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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.
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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.
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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




best "scientifically" based decision to be reached with the
most cost-effective system being chosen. Unfortunately, this ﬁ
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 guantitative
definitions of availability or operational readiness terms of

the system under consideration. Hence, reliability and main-

ST
i
- ¥

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.

11




1.3. MEASURE OF COST
The methodology frequently applied for procurement deci-
sions is the well-known Life Cycle Cost (LCC) approach [Ref.
l]. But implementing LCC, especially with regard to the
situation existing in sgall 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.

¢) 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.

1l.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 commeonly used for this




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;
¢) 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 1l-1 are
interrelated, within the assumptions stated above, the investiga-

tion in this thesis is limited to relatizons 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.

!x 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,

E and cost-effectiveness analysis. More detailed descriptions

E of the system life cycle and cost~effectiveness are given as

i Appendices A and B, respectively.

E 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

i 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
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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/
4 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 recommendations are found in Chapter

VII.

18




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 gquantitative 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 operaticnal
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
f whether to commit themselves to the system being formulated,

% or to start research and development efforts for a system

more adequate for their needs. 1In most cases the self-development

alternative is abandoned.

The Acquisition Period includes the design, test, i

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




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 c¢lear-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 H
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. 1It 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 Operaticnal),
the one considered to be important for effectiveness evalua-

tion purposes during the Use Period of the system is Operational
Availability (Ao). 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]:

_ MTBM
o ~ MTBM + MDT '

where

MTBM

mean-time-between maintenance.

g

mean down time.




Effectiveness

Mission Operational Design
Reliability Readiness Adequacy
|
Storage Free . ‘ oy
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== =Active RepairTime
(Repairability) [
Serviceability
Logistic
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Administrative
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Figure 2-2. Concepts Associated with System Effectiveness

{Ref. 7]
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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)

f and can be described mathematically by the formula:

R(t) = e At o "t/MTBF

where

MITBF = 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
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well as administrative and logistic times. The user should
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 operaticnal
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 durin¢ 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

AN aani




LCC is usually broken down into three main

cost cateqgories (Figure 2-3).

LCC
I 1
H —1
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




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) Maintenange Costs--associated with the performance of
corrective and praventive 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
x 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

congtruction 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. 1In 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-cffs 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 (0&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-

Pt cant- SUNL SR Bt il < b

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

= MTBM
o) 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
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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 Ao can be approximated by

MTBF
o ~ 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.

¢) The various elements which make up the turnaround times

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

items.

-t

d) Mean values of transportation times, administrative
and other delay times, and maintenance times are known.

e) Demands are Poisson distributed.
H 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 MDT, the System Mean Downtime

MDT 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,

¢) 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

RPTO
VETO
TOT
TRTHE

TAHE

Figure

opera- TAHE
tional |

system

Diagnosis and fault isolation time.
The probability that a spare LRU is in own stock.

The probability that a spare LRU is obtainable from a
stock.

Logistic time at organizational level.
Time to replace a failed LRU.
System verification time.

Time to get the LRU from another stock, given itis available.

Transportation time to the echelon which repairs the
failed LRU.

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

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

¥ (1-p;) x [P, xTOT + (1-P,) x (TRTHE + TAHE + TOT) +

g LOGO + RPTO + VFTO],

;; which can be reduced to

MDT = DFT + LOGO + RPTO + VFTO) + (1-91) x [TOT +

(l-Pz)x (TRTHE + TAHE) )

The notation is for a specific LRU. The values
of Py and P, 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

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
MDT = izl Pi x {DFTi + LOGO + RPTO + VFTO + (1-pli)

x [TOT + (1—92i) x (TRTHE + TAHEi)]},
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| where m is the total number of LRU's in the system, and P,

is the probability of the failure being located to LRU number
i. The probabilities Pli and PZi 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 guantity
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
X TATHE = ADT(I) + DFT(I) + P; x [LOG(I) + RVT(I)] +
”. (1-P4) x [P, xTOT + (1-P,) x (TRI(D) + ADT(D) +
DFT(D) + LOG(D) + RVT(D) + TOT) + LOG(I) + RVT(I)]
F‘
y
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Defective LRU
arrives at IL

