING HCURS/r7STEM-)AY

ASCAU : T&SE,COMMON,CGS/SITEt0EP-LEVEL

ASIAU : T&SE 9CCMMCN,COST!fSITE ,INT-LEVEL
ASOAL : T&SE,CCMMON,COS 1/SITE ,C G-LEVEL
ATTOL : TECHNICIANtATTRITIrJN RATEIDEP-LEVEL

ATTIL :TECHNICIAN,ATTRIT[IN RAT E9,4T-LEVEL

ATTCL :TECHNICIANtATTRITIQN RATE,ORG-LEVEL
*AVOID DISTANiCEPMILESINT-OE-P-LE-VELROUNO TRIP

AVOCC 3DISTANCE,MILES,CRG-DEP-LFVEL,RCONJ T;IP
AVOCI : ISTANC~tMILES,C RG-INT-LcVEL,- OUN) TkIP

CCOR O CCUMENTATICN CCS T /SITE,DEP-LEVEL

CDIR :COCJMENTATICN COST/SITE,INT-LEVIEL

CCNL :CCNIEMNATItJN RATE,LRU RSPAIR

CCNS :CCKOEMNATII.N RATEtSRU REPAIR
CCOR :CCCUMENTATICN CCST/SITCEORG-LEVEL

CLI 3UNIT CCST,LRUl
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FILE: INPUT CAT A NAVAL POSTGRADUATE SCHOOL

CL2 : UNIT CCSTLRUZ
CL3 :UNIT COSTeLRIJ3

CL4 : UNIT CCSTtLPU4
C15 : UNIT CCSTLRU5
CLb : UNIT COSTvLRU6

CMaT ; TRANSPCRTATICN,COST/4ILE

CPSLI : T&SEPECULIARtLRULoUNIT C3ST

CPSL2 : T&SEtPECULIRLRu2I.JNIT COST
CPSL3 : T&SEtPECULIAR,LRU3,UNIT COST
CPSL. : T&SEqFECULIARvLRU49UNIT COST
CPSL5 : T&SE,PECULIARPLRU5,UNIT COST
CPSL6 : TCSEPECULIARLRU69UNIT COST
CPSSI : TESEoPECULIARoSRUI,UNIT COIST

CPSSZ : T&SEtPECULIARoSQU2,UNIT COST

CPSS2 : T&SEPECULIARiSRU3,UNIT COST
CPSS4 : T&SEPPECULIARSRU4,UNIT COST

c PSS 5 : T&SE tPECULI AR, SRU5, UN IT COST

CPSS6 : T&SEPPECULIARSRU6,UNIT COST
CPSS7 : T&SEPECULIhRtSRU7,UNIT COST

CPSS8 : TESE,9PECULI ARt, SRU8UN IT COST

CPSS9 : T&SEtPECULIAR.,5RU9,UNIT COST
CPSSIO : T&SEtPECULIAR,SRUIO#UNIT COST

CPSSI1 TESErPECULIARiSRUIUNIT COST

CSI U: UIT CCST,SRUI

CS2 :UNIT COSTSRU2
CS3 :UNIT CCST,SRU3

CS4 : UNIT CCST,SRU4
CS5 : UNIT CCST,SRU5
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FILE: INPUT OAT A 'AVAL PO'STGRADUATE SCHOOL

CS6 : UNIT CCST#SRU6

CS? : UNIT COSTSRUT

cStl : UNIT CGSTtSRU8

CS9 : UNIT COSTSRU9

CSLo : UNIT CCST,SRU10

CSiI : UNIT CCSTSRUJI

CISRT : CUSCOLNT RATEtg

ENTC : INVENTCRY ENTERING COST

FACIN : T&SEPECULIAR,FRACTION,ANNUAL COST/IN'v

KCLC : INVENTORY HOLDING COST

PLRUS ; NUMBER OF DIFFERENT LRU'S

PSRLS : NUMBER OF DIFFERENT SRUIS

NO : NUMSER OF DEP-LEVEL SITES

hi : NUMBIER OF INT-LEVEL SITES

NLRUI : NUMBER OF LRUI/SYSTEM

hLRU2 : NUMBER OF LRU2/SYSTE4

NLRU3 : NUMB'ER OF LRU3/SYSTE4

NLRU4 a NUM4BER OF LRU4/SYSTEM

NLRU5 : NUMBER OF LRU5/SYSTEM

SLRU6 : NUMBER OF LRtU6/SYSTEM

N14TO : 0 CF TRAINEE/DEPOT SITE, INITIAL

?kMTI : 0 CF TRAINEE/INTERM. SITEINITIAL

KMTC a0 CF TRAINEE/OPERATIONAL SITEINITIAL

rtPRT :NUMBER OF CCNSUPABLES IN INVENTGRY

Ns : NUMiER OF OPERATIONAL SITES

NSRUI : NUMBaER OF SPUI/SYSTEM

NSRI32 : NLJM3ER OF SRUZ/SYSTEM
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KSRU3 : NUHM3ER OF SRU3/SYSTSM

K SRL4 : NUM:3EA OF SRU4/SYSTE?4

I'SRU5 : NUMiER )F SRU5/SYSTSM

hSRU6 : NLM4ER OF SRU6/SYSTEM

NSRUl : NULaiER OF SRUT/SYSTEM

KSRU8 : NUMiER OF SRUS/SYSTE4

NSRUS : NLt'3ER OF SRU9/SYSTES4

NSRUIO : NUM'3ER OF SRUI.O/SYSTE?4

NSRUI1 : NUM3ER OJF SRUll/SYSrEM

NY : LIFE CYCLE PERICOPYEARS
FCILl : INITIAL PROVISICN1~4G COSTLRJ. (OPUS)

FCIL2 : INITIAL PROVISICNING CCST,LRJ2 (OPUS)

FCIL3 : INITIAL PROVISICNING COSTLRU3 (OPUS)

FCIL4 : INITIAL PROVISICNING COSTLRJ4 (OPJS)

FCIL5 : INITIAL PROVISICNING COSTLRU5 (OPUS)

FCIL6 : INITIAL PROVISICNING dCST,LkU6 (CP'JS)

FCLSI : INITIAL PROVISICNIAJG COSTSRUI (OPUS)