ADT(I)

DFT(I)

RVT(I)

¥
 RVT (D) L— LoG (D) g~ DFT (D)
(I) = 1is for intermediate level; (D), depot level.
. ADT = Administrative delay time.
b DFT = Diagnosis and fault isolation time.
' LOG = Logistic time.
RVT = Replacement and verification time.
P3 = The probability of a spare SRU being at own stock.
P4 = The probability of a spare SRU being obtainable f£rom an-
other stock.
' TOT = Time toget an SRUfrom outside stock, givenit is available .
TRLI(D) = Transportation time from intermediate to depot level,

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

TATHE

(l-P3) x [TOT + (l-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). 1If there are "2" SRU's in the sgpecific LRU, the average

turn-around time is

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

L
'21 Py X (1=P34) X [TOT + (1-P44) x (TRI(D) + ADT(D) +
3=

DFTj(D) + LOG(D) + RVT(D))1,

where Pj is the probability that the failure was due to SRU

number "j". Pj is computed as

MTBF (LRU, )
i - MTBF (SRU,)

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

SRU. 1If Pg is the probability that the LRU failed due to an

-

SRU, then (l—Ps) 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) + DFT,(I) + LOG(I) + RVT(I) +

2
jzl Pj x(1-93j) x [TOT + (l-P4j) x (TRI(D) +

ADT (D) + DFTj(D) + LOG(D) + RVT(D))] x Psy
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 SRUj 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 ic the repair cycle will be
TATHE/ (X+1). 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+l).

3.2.2, Factors Affecting MDT

For a given value of MTBF and a required opera-
tional availability (Ao T MTBF/(MTBF + MDT)), the maximum

acceptable value of MDT is

MTBF(l1 - Ao)

Bo

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

3 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 Ao given in Section 3.2.,

E . MTBF

A, MTBF ¥ MITR + MADT ¥ MLDT

1
MTTR +MADT ~ MLDT
1l + 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 MITBF. 1In the
formula for MDT 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

(TATHE/MTBF) X

- (TATHE/MTBF)
e X! L d

x

Px{x =X} =
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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,

sl - (TaTHE/MTBF)  (TATHE/MTBE)®

x!

x=0

The probability that a demand cannot be satisfied is

(TATHE/MTBF) X
x1

X

b TATHE/MTBF
1-p = ] e (TA / )
x=n

These formulas illustrate that a lower MTBF will
result in a lower value of P and a higher value of (1-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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¢) 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 (MDT) (Section 3.2.1) creates a
favorable chain reaction. 1If, 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 peorle
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-

guired 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 egquipment.
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 1IV.

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:

rMo = {£:383 . (aRrro + ATO) x HRO + PTT x HRO} xNS
MTBF
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:

Rz = (] £385) . (ARTI + ATI) x HRI x N
. MTBF. i
i=1 i
K £.365

RMD = () £=53-) * (ARTD + ATD) x HRD x N,
.~. MTBF, 3
j=1 J

where:

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

£ = 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;
Nj = The total number of SRUj in all systems.
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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 mahpower 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 equatiocon §

cost of number of manhours cost
maintenance) = maintenance | « per x{ per
labor actions action manhour

will grossly underestimate the maintenance manpower costs

J e ST

unless:
a) checks, tests, preventive maintenance, and all other ]

4 tasks requiring maintenance personnel are included, i
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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
P

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

g~ T T Ty T RS T
- - ———— e M

. Assuming that failed LRU's are removed and re-

placed, but not repaired at organizaticnal level, the peculiar

TSE needed at this level must always be procured, even when a

49




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 (fr) of the procurement costs.

The general formula for TCSE is:

Present value of the )

TCSE annual recurring costs

(Investment costs) + (

ASCO + ASCA + fr x (ASCO + ASCA) x NDF

(ASCO + AsCa) x (1 + fr x NDF),

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

factors (DF) are computed in this thesis as: [Ref. 11]

-y
1 - (1 +4)
DF 3
where:
d = the discount rate;
Y = the number of years for which DF is computed.

50




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. 12].

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. 1Initial 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.

{(¢) all LRU's and SRU's are repaired at depot level.
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Then, the fgllowing 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 (Ao) has been
reached. If not, continue.

b) For each repair policy, compute for each LRU the marginal
return on investment (increase in AO 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 Ao is computed and checked
against the required value. If Ao 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

necessary for repair of SRU's are in stock simplifies the
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procedure. It is 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 ho replenishment will be
purchased during the last year (the procurement lead time).

For every LRU/SRU discarded at failure,
a new one i, purchased. 1If 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

365 xf xN x <unit>

TCD(RU) ~WIBF, cost

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 judgement.




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
L (nomec) o (em32)
i=1 used i
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. 1Included 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) 1Inventory 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 inspectior,
testing, quality control, and recoérd ‘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, cr
for each level of the maintenance organization.

c) Recurring training costs are generated by the reguire-

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 = 1life 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.

3 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:

TTRAIN = ACCF + (1 + ft xNDF) x

{ HixHRiXOH

Hee

0

where:

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

HRi = 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 (Fz) of failed items repaired locally, and system
application factor (f):

NS x f

MIBF < (T = Fyp)

NA

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 (MDT) per failure and will,

H 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 est.imated 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):

MIC(I) = MPC(I)+TRC(I)+SEC(I)+IC(IJ)+TRPC(I)+CC(I)
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TRC (N) O SEC (N)

IC(N1)
O MIC(B)

caw) TRPC(N) (:> OC(N)
MIC(N)
In this figure, the following abbreviations
are used: 1
MPC(I) = Maintenance manpower costs of policy I;
TRC(I) = Training costs of this alternative;
SEC(I) = Costs of test and support equipment; !
IC(1I,J) = Inventory costs, maintenance policy I and
stockage policy J; 5
TRPC(I) = Transportation costs of this alternative; %
CC{I) = "Other Costs" associated with this alternative;
MTC(I) = Minimum LSC for this maintenance and stockage

policy.

Figure ¥ 4. Determination of Minimum LSC




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.

ol sy

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 Associaticn 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

Repaii, aiscard 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

e Ay am

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 z23ditional
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. 15) 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.

64




PERFORMANCE
s
‘ REQUIREMENTS

MAINTENANCE |~
AND SUPPORT

NON-
REPARABLE

QF QEsIiaN

—_— REPARABLE

1 SPECIFICATION NOT
; concTPTI STIPULATED
! gconamic
GRITERIA
]
: * 2
L ECONONIC INITIAL 0ESIG NEP ARASLE
CRITERIA —— P OR ITEM ———d
P —{PERFORMANCE SELECTION NON=~
; RECUIREMENTS REPARABLE
i 3
ACPARABLE SURCE COOING oNaNiC
! 1 RePaRABLE
: Y
: £coNauIC [ repanasLe ‘
: CRITERIA 00ING DESIGN NON * REPARABLY
: —_— —> -
: REVIEW i
' HISTORICAL MoOtFIgd |
: QUANTITATIVE DESION r——
; OATA PARAMETER|
CISCARD j
REPAIR CRITERIA
¢ ACTION
REPAIR lron REPAIR

Figure 4-1. Repair vs. Discard Decision Points
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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. 1In
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

66




: 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 guite complex. According
to the degree of complexity, the repair/discard models can be
divided into the following three groups [Ref. 5].

a) Total Cost Models--computing the exact costs of the
3 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,

¢) Simplified Models-=-eliminating cost factors and terms
i which are relatively insignificant or insensitive to the
é decision.
é 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 eguation:

AC = 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 = ACl + AC2 + AC3 + AC4 + ACS + ACSH
where:
ACl1 = difference in maintenance manpower costs;
AC2 = difference in test and support egquipment
costs;
AC3 = difference in inventory costs;
AC4 = difference in training costs;
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ACS 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. ACl, Maintenance Manpower Costs

The cost of preventive maintenance is unaffected
by the repair/discard decision, and the value of ACl ger
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 hoﬁrly 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

69




work.