PCISZ : INITIAL PROVISICN[IG COST,SRU2 (OPUS)

PCIS3 : INITIAL PROVISIONING COSTtSRU3 (OPUS)

FCIS4 : INITIAL PROVISICNING COST,SRJ4 (OPUS)

PCIS5 : INITIAL PROVISICNING COST,SRU5 (OP!JSJ

FCIS6 : INITIAL PROVISICNING COSTISRJ6 (OPUS)

FCI S7 : INITIAL PROVISICNING COSTSRU7 (CPU~j

PCLS8 : INITIAL PROVISICNING COSTSRUS (CPUS)

FCISS : INITIAL PROVISICNING COSTSRU9 (OPUS)

PCISIO : INITIAL PROVISICNING COST,SRtJ1O (OPUS)

PICISlI : INITIAL PROVISICNING COST,SRUII (OPUS)

PPLI : NU03ER OF PECULIAR PARTS,LRJI
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FILE: INFL7 CAT A NAVAL POSTGRADLArE SCHIOOL

PPL2 : K103ER 0 F PECULI AR PARTS, LRU2

FPL3 : NUMBER 0 F PECULIAR PARTS,LRU3

FPL'. : NUMdiER OF PECULIAR PARTS,LRU4

FPL5 : NU~iER OF PECULIAR PARTSoLQU5

FPL6 : NUMBER OF PECULIAR PARTSLRfJb

Fpsl : NUMB3ER OF PECULIAR PARTS,SRUI

FPS2 : NUMdER JF PECULIAR PARTS,S.U2

FPS3 : NIJMBER OF PECULIAR PARTS,SRU3

FPS'. : NL03ER OF PECULIAR PARTS,SR04

FPS5 : NUMBER OF PECULIAR PARTSvSRU5

FPS6 : NL~i'ER OF PECULIAR PARTS,SRUb

FPS7 : NU03ER OF PECULIAR PARTS9SRU7

FPS8 : NUI' ER OF PECULIAR PARTS,SRUa

FPSi : NUMBER OF PECULIAR PARTS, SRU9

FPS1C : NUMBER OF PECULIAR PARTS, SRUlO

PpsI1 : NUMdER OF PECULIAR ?ARTS,SRUI.

FRITC : RATIOCISCARU TO REPAIR 4ANHOURS

RLDL : I4ANHCUR RATEvDEP-LEVEL

R LI L : MANHCUR RATE, INT-LEVEL

FLOL : MANHCUR RATE,ORG-LEVEL

scs ; UNIT CGSTSYSTEM

SP?4AIN : SPACE9MAINT. OFFRACT. AN*N./INV.COST

Si: MTBF#MULTIPLICATICN FACTOR

S2 : CCRR.PAINT-TIME,MULTIPLICITION FACTOR

S3 3 UNIT COSTMULTIPLICATION FACTOR

7CAO : AVERAGE MANMOURS/CORR MAI NT.ACT *CEP-LEV

TCA I : AVERAGE MANHOURS/CORR.MAIN4T.ACT.1NT-LEV
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ICAC : AVERAGE MAN1HOURS/C'JR.AINT.ACT.CRG-LEV

TCTC : CCST/TRAINEEPCflURSE,DEP-Lc-VEL

7CTI : CCST/TRAINEEtCOURSEINT-LEVEL

7CTC : COST/TRAINEEtCOLRSEtORG-LEV L,

TPAC ; AVERAGE TI4E/PREV.14AI.NT.ACT.cDE?-LEVEL

7PAI : AVERAGE TIME/PREV.M1AINT.ACT.INT-LEVEL

IPAt, : AVERAGE TIME/PREV.MiAINT.ACT.JR,;-LEVEL

LCSh( : CCCJMENTATI CNFRACT IONA-NN./ INV. COST

fl4FLI : MTOF,LRUI

)PvFL2 : MTBFLRU2

)PPFL3 : MTeFLRU.3

)MFL'. : MTBFvLRU4

)l'FL5 : MTeFtLIRU5

)IdFL6 : MTEFtLRU6

)MFSI : MTBFtSRUl

)FAFS2 : t4TOFSRJ2

)?4FS3 : MTPBFtSRU3

)MdFS4 : M'3F*,RU4

XMFS5 : MTBFtSRU5

)l'FS6 : MTBF,SRU6

fl'FS7 : MTeF,SRU7

)MFS8 : MTBFSRUS

)PFS9 : MTEF,SRU9

)"MFS1o : PTeFSRU1O

)PffS I I : 4TBFtSRUll
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APPENDIX F

INPUT/OUTPUT DATA

F.l. INTRODUCTION

This appendix includes four categories of computer

printouts:

a) Input data for the models AIR, OPUS-VII, and SIMPLE.

b) Examples of AIR output.

c) Examples of OPUS-VII output.

d) Examples of SIMPLE output.

F.2. INPUT DATA

Table F-i includes an alphabetically sorted listing of

the input data variables used in the three models. For each

variable, its name, meaning, and numerical values used in

the example are included. The letters S, A, and 0 correspond

with the models (SIMPLE, AIR, and OPUS-VII, respectively).
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TABLE F-i. Input Data

FILE: SCAT JATA 4 NAVAL POSTGRADUATE SCHOUOL

INPUT CATA

S=51 PPLE A=A IR

15. ACMCL : CCN3UFv.&M4AT./LRu; REPAIR,A ERAJ-E s

35. AC-14C S : CONSU?0.CMAT./S.'J RFPAIR,AVERAJE S

1.ANPAD : ANNJAL 4 OF P)REV.AATNT.ACT.DEP-LEV!_L s

12. ANAI : ANNJAL 4 OF PREV.'AIfNT.%CT.INT-LEIEL S

365. ANPAC :ANKJAL 4 OF PRFV.MAINT.ACT.'R1RLFEVELS

0. ACJG :SPACE COSTS 9DEP-LEVEL S,
14000. AOIG :SPACE COSTS9ENT-LEVEL s
24C00. AODG :SPACE COSTS,0RG-LEVFL S
24. APPF : OPERATING HCURS/SYSTE-JAY S,A,C,

1.8 ARTL :ACTIVE REPAIR TIME LRU'"S A C
1.8 ARTS : ACTIVE REPAIR TIME SRU"S,
450. ASJAU : T&SE,COMMiON,COST/SITE,OEP-LEVEL s

250. ASIAU : T&S-7-, COMMON PCOS T/SI TE 9IN r-LE VE L s

5J* asOA1. : TESc, CCMMCN%,COST/SITECR.G-LEVEL S

.05 ATTCL : TECHNICIANtATTRIT-Th RATS90E'-LEV L S,A

.15 ATTIL : TECHNICIAN,ATTRITION R4rE,1NT-LEVELSP

.2 ATTCL : TECHINCIAN,ATTRITION RATE,CRG-L.EVEL SA

loc. A NO 1C : DISTANCE,M4ILESINT-)EP-LEVEL,RJ]UN) T R IP S
loc. avocc : DISTANCEtMILES,CRG-JE-L EL,.:ZOUI4D TRIP 3

30. avoci : DISTANCE,MILES,CRG-INT-LEvE-L,OUN~fJ TRIP S
1680. CDDR : DCUMENTATICN CL TSI TJEP-vES,

90co COIR : OCCUMENTATICN COST/Sr TE,1 INT-LEdEL I

.bJC6 CCNL : CCN)EIMNAT1JN R4TE,LRU R=PA; I
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FML: SCRT DA~TA A NAVAL P03T5RADUATC SOOJL

.02 CONS : CCNJEANATI)N RATESRU R 04I SA

5J. CCOR : CUCJMENTATICN CClSTfSIT'.ztJ)R-L'-:EL s 9

3015. CLI. : UNIT 'OOSTLRtl S , A,9C

47CS. CL2 ; U KI T CICSTPLRU2f

416J. CL3 :UN IT CCSTtLRU3 3A , C
30'.0. CL4 : UNIT CC'ST,LRLJ4 tc

10610. CL5 :UNIT COST,LRU5 lc

11ibJ5. CLo UNIT CrJSTPLRU6 lt

*3 CMCT : TRAASFCRTAT[O.1,C3ST/4IL2: 
s

3cc. C PS LL : T &S , PECULT AR, LRi, JN IT C)ST SA

300. CPSL2 :T&S%--PECULIAR,LRU2,!IIIT COST SA

30C. CPSL3 : T&SEvPECULIARvL!RU3,'UiIT C'ST S,

300. CPSL4 :T&5E,PECULLARtLRU4,lJNIT COST S,A

32C. CPSL5 :T6SEc,PECULIARLRU5,(JNIT (-CST S#A

33Co CPSL6 : T&SEPPECJLIAR,LRjo,uNIT COST A

3180. CPSSL T&52,PECULIAR,SRU1,ijNIT COST S,A

3180. CPS52 :T&S',2,PECULIAR,SRU2tUNIT CCST SA

3180. CPSS3 :Tf.S~tPECJLtAR,3R.'3,JNIT COST SA

3180. CPSS4 T TSPr ECULI AR 9SRU49 JN IT CJST S,9A

3180. C P NS5 :T&SE,FECULIARtSRU5,UNIT CISrT S ,A

318U. CPSS6 : T ESE, PECUL IAR, S RJ6,UN I T COST StA

3183. CPSS7 : T&SE,PECULIARSRU7,UNIT COSTS

3180. CPSSa : T&SE,P-cCULIAR,SRU8,UNV' COST a

3180. CPSSS :T&S~qFECULIAR,SRU9,'J4IT C 'S5TS A

31d0. Cpssio : T&SE,;)ECULIARPS-RI),UNIT COST S ,A

3180. CPSSIIL T&SE,PECULIARtSRU11,UNIT- COiST '

1023. CSL UNIT CGSTPSRUl 11

325. (52 :UNIT CCST,SQU2 3A
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485. CS3 :UNIT COSTSRUJ3 StAgE

177U. CS'. : LNIr CCST,SRU4 S9

96C. C5 UNIT CCST,SRJ5 3 ,A , C

21C5. CS6 : LNIT COST,SRU6 S IA,9C

10C5. CS? * UNIT CCSTSRU7,A,

1575. CSd : UNIT COSTSRU8 S.,AC

74C. CS9 : UNIT C0STSRU9 S IA Ic

89c, CSI~j ; UNIT CC~S,SRU10So9L

1345. CSI1 UNIT COST,SR;JIl SA ,c

3. C ISR T : OISCCLNT RATE,.% , A

4c3. ENTC : IN~iNTCRY ENTER.ING COST SA

.1 FACIN : T&SE,PECULIARFRACTTON,ANNUAL CCST/INV S, A

20. FSAC : FIELD SUPPLY ADMIN. COSr(s/ITEM/SITE/YR) A

50. KCLC : INVENTORY HCLOING COST SA

1. 5 ISC : INVENTORY STORAGE CJST(S/St0.FT/YEAR) A

6. PLRLS : NU.%dcER OF DIFFERENT LRUIS A'

.0C3 PRLRU : MATERIAL RATE LRU"IS(FRACTIO4 JF U.C) A

#33 RSRL Z MATcERIAL RATE SRtJ"StFRACTIOi OF U.C) A

110 0S.Rus : NUMB3ER OF DIFFERENT SRu'S SvAC

1. ND : NUM3ER OF DEP-LEVEL SITaS S , 4tC

2. NI1 : NUMiER OF INT-LEVEL SITES ,C

3. NLRUI. : NUMBER OF LRI/SYSTE4 SA ,C

6. NLRU2 : NUM3ER OF LRU2/SYSrE-M AI

2. NLRU3 : NUMB ER OF LRU3/SYSTE4 S IAIC

7. NLRU4 : NUMBER OF LRU4/SYSTE4 SA, C

2. NLRU5 : NUMBER OF LRU5/SYSTEM S, AIc

1. KLiRU6 : NUM3ER OF LRU6fSYSTr=M S, %,c
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6. N4TO i CF TPAINFE/OEPOT' SIT;-, INITIAL s ,A