O e

where:

the depot level, time will not be used for fault isolation,
g replacement of failed parts, packing, and some of the paper-
If RTD is the time reduction per failure, the saving
is RTD x HRD.

: are, for a high cost item, g

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

item are:

MTBF

time will be needed in this case. The result is a saving of

h 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 savings per failure for the discard policy

SPFH = RTD x HRD.

SPFL = RTI x HRI + TTD x HRD.

The annual number of failures of an assembly is

N x £ x 365
MTBF

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

Average operating hours per day; ;

Mean time between failures (hours).




For the total life cycle ACl becomes,

ACl = SPF x ANF x NDF

where NDF is the normal discou~t 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.);

e
"

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. 1In 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 = AC31l + AC32 + AC33, where:

AC31l = 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 *

y NN-1 ———— )
. P < z (e MTBF » MT?F )
- x!
E 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

1 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

365x£xN

AC31=NNXUC-ZX—M—T—BT-

x UC
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 £ x N

£ wrer > fr < UG

2 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 £ x N
MTBF

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

365 x £ x N x UC

The corresponding cost of the discard alternative

j is
:
' 365 x £ x N
MreF  © ¢
For the life cycle the result is
_ 365 xf xN xUC 365 xf xN
AC32 = VTBE x [Fr + (1-Fr) xMR] xNDF ——W x UC xDR

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

74 i




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 AC31l, AC32, and AC33 results

in

365 xf xN
MTBF

AC3 = UC x [NN - x [2 +DR - {Fr + (1-Fr)x MR} x NDF]

+ 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. ACS, 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 £ x N
TTRANS = TEF 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. 2].

75

*




F““““-N—'!-'-"-!U-'—--—----.--'lﬂ"’“"!-'-'--ﬂ-!-ﬂﬂ‘

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,

365 x £ xN

ACS = 0.5 x MTBE

x UN x TR x NDF
For low cost items stocked at the organizational
level, ACS5 will be twice as high.

For high cost items, discarded at depot level,

ACS5 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, AC6 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);

¢) RTI--0.8 hours per failure;

E d) RTD--0.4 hours per failure;

e) TTD--1.2 hours per failure;

£) f£--24 hours;

g) d--10%;

h) NY--15 years;
i) CPSE-~$2500;

i)  X--1;
k) F--0.1;
1) Fr--0.1;

m) MR--0.05;
n) NPI-=10;
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o) 1IEC--$40;
p) IRC--$50;
qg) UW xTR--$6;
These values reduce the delta cost equations as follows:
4.4.1.1. ACl, Maintenance Manpower Costs

For low cost items:

ACl $46 x 7.6 x 8760 x N/MTBF

6

$3.1 x10" x N/MTBF

For high cost items:

ACl = $10 x8.67 x8760 xN/MTBF

6

$0.76 x 10~ xN/MTBF

4.4.1.2. AC2, Test and Support Equipment Costs
Assuming peculiar test and support

equipment is not procured,

A6C2 = $2500 x1 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. 1Inventory Costs

70,000 xN

VTEE 1 + 4200

AC3 = UC x [NN -
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4.4.1.4. ACS, Transportation Costs

AC5 = 200,000 x N/MTBF

nkis AR

4.4.1.5. Total Delta Cost

i: For a low cost item for which peculiar
)
E test and support equipment is not procured:

6 70,000 xN

ac MTBF

3.1 x10~ xN/MTBF + UC x [NN - ] 42,000,000 xN/MTBF

+ 4,200 + 4,400

6 70,000 xN

MTBF

3.3 x10~ xN/MTBF + UC x INN - ] + 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

; I N |MIBF (hours)

|

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

24 |MN=28 8 6 5 3 2 1 i

48 | NN=45 14 9 8 5 3 2 |

3 96 | 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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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.

-—- Pecgliar support equipment procured before a repair/
discard d;cision is made.

-- The turnaround time (depot level) reduced by 350 percent.

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

rate reduced to zero.

changes are favorable to the repair policy,
two are favorable to the discard policy.