4* MTI 4 CF TRAINEE/JNTCER-4. SITE,IN~ITTIL SA

4a NMTO : CF TRAINEE/OPERATIONAL SITEvINI TI AL S,9A

198. NPRT : NUM3ER CF CCN'SUM'AiLES I'i INVENT.ORY SA

24. NS: NUMi3ER OF OPERATIONAL SITES SAc

13. ?hSRUl : NUMBtER OF SRUl/SYSTaEM S. At

L2. NSRL2 : NUP3ER OF SRU2/SYSTE4 5, ,c

3. NSRU3 : NUMB'~ER OF SRU3/SYST=?4iA,

12. hSRL4 : NU LM 3E R OF SRIJ41SYSTEi4 S9 4,c

4o NSRU5 ; NUM3ER OF SRU5/SYST'=-M S, A.c

8. NSRUib : NUMBER OF SRU6/SYSTEM S,AC

2. NSRU7 : NUMBER OF SRU7/SYSTEM ,C

4, NSRL8 : NLM3ER OF SRU8/SYST=EM SAC

2. NSRLS : NLM.3ER OF SRU9/SYSTEM SA,C

1. f'SIRUi0 NUlM3ER OF SRU1O/SYSTEM ,C

3. NSRU11 : NUMBER OF SP~il/SYSTEM ,t

15. N~Y : LIFE CYCLE PERICD,YcARS SA

2. FC: PACKING COSTA

1230U, FCIL1 : INITIAL PROVISICNING CCST,LRJl (UPUS) s

376',0. PCIL2 : INITIAL PROVISICNING COST,LRU2 (CPuS) S

124d0. FCIL3 : INITIAL PROVISICNING COST,LA03 (OPUS) S

15200. FCIL4 :INITIAL PROVISICN'JG COSTLRU4 (OPUS) 5

53350. FCIL5 : INITIAL PPOVISiC-NIIG COSTLRJ5 (CPJS) S

218520. PCIL6 : INITIAL PRO VI S ICNI\IG COST,LRUb (OPUS) S

1530C. FCISl : INITIAL PROVISICNING CCST,SRJI (CPIUS) S

2275. FCIS2 : INITIAL PROVISICNINC, COST,SR'J2 (OPUS) s

L940. PCIS3 : INITIAL PROVISICNING CG-STSRJ3 (G~PUjSj S

424dCo FCIS'. : INITIAL PR"IV IS ICN I ;G C CS TS kot (CiPUS J S
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FILE: SCRT CAIA A NAVAL POSTGRADUATE SCHCC3L

3844J. FCIS5 : liIIAL PROVISICNI'IG CGSTSRJ5 (OIPUS) S

2T365. FCI S6 : IN~ITIAL PROVISf:ICNPG CCSTSRJb (CPIJSJ S

3015. FCI S7 : INITIAL ?P.OVISICNI'JG COST,SRJ7 (OP~US)S

9450. Pci se : INITIAL PQOVISICNI' C~STSR'J (CDIJSJ 3

2960. FCI S9 : INITIAL PROVISICNI41; C0STvS~'J9 (CPUJS) S

1780. FCISIO : INITIAL PROVISICNING COSTSR'J1j (GLS) s

8070 . PCISLI : INITIAL PRJ,.VISICNING C9ST,SRkJll ('JPu.,j S

52. FLT : PACCUPE4ENT LEA0 TIME (WEEK(S)Ap i

42. FPLI : NUP'3ER OF PECULIAR PARTSLRUI S ,4

15. FPL2 : INUEF OF PECULIAR PARTSLRU2 S.,A

17. FPL3 : NU lid ER OF PECULIAR PARTS,LPU3 S,A

0. FPL4 : NUtMiER OF PECULIAR PARTStLRU4 ,

42o FPL5 : NUPBER OF PECULIAR PARTSvLRU5 5,4

36. FPL6 : NUP3ER OF PECULIAR PARTS,LPU6 S,A

22. FPS1 : NUM3ER 3F PECULIAR PARTS,SPUI S,A

31. FPS2 : N~lj3ER OF PECULIAR PARTS,SRU2 S 9A

11. FPS3 : NUM3ER 3 F PECULIAR PARTS,SRU3 S ,A

15. FPS4 : NUt"32P OF PECULIAR PARTS,SR04 3,A

I7. FPS5 : NUMaER OF PECULIAR PARTS,SRU5 , A

24o PPS6 : NLPaER OF PECULIAR PARTS,SRU6 SIA

18. FPS7 : NUI'3ER OF PECULIAR PARTS,SRU7 SA

24. PPSa : NUM3ER OF PECULIAR PARTS,SR~d S,A

10. FPS9 : NUPBER OF PECULIAR PARTS,SRU9 S,A

8. FPSLO N U P 3E O0F PECULIAR PAPTS,SPUlU O

Lao FPSIl : NUf'BER OF PECULIAR PAITSSRUll S,A

.4 FPL7C : RATItOISCARO TC REPAIR MANtiOURS S

25. PCOc : REPAIR CYCLE,ORG-DE'C( DAYS)
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FILE: SCRT LIATA A NAVAL POSTGRADUATE SCHOL

6. RCIJI : REPAIR~ CYCLECJRG-IJTI DAYS) ,L

guo poc : REQUIRED DAYS CF STCDSARPRVLA

3T. ROJC : REPAIR CYCLEORG-IiNT-CEDtOAYS) A9,

15.5 PLOL : MAN64CUR RATE, iJEP-LEVEL S ,A

10. RLIL : MANHCUR RATE, T'T-LECVEL A

10. PLOL : MIANH-CUR RATEink ,-LEV EL 9A

ISGOOC. SCS : UNIT COSTSYSTEM sr

6. L : SACETY LEVEL(Wa-c(S) A

el SFMAIN : SPACE,MAINT. OFFRACT. ANN./IN4V.COST

1.51 : MTBFtMULTIPLICATION FACTOR S

1.S2 : CCRR.M4AI NT-TIM4E,MULTIPLICITION FALCR S

1. 53 : UNIT CCST,MULTIPLICATIC4 FACTCR S

3. ICAD : AVERAGE MANHOURS/CORR.MAINT.ACT.DEP-LEV s

3. TCAI : AVERAGE MANtIOURS/COPR..'AAINT.ACT.IA'4-LEY S

2.2 TCAO : AVERAGE MANHOURS/COoMAkI.NT.ACT.0ikG-LEV S

15CJ. TCT0 : CCST/TRAINEEvCOLRSEt3EP-LEVEL SA

75C. TCTI : CCST/TRAINEE,COURSEINT-LEVEL SA

500. TCTC : COST/TRAINEE,COURSEORG-LEIVEL S,A

8. TPAO : AVERAGE TIME/PREV.MAINT.ACT.DEP-LEVEzL s

5, TPAI : AVERAGE TIME/PREVo,4AI NT.ACT . IN*T-LEVEL S

10 TPAO : AVERAGE TIM4E/PREVoMAINT.4CTo.DR -LEVE-L S

01 TC01 : TRA 4SPCRTATION CCSTvcJRG-INTvt$/LB) A

.25 ICOD : TPANSPCRTATICN COSrORG-DEPP,$/LB)A

o2 TCIC :TRA'ISPCRTATICN CQSTINT-)EP,4$/LB) A

.5 7EWS : T&SE AND WORK SPACE CCST($/SQ.FT/YEARi A

I1 UOSK :OCCJMENTATICN,FQACTION,ANN./INV. C)ST s

1.2 VLRUC :VERIFY TIME,OISCAR),LRU"fSDE>-LEVELA

1.2 YIRUI VERIFY TIMEDISCARO,LRU"St,4T-L- VzL
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FILE: SCR7 CATA A NAVAL PCSTGRADUATE SCH~OOL

1. 3 VLR C : VERIFY T I ME OI SCAPDvL U.StOR;-L EVFLA

2.2 ~ LA LI : V C LJME OF LRU1(S .FT) A

2.4 LRL2 : VCLJME OF LRU2(SQ.FT)

2.2 VL-RL 3 : VOLJME OF LRU3(SQ.FT) A

2.4 VLRLU4 : VCLJME IF LRU4(SQ.FT) A

2. LRr : VCLJtAE OF LRU5(S .FT) A

1.4 YLRL6 : VOLJME OF LRLJ6(SQ.FT)A

L.2 SC : VERIF v TI-4EtOISCARD,SRU'lSDEP-LEVEL

.2 lwSRU I : VC LJME OF Sk~'l(SQ.FT) A

e4 .SRL2 : VCLJME OF SRU2(SchF-T) A

.4 %SRU3 : VCLJME OF SRU3CSQ.FT) A

1.1 SRUi4 : VGLJME OF SRU4(SO.FT) A

09 ~SRL5 : VOLJME "IF SRU5(SQ.FTJ A

.L '.SRU6 : VCLJME OF SRU6(S .FTJ A%

1. SRL7 : VCLJME OF SQU7(SQ.r-T) A

.2 ESRL8 : VCLJME OF SRU8(SQ.FT) A

.1 SRUS : VCLJME OF SRU9(SQ*FT) A

.7 SRUIO : VCLJME OF SRU10 (SQ. FT) A

.1 VSRU11 : 'VOLJME O)F SRU11LSQJ.FT) A

35. %LRUI : WeEI.;H' OF LRU11LBS.) A

50. iLRL2 : 4~EIGHT OF LRU2(LBS.) 4

60. IoLRL3 : WEI5HT OF LRU3(L3S.) A

35. bLRL4 : WEIGHT OF LRU44LdSo) A

70. IsLR U 5 : WuEIGHT OF LRU5(LBS.) A

900 IPLR U6 : WEIGHT OF LRtJ6(LBS.) A

5. itSR li : WEIGHT OF SRUI(LBS.) A

5. IR2 : wEI;HT 0 F SRU2(LBS.) A
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FILE: SCQT OATA *~NAVAL POSTGRADUATE SCHOOL

S. bSiRui : WEIGHT OJF SRU3(L3S.)

7. ipSRU4 : WEIT CF SRU4MSa.)

6e hSRtJ 5 wEIIT OF SRU5(L3S.)

8. SIRL6 : WEI;HT OF SRU6(LBS.)

a. IPSRU7 : wFA;HT CF SRUT(L3S.)

8. loSR L8 : WEIGHT OF SRUS(LBS.)

be6.R .1 : voE I 3HT OF SRU9(LdS.)

9. 1 hSlU Ii, : wEt'THT OF SRU1O(L3S.)A

12. WASRLIL : WEIGHT OF SRUll(LU3.)A

9253. vF L I : M TeF vLR U I A7

4715. PF2 :MTBFtLRJZ SA, C

aCco. Y)FL3 : MTEFtLRU3 tv

13900. pfFL4 : ?4TBFL~z4 S ,.1 C

32Ct0. XMFL5 : MITBF,LRU5 s IA 9c

1LO. ?PFL6 : MTeFvLRU6 S.,4,C

2415C. )MFS1 : MeTBF#SRUI S,A,C

83333. XMFS2 : MTBF,SRU2 S,A,C

5375C. XMFS2 : MTEF, SPtJ3 S , AC

lisoc. )AF S4 : MTBFt,:Ru 4 S ,A vC
4540C. ) Fsr : MTeF,SRU5 S I 9
V100.* XMF S6 : MTeF,SRU6StAvC
5%)COC. )MF S 7 : MTBF,SRU? S 9A, C
22750. MS : m16F,sRtiJ SAtC

29400. MlF S r : MTBF,SRU9

4150C. )t'FS1Q : ITeF,SRUIO StAvc

17650. YMFSL1I : MT8PtSRJ11 SAc
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F.3. EXAMPLES OF AIR OUTPUT

Six examples of AIR output are included (the version

called "USER SPECIFIED ALTERNATIVE 2" is the AIR version

principally explored in Chapter VI):

a) Table F-2 illustrates the LSC of the various eight LOR

alternatives for WRA's (LRU's) and SRA's (SRU's).

b) Table F-3 illustrates the LSC breakdown and percent

of LSC of each cost category for WRA's and SRA's.

c) Table F-4 is an example of per site inventories of

WRA's and SRA's. WRA's 100 through 600 correspond to LRU's

1 through 6 and SRA's 110 through 692 relate sequentially to

SRU's 1 through 11 in the example (SRA's 110, 120, and 130 are

SRUl. SRA's 560 and 660 are SRU6). Inventory sites include

24 system sites (each including the inventory quantities as

described for ORG 22), two intermediate level sites (PIMAl

and PIMA2), a depot level site (DEPOT), and a central stock

(SYSTEM STOCK).