The repair/discard decision is not

heavily affected by any one of these variables. The maximum

deviation causead by any of the variables is within the dotted

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

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

of failures of

the equations developed in this chapter, has been computerized

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

pared to those

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.

The equations and the numerical exam-

the item unit cost and the expected total number

the module during the life cycle as parameters.

A repair/discard model, based upon

obtained using the MIL-STD-1390B, AIR model
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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-
guire 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

84




spares is found, for the purpose of this thesis, to be unde-
sirable. An excellent model for this purpose, OFUS-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.
17].

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.

*OPUS-VII is a proprietary product of Systecon AaB,
Stockholm, Sweden.




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-1l. 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: (l) 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
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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 siﬁe. 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.l1.1.). 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 ¢f 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- P
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
1 [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

n
I NMT_ x TCPM_ x (1 + PAR;) x NDF

s=1
where:
n = the total number of sites.
NMTS = the number of men trained, site s.
TCPMs = the training cost per man, site s.
PARs = the personnel attrition rate, site s.
NDF = the normal discount factor.

NMTs X TCPMs is the initial cost of
training for site "s", and NMTs x TCPMs 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. 1Included 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) 1Item 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 1

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
i; relatable to any measure of system effectiveness, AIR is con-
sidered by the writers to be inadegquate as a tool for initial
provisioning of spares and for prediction of inventory costs.
Labor costs are incorrectly computed, largely
{:g 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 QPUS-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 (Ao).
b) Probability of successful mission performance.

c) Risk of shortage when a spare is being demanded.

92




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 QOPUS-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.




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 general, 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-39 (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 inadegquate
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., 20] 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., throuch
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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g these elements are calculated as functions of one or more of

é 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-
signed by Lt. Colonel L. P;lsson, Air Materiel Department,
Swedish Air Force, Stockholm. This program is used for control
of cost computations in SIMPLE.

1 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 1IV.

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. 1Inventory 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
i 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 equ#tion 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
N 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 cyclg.

-- 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" capaﬁility in SIMPLE. This could be done based

on the decision tree (Figure 3-4). With QPUS-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. |

100




= ment and Alloca-
tion of Spares (¢ — — 1" —

Initial Procure-
ment and Alloca-
tion of Spares

breakdown

Figure 5-1. Use of the Models
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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)
¢) 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

Jos—
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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, INl1l and IN2 are intermediate

level sites, and MNl and MN2 are organizational level support

sites.
T
Depot | Central
DEP. : Stock
]
I 1
Intermediate Intermediate
IN1 N2
Organizational Organizaticnal
16 xMN1 8 xMN2 N
16 systems 8 systems

Figure 6-1. The Support Organization 3

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 Pigure 6-2.

SYSTEM
1 1 1L 1 ] —1
3xLRUL oxLRU2 2xLRU3 TxLRU4 2xLRUS LRU6
SRU1 SRU1 — 2xSRU1
I 4xSRU2
L SRU3
2xSRU4
L 2xSRU5

— 3<SRU6 — 2xSRU6

2xSRUS

2xSRU9

SRUL0

—4 3xSRUL1

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 mcdels.

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 “common® 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 3ection 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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Figure 6-3. Comparison of Model Output

Table 6-1

AIR Cost Breakdown
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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
: TRANSPORTAT ION 306865 7.69
, REPAIR SCRAP 547163 13.71
| TRAINING 495905 12.42
DOCUMENTATION 2730 .07
TOTAL 3992188 100.00




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.

Dt R PR

Compared to AIR, the cost breakdown in the output from

i 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 4
294207 TTRANS: LSC,TRANSPORTATION
93630 TOTHER: LSC,0OTHER ELEMENTS

804315 A :+  INITIAL INVESTMENT,SUPPORT ACTIVITIES

e e

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 reguired
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 (Ao) of approximately 97.0%, at the time the new sys- i
‘ 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 Ao. (This assures

that Ao will remain above the minimum value until replenishment

is received.) 1In this case Ao 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

ST e - oL




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-
guired 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 Ao 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);

¢) 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.l1) 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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1f MTBFD is the expected value and MTBFO is
the value of MTBF obtained in the operational environment,
field data indicates [Ref. 8] that MTBF, will normally be
within the following limits.