RP is the rotatable pool inventory, AQ is the attrition

quantity, and SC is the scrap quantity.

d) Table F-5 illustrates a sensitivity analysis of LSC

vs. MTBF of the eight level of repair (LOR) alternatives

(the basic MTBF is denoted by "100%").

e) Table F-6 is an example of an item summary report of

LSC for four of the LOR alternatives.

f) Table F-7 illustrates a sensitivity analysis of "USER

SPECIFIED ALTERNATIVE 2" of LSC for various MTBF percentages.

266

.. . ..*'. . . .. . .* . . .



96LA
N 3

49. c

1.m

%..V A=M N
-a . 0 C3Ujn-4

494. -M F

A

-j

44- -CI

ccE- ja,- . . * *

aj. COTP~l 0 z coo 0P

4.9 In~4 4-
2 ~ V %I 3' 4 - 44

j clame Q- P- e

J - 2a' 4-
2 Z j..a
.c O 44

un I. P.

26



* ......... *.... .

S.4*i.

-a zo N
a- VI .6 0~ 0 5%0

X2. X's NUW# 4

C6 OooeCeVIP-ooo

4L4

.. j 4,

40 CPSM~ *..........

vm. -NI r.

4 0

4., .- C -a
WZV'& ,

45 W4

I~NV W.Z a"-******

en - 'O~-0 C'-N268



44

4

* @i '.d.OP00 JO0000 0OONO$OO

Nil -

• II.C 0000000O0000000Q,000 ;)

' "~~~~. ......". .. . °. ......°.

2t. • @OO0O@QOOOQO-7OOQO

or

.. , , oo ... *****,**@ ***@@ *

r

OLL

daa

494

-. O0@)OOD O OOOOO O 26

-I

, A-

I 

J

.a.

"" " 269



0*

0o :
0 JM..p-X

.J*

44.

- .9

40

o~f.f-Q

- *j
009

0 -b

om a

-MAO

U6 0
0- P.- 01 IO

4t 14 4;
.. 0 : 9

4 LU270



4.

.z o

-~~ ~~~~ .*N-r .2 .~l *~0~ %

Ax N40.~- N -U%4

(D LU -4

ILIwo* 00 0 N 04 A0 4

-- '3 .?e-4f F%.a -'L0.?~ =C '3'3 0m

004..; 4

2. AAme 0.M: I 0 0 0 0.0 oO. 0

-, cz Z

-9 -2.00

=In .. Jo .I. Ao 0

N2 NN- -4, 2- .NP .N...-
- ~ ~ I w en~ Ir .J-!D 'Qzz'4-;P0 (1

2 4 .3.~c- *2N N0 O OC .J.1-6j

- ZN - 2 - %ooS 0L0f40~0 o .?'co Coco ' co N9

r 0.

* .W 2.aM

-A -9 44- 0

4.4 444 wow O.1444-

A 271



0 
p

NO0 0 44 A 2~.' . . As'0 .

b N 4 N

000

- I0 40, VINOP. fNo. ^A00i 4~00A 0000

VI 40 N44 ~ N 0'a ~.
210Zl 11 * 40 NNM=o 0

9LN N

lop,

*i Q- 40 ot 0 0'r 0P 0. COCO 4

S .40 - N0-.A4 N',OT "0 0- NNOM 1%0 0'CV 0000

Q.C z. N N

z AOOb-4' A.0P NNO.4 "%aO 4004 0000
I' - r In 71 AN

>- -
-j 49

.4 0 U N N

Vb IN0 '044.9Q rLn Ae

* a0 40' .0 Ni iO OU 00

-44
Z .- 1, l: "- .4 -.. t ii.

A o -- 3c 4ya C c
- EX - N. .0 ... 0 .y4. . '.

mA ZA -rl J- 4*

19 MXW ===4 'N O4 X4x 0? =. M= 4 0 x 0- 00=4
XOP- XI0X MIX N OX NO I- ox

4W ..J 49
Z ~ ~ o 'S 9L0A4..0' 430 Ni ~40 ' '00
4 ~ ~ ~ ( CL f %AO 09*. '4.'0 '9 0 4 .

-~4 4C4 - CL44 N
10 z3 w 4 .

- 4)..LIP

4 .J~272



.0co A pF 1 PS4~~~~m a0~-eN ON~ - .q r N0

.. ~ ~ 7O N#04*. ** **
Inv% a- N -

-- Ow46~ 0 7.QOI 4 "400. a

MWA~ z - 0-%O 7-woN I'-NA.4I4 -Nm 0

=. * _ 4 N rI'4-4 'n Z

6i .9

z -40 000 ON.QQ-490- p.U4 "M04 -Nam4
9 40MobN WN Q(' JAN ^-4 I 9

Mc. N g- - m

N NNN

J Z_
M NU 0

4i: ZN z 4 -"-ON CA02' 4 O 't '0. l."OV -Na

76- . .4- N l ,tP A4 0 3 A 04 0 P-N C' -

-p N

.4VC OC 4N0. OV -NNam

2 -40000 N0 44-UOP <4<O 444.1 4<N4 .
=W=.4 4 N N4 .0 X ===.aAm 0 .44 4

- A AO4 XO 6 OX. OA I
4A a. 0

4 44 at
0. 0 Ig

W 10 000. A-.- 0 NN x1N-0 A 40

zJ '-. IL atO. A10 .0' .03 O

W tO in,- 6...... .... .44 . 4



t F.4. EXAMPLES OF OPUS-VII OUTPUT

Six examples of OPUS-VII output are included:

a) Figure F-i illustrates cost-effectiveness (C-E) curves

for waiting time as a function of the investment in initial

procurement of spares (Section C.4).

b) Figure F-2 illustrates the optimal envelope of the C-E

curves of Figure F-i.

c) Tables F-8 through F-Il demonstrate inventory data and

measure of effectiveness values for four points on Figure F-2.
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F.5. EXAMPLES OF SIMPLE OUTPUT

The output obtained from SIMPLE is illustrated in

Table F-12. In this table, each line includes the value of

each variable, the variable name, and its definition.
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FILE: ZC CATA A NAVAL POSTGRADUATE SCHOOL

Table F-12.