2MTBFD > MTBFO > MTBFD/G

The cases which are explored in this thesis are:

a) MTBFo MTBF and

DI
MTBF /4

b) MTBFO
The problem one faces, then, is whether to rely

upon the MTBF data provided by the manufacturer (MTBFo = MTBFD)
or to assume that the actual MTBF in the operational environ-
ment will be four times worse (MTBFo = MTBFD/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) [MTBFO = MTBFD/&TBFO = MTBFD]

b) [MTBF, = MTBFD/4/ﬁTBF° = MTBFp/4]
c) [MTBF, = MTBFp/MTBF = MTNF_ /4]
4) [MmBFO = MTBPD/4/QTBF° = MTBF]

where [X =Y/& =2] should be read as: "initial procurement
of spares was performed assuming X = 2, when actually X = Z

(or X = ¥) 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 Ao as func-
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,

MTBF_ = MTBF ATBFO = MTBF,

For this case, an in-
vestment of $528,000 suggested by OPUS-VII enables the achieve-
ment of an Ao of 97.5%. Inventory data and MOE values are

presented in Table 6-4. The abbreviations used in this table

are adopted from QPUS-VII. Some of them require additional

explanation:
DEP = depot level site;
IN1/IN2 = intermediate level sitenumber 1 and2, respectively;
MN1/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
aﬁalysis;

ORl/OR2: A_ for systems supported by intermediate level
sfte 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

DENOM TOTAL INVESTM. DEP INI IN2 MN1 MN2

LRU 1 4 12300.0 0 2 2 0 0

LRU 2 8 37640.0 0 5 3 0 0

LRU 3 3 12480.0 0 2 1 0 0

LRU 4 5 15200.0 0 3 2 0 0

LRU 5 5 53350.0 0 3 2 0 0

LRU 6 24 278520.0 15 6 3 0 0

SRU 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 1l 1 1 0 0

SRU 8 6 9450.0 3 2 1l 0 0

SRU 9 4 2%50.0 2 1 1 0 0

SRU10 2 1780.0 1 1 0 0 0
] SRULl 6 3070.0 3 2 1 0 0

AVAILABILITY
PER SYSTEM: PER SYSTEM AND DEMAND GENERATING STATION:
OR1 OR2

SYSTEM 1 0.97465 0.97896 0.96605

TOTAL : 0.97465

INVESTMENT

TOT INVESTM. = 527965.0

PERCE S S = 46.1

PERC FIRST LEVEL= 0.0

PERC LRU = 77.6

PERC SRU = 22.4

MEASURE OF EFFECTIVENESS

AVAILABILITY (Ab) = 0.97465

NORS = 0.60829

WAITING TIME = 5.28426

RISK OF SHORTAGE = 1.000000

RSK OF SHRrGE(1ST 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 (lst LVL): The probability of shortage, given a
demand, at organizational level.

3 (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
E 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
E Initial Procurement of Spares Suggested by AIR

24x OPER. DEPOT/CENTRAL

MODULE TOTAL* SITE STOCK

LRU 1 1 1l

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

SRUL1l 1 1

TOTAL COST SRU's 26,570 (3%) x

1 TOTAL COST 901,930 (l00%) no spare parts
K are suggested to
- be stocked at the
} 117 intermediate level




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 iRU'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.'
Ab is not calculated by AIR. To evaluate Ao' the initial
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. Ao obtained by the initial pro-
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 Ao

is obtained due to their procurement. (Elimination of LRU's
1l to 5 from the central stock saves more than $30,000, and
only slightly lowers the obtained Ao.) Recalling that by
using OPUS-VII, an Ao 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 sﬁggested by AIR

16x 8 x

DENOM TOTAL DEP IN1 IN2 MN1 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
SRU11 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 Ao
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 QOPUS-VII.
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Table 6-~7

Reallocated Inventory Data, and A of Initial
Procurement of Spares SUggestea by AIR

DENOM

TOTAL

1éx
IN2 MN1

[e o]
X

DEP

-
z
[
g
[ 8

LRU
LRU
LRU
LRU
LRU
LRU
SRU
SRU
SRU
SRU
SRU
SRU
SRU
SRU
SRU
SRULO
SRU11l

WO WNHFMANNE WD

1
50
1
16
25
25

HHEFHFPWHEUOPR &

TOT INVESTM. =

874570 AVAILABILITY

N
[

—

HRPHRHRWHOHFHEBWLOOD OO
CO0OO0O00COO0O0OOWUIUIIFO M
—
CO0COOCOOOCOOOROWORD
CO0OOOCO0OO0O0OOCOOOOO0OO
COO0OCOODO0O0OOOCOOHOKO

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),.

{corresponding to an Ao of 97.5% for the first scenario) re-
sults in an Ao of 23.0% (OPUS-VII). Inventory data and Ao

are presented in Table 6-8. An Ao of 23.0% is unacceptable

for military organizations.

6.6.1.2. Second Scenario, MTBFo = MTBFD/4//

MTBFo = MTBFD/4

For this case an investment of $520,500




Table 6-8
F Inventory Data and A of the Second
Secenario (0BuUs-vII)
» DENOM TOTAL DEP IN1 IN2
4 LRU 1 4 0 3 1 %
3 LRU 2 12 0 8 4 :
§ LRU 3 3 0 2 1
% LRU 4 6 0 4 2
3 LRU 5 1 0 1 0
] LRU 6 3 0 3 0
f SRU 1 49 38 7 4
SRU 2 18 13 3 2
3 SRU 3 8 5 2 1
: SRU 4 83 64 12 7
f SRU 5 10 -7 2 1
1 SRU 6 45 30 10 5
: SRU 7 6 3 2 1l
SRU 8 17 11 4 2
SRU 9 9 6 2 1
SRU10 4 2 1 1
SRU11 16 11 3 2
TOT INVESTM. = 520455 AVAILABILITY = (0.230 i

A priori assuming a situation where
MTBF° = MTBFD/4, an investment of approximately $2,500,000
is required to obtain an Ao 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 Ao obtained is only 39.3%, LRU's 1l to 5§
procured for the central stock are found by OPUS-VII to be

redundant, which results in an unnecessary expenditures of




Table 6-9

LY

Replenishment Inventory Data ("Target Inventory")
and Ao of the Second Scenario

léx 8 x
? DENOM TOTAL DEP IN1 IN2 MN1 MN2
1 LRU 1 32 0 5 3 1 1
LRU 2 43 0 12 7 1 1
LRU 3 31 0 4 3 1l 1
LRU 4 34 0 6 4 1 1
' LRU 5 34 0 6 4 1l 1
- LRU 6 105 62 12 7 1 1
SRU 1 49 38 7 4 0 0
SRU 2 18 13 3 2 0 0
SRU 3 8 S 2 1 0 0
SRU 4 84 64 13 7 0 0
SRU 5 10 7 2 1 0 0
SRU 6 47 30 11 6 0 0
p SRU 7 6 3 2 1 0 0
1 SRU 8 17 11 4 2 0 0
i SRU 9 9 6 2 1 0 0
SRU10 4 2 1 1 0 0 ;
SRU11l 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%.
(o}
6.6.1.3. Third Scenario, MTBFo = MTBFD/{JITBFo = MTBFD/4

For this case, utilizing $490,000 re-

sults in an A, of 59.5% (QOPUS~VII). It can be noticed that
some of the quantity of SRU's procured under the assumption
; ? of MTBF° = MTBFD/4 do not contribute to availability when it '
turns out that MTBF, = MTBF,. Hence, more than $30,000 is
wasted on procurement of SRU's that do not improve Ao (and

o o rae

WT). For this case, inventory data and A, are presented in

Table 6-10. Reallcoccation of this inventory does not improve
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Table 6-10
,~ Inventory Data and Ao of the Third Scenario (OPUS-VII)

DENCM 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
SRU11 16 11 3 2
TOT INVESTM. = 489825 AVAILABILITY = 0.594

the obtained Ao. In order to reach an acceptable A,, an
additional investment of $234,000 is required, increasing Ao
to 97.4% (Table 6-11).