SIPFLE#CUTPUT CATA (eASIC VERSION)

1) 4666829.CC LSC :LIFE SUPPCRT COSTStJISCOUNT DvNY YEA~RS

Z) e04315.000 A : INITIAL INVESTMENT,-SUPPCPT ACTIV~ITIES

31 3e62514.C0 R~N : ANNUAL REICURR. COSTS914Y YEAIS

4) 3239.91.812 R : ANNUAL RECURR. COSTS

5) 2C34667.CG TNANPW LSCtMAPOWER

6) 3561!6o437 TTSE : LSCtT&ASE

7) 1694450.CO TI1N4V EN : LSC91NVENTORY
8) 153719.375 TTRAIN : LSC,TRAINING

9) 2942C7.437 TTRANS : LSC,TRANSFCRTATION

10) 9363C*750 TCTHER : LSC90THER ELEM'ENTS

ill 0. c AM : INITIAL P4ANPOhqER COSTS,EXCL. TRAINING

12) 155190.000 AS : T&SE9INIT. INVESTMENT

L3) 543445.CCC Al :INVENTORY9,NITIAL. PRCVISICNING

14) 63CC0.CCG AC : TRAINING, INITIAL

15) 0.0 AT : TRANSPORTATION,INITIAL CCSTS

16) 42680,J00 AC : OTHER IN4VESTM4ENT COSTS

1T) 2C34667.CG R10 z MANPOWER C-OSTS,RECURRING,NY YEARS

18) 2C0566.437 RS :T&SE*SUPPCRT OFNY YEARS

L1 1151CC5.CC RI : INVENTORYtRECURRING COSTSNY YEARS

20) 130719.375 RC : TRAINING,RECURRING COSTS,NY YEARS

21) 2942C7.437 RT : TRANSPORTATICN COSTS,NY YEA-IS

221 50950.754 RC : OTHER RECURRING COSTSt.NY YEARS

23) 2505913.CG OLTII : DELTA COSTvLRU1 3ISC. AT FAILURE

24) 1!23L815.C OLTL2 : DELTA COST,LAu2 JISC. AT FAILWJE
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FILE: ZQ DATA A NAVAL POSTGRADUATE SCHOOL

25) 2654869.00 OLTL3 : DELTA COSTLRU3 DISC. AT FAILUPF

26) 3eSIC48.CC £JLTL4 : DELTA C-IST,LRU4 DISC. AT FAILURE

21 1735054.4.C OLTL5 : DELTA COST,LRU5 JISC. AT FAILJAE

28) 14155255.C DLTL6 : DELTA COSTvLRU6 DISC. AT FAILURE

29) 123dfk4.OC CLTSI. : DELTA COIS Tv,SRUI DISC. AT FAILURE

30) 44560.C43 DLTS2 : DELTA COSTtSRUJZ DISC. AT FAILURE

31) 301E2.785 DLTS3 : DELTA CO)ST,SRU3 3ISC. AT FAILUR~E

321 4311664.CC DLTS4 : DELTA COSTtSRU4 DISC. AT FAILURE

33) 166224.437 CLTS5 : DELTA COSTPSRU5 DISC. A T FAILURE

34) 2781537*CO O1TS6 : DELTA CJSTSRU6 DISC. AT FAILURE

351 63966.227 OLTS7 : DELTA C0STvSRU7 DISC. AT FAILURE

36) 633935.437 DLTS8, : DELTA COST,SRU8 DISC. AT FAILURE

37) 87755o562 DLTS9 : DELTA COSTtSRU9 DISC. AT FAILUJRE

38) 27C'ul.645 DLTSIt) : DELTA COS'T,SRUIO DISC. AT FAILUZE

39) 9508446o315 DLTS11 : DELTA COST,SRUI. DISC. AT FAIL.JRE

40) 456C0OCO ASO : T&SEtINVESTM4. ORG-LEVEL

41) 12C0O00 AS!JA T&SEtINVEST.4. ORG-LEVELPCCI'MON

42) 444C0.OCO ASGO : T&SEIWESTM. ORG-LEVELPECJLIAR
43) 74160.000 ASI :T&ISSNVESTM4. INT-LEVEL

44) 5C0.000 ASIA : T&SEPINVESTMl. INT-LEVELvCCM4ON

45) 7366C.OCO ASTO : T&SEtINVEST4. INT-LEVELtPECJLIAR

46) 35430.COO AS) : T&SEPINVESTM. DEP-LEVEL

471 450.CCO ASQA : T&SEINVEST4. DEP-LEVELtCC" ON

48) 34580.0CC ASOC T&SEINVEST4. DEP-LEVELtPECULIAR

49) 40949C*CCO AICL :INVENTORY.1NVEST4. LRUIS

50) 118475.C00 AICS : INVENTORYpINV STM. SRU'SEVEL

51) 15480.000 AICU :INVENTORYENTERING COSTS

52) 48CC0CCO ACJ TRAINING, INIT[ALIORG-LEVEL
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0 3) 6CCO.CCO ACI : TRA[NING9[NITIALINT-LEVEL
54) 9CCC.C00 AC) : TRAININ1G,INITIALDEP-LEVEL

55) 0.c ACCF : TR AIN INGt ECU IPMENT

56) 12CO.000 ACOD : OOCUMENTATION,ORG-LEVEL

57) IdCQ.COO ACID : OCUtENTATIONINT-LEVEL

58) 1680.000 ACOC : DOCUMENTATICNeDEP-LEVEL

59) 24CCC.CCC ACOG : SPACE COSTStORG-LEVEL

60) L4CCO.CGO ACIG : SPACE C9STStINT-LEVEL

41) 0.0 AC)G : SPACE COSTS,0EP-LEVEL

62) O.C ACCM : CONTRACTING COSTSIEETINGS ":TC

63) o.C ACCE : OTHER INITIAL COSTS

64) 189614.S37 RMOCN : MANPOW. COSTSCORR.MAINT.CR,.-LEVEL,t.Y Y
65) 15~e3o5C8 R1MOC : MANPOW. CCSTS,CORR.MAINT.C^R3,-LEVELAN4N.

66) 29586k5.437 RMICN : MANPOW. COSTStCORR.MAINTtINT-LEvELtkY Y

67) 2166S.352 RMIC :MANPOW. COSTSCoRR.MAINT.IKT-LEVFLtANN.

68) 233179.312 RODCN : ?4ANPOW. CCSTS,CORR.M4AINT.CE:)-LcVELtNY Y

69) 27909.492 RMDC : MANPOW. COSTStC0RR.MAINT.CEP-LFVEL9ANN.

70) 1045755.6S RIJOPN : P4ANPOW. COSTStPREV.,4AINT*CR;-LEV. NY Y

711 876C0.000 RMOP : MANPOW. COSTS,PkEV.MAINTCR,i-LEV. ANN.

12) 171SC5.CCC RMIPN : MANPOW. COSTS,PREV.MAINT.INT-LFV. NY Y

73) 144C0OCO RMIP : MANPOW. CCSTS,PREV.M4AINT.INT-LEV. ANN.

74) 35527.C43 RMOPN : MANPOW. COSTS,PREV.MAINT.CEP-LEV. N'y 'y

15) 2516.000 RtMDP : MANPCW. COSTSPREV.I4AINdT.CEP-LEV. ANN.

76) 58304.461 RSOON : T&SESUPP. COSTStORG-LEVELtNY YEARS

77) 4884.OCO RSOO : T&SE,SUPP. COSTSORG-LEVEL,ANNUAL

78) 96727.562 RSION : TESEtSUIPP. COSTSINT-LEVEL,AY YEARS

79) dlC2.598 RSIO : T&SEtSLIPP. COSTStlNT-LEvEL,%NNJAL
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80) 45934.465 RSDON : T&SEtSUPP. COSTS,)EP-LEVEL'JY YSAPS

all 3E47.800 RSJO : T&SE,SUPP. COSTSOEP-LEVELANNUAL

82) 326404e250 RICIN : REPLENISHMENT,LPU*SPNY YEARS

d3) 27341.965 RICL : REPLENISHMENTLRU'SANNUAL
84) 213481.CCO RICSN : REPLENIS-IIENTPSRUIS,NY YEARS

85) 178e2.103 RICS : REPLENISHMENTiSkUlStANNUAL
86) 380122.537 RICKN : REPLENISHMENIT,CO4SUI4ERA9LES,N4Y YEARS

87 J 31841.824 RICK : R EPLEN ISHMENJT CONSUMERABL ES, AINUA L

dd) 129342.6e7 R11KN : REPLEN.CONSUMA8. UdT-LEVEL'Y YC-ARS

89) 10834.676 RIIK : REPLENCONSUMAB. INT-LEVELtV'P4;JAL

90) 250780.187 RIWKN : REPLEN.CONSUMAB. DEP-LEVELAY YEARS

91) 210C7.148 RIOK : REPLEN.CONSJMAB. DEP-LEVEL,ANNUAL

92) 230997o375 RICVN : OTHER P4V.RECC. COSTS,NY YEARS

93) 19350.000 RICV : OTHER INV.RFCC. COSTStANNLAL

S4) IL46C3..312 RCJN : RECURR. TRAINING90OIG-LEVEL'4Y YEARS

95) 95S99996 RCO : RECURR. TRAINING,0RG-L2VELtANNUAL

961 10144.C62 RCIN : RECURR. TRAININGINT-LEVEL,4Y YEARS

97) 9C0.0C0 RCI : RECURR. TRAININGINT-LEVEL,0NNUAL

98) 5372o031 RCJN : RECURR. TRAINING,DEP-LEVELtA'Y YEARS

99) 450oCCC RCD : RECURR. TRAENING90EP-LEVELtANNUAL

100) 71605.625 RTON : TRANS. ORG-LEVELtNY YEARS

101) 65C0.805 R70 : TRANS* ORG-LEVELA-4NUAL

102) 2149!4.437 RTIN : TRANS. INT-LEVEL,NY YEARS

103) 18CC6ol29 RTI : TRANS. INT-LEVEL,ANNUAL

104) 1647.423 RTCEN : TRANS. COMMON COSTSvNY YEARS

L05) 138.G00 RTCE : TRANS. COMMON COSTSsANNUAL

106) 5586.914 PCCDN : DOCUMENTATIONRECURR. COSTS,NY YE-ARS

lJ7) 468.C00 RCCO : OOCUME'TATICN,RECURR. COSTS,ANN~UAL
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IC8l 45363.840 RCCGN : SPACMtAINT. CFNY YEARS

1091 38CO.C01 RCCG : SPACEMAINT. OFANNUAL

110) G.C ACCEN : OTHER RECURRING COSTSNY YEARS

111) Jc RCCE : OTHER RECURRING COSTSANNLAL

112) 122.312 TNLRUF : AVERAGE REPAIRS/YEARLRU'S

1L13) 6CC.204 TNSRUF : AVERAGE REPAIRS/YEARSRUIS

114) 68.186 AFLI : ANNUAL 4 OF FAILURESLRUL

L15) 264.176 AFL2 : ANNUAL 4 CF FAILURES,LRU2

1161 !2.560 AFL3 : ANNUAL i CF FAILURESvLL3

117) 105.876 AFL4 : ANNUAL 4 CF FAILJRESLRU4

118) 131.4C0 AFL5 : ANNUAL # CF FAILURESLRU5

119) 100.114 AFL6 : ANNUAL # OF FAILURESLRU6

120) 113.173 AFSl : ANNUAL # CF FAILURES,SRU1

121) 30.275 AFS2 : ANNUAL 4 CF FAILURES,SRU2

122) 11.134 AFS3 : ANNUAL * CF FAILURES,SRU3

123) 212.CC AFS4 : ANNUAL * CF FSiLURES,SRU4

124) 18.523 AFS5 : ANNUAL # CF FAILURES,SRL5

125) 114.416 AFS6 : ANNUAL 4 CF FAILURESSRU6

126) 8.410 AFS7 : ANNUAL 4 OF FAILJRESSu7

127) 36.S65 AFS8 : ANNUAL 4 CF FAILURES,SR68

128) 14.302 AFS9 : ANNUAL I OF FaILURES,SRU9

129) 5.066 AFSIC : ANNUAL 0 CF FAILURES,SRL1C

130) 35.334 AFSI1 : ANNUAL # CF FAILURESSRUlI

131) 291.2C0 XMS : TBF,SYSTE MY

132) 11.94 OF : DISCOUNT FACTR,NY YEARS

133) 10.63 ROF : REDUCED DF,(.NY-2) YEARS
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