Investigation of curve #3 in Figure
6-5 reveals an interesting phenomenon. In the investment
interval of $770,000-81,020,000, Ao is lower for higher than
for lower iﬁvgstments. This implies that within this inter-
val, "the-ﬁigher 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 [MTBFo = MTBFD/4/QTBF° = MTBFD/4]. Within this in-

vestment interval, Ao illustrated by curve #2 (Figure 6-5)
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Table 6-11

Replenishment Inventory Data ("Target Inventory")
and Ao of the Third Scenario (OPUS-VII )

DENOM TOTAL DEP INl INZ2
LRU 1 4 0 3 1l
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
SRU1O 4 2 1 1
SRUl1l 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), Ao 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

b Inventory Data and A_ of a Point on Graph #3
within a Fixed Ao (afld WT) Interval

DENOM TOTAL DEP IN1 IN2
# LRU 1 3 0 2 1
3 LRU 2 12 0 8 4
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
SRU11l 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
E LRU 2 12 0 7 5
=5 LRU 3 3 0 2 1
= LRU 4 6 0 4 2
E LRU 5 1 0 1 0
& LRU 6 31 18 8 5
' SRU 1 33 11 12 10
3 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

SRUL0 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

b« o g

significantly. The improvement is represented by the dashed

curve on top of curve #3 (Figure 6-5).
6.6.1.4. Fourth Scenario, MTBF , = MTBFD/4//

MTBFO = NIBFD

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 Ao' an additional investment

Yo

of $2,000,000 is required (the "target inventory" is described

in Table 6-9).

F ' Table 6-14

Inventory Data and Ao of the Fourth Scenario (OPUS-VII)

‘ DENOM TOTAL DEP INL 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

1
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Reallocation of the inventory improves
8 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. 1In 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 #1, Figure 6-5), this action results in an increase

of Ao' But when it turns out that MTBFO = 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 Ao. 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, Ao improves continuously. A similar phenomenon to
the one described above was found for a different sytem, as
well [Ref. 19]. 1In 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 Ao of 97.0%. 1In this figure, MTBFo
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Table 6-15

Summary of IIPS and Ao for the Four Scenarios (OPUS-VII)

Initial In- Initial In- Additional
vestment ($) vestment ($) A_ (%) Investment A (%)
Scenario Available Utilized 22hieved Needed ($) Afhieved
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 MTBF,, and the function
is approximated by a continuous curve. The figure demonstrates
that a decrease in MTBF causes an increase in the regquired
IIPS, which becomes steeper when MTBF, < MTBF,/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 MTBF,. will also be

b
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 MTBF° and save on IIPS. Independent of the actions
taken to assure an acceptable MTBFO, 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 manufaéturer or

resulting from a maintainability demonstration (MTTRD) [Ref. 9],
this variable has been chosen for investigation.

As shown previously, an Ao 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 (MT'I‘Ro = 2 XMTTRD). Second, MTTR, is changed to

D
5.2 hours (MTTRb = 4 XMTTRD). In the first case, an Ao of

.,_.v...,wvv~..<.-..,._.r<

97.5% is obtained for an IIPS of $553,000 (4.7% increase in
IIPS with respect to the basic version which is a moderate

changej. Table 6-16 presents inventory data and A, for this

case.

3

@3 In the second case, an A of 97.5% is obtained
>

for an IIPS 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 gquantity of
SRU's procured is less significant. Inventory data and A°
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 Ao for MT'I‘Ro = 2 XMTTRD

DENOM TOTAL DEP IN1 IN2
i, LRU 1 5 0 3 2
[ LRU 2 9 0 5 4
g LRU 3 4 0 2 2
‘ LRU 4 5 0 3 2
LRU 5 5 0 3 2
& LRU 6 25 17 5 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 14 8 4 2
SRU 7 3 1 1 1
SRU 8 6 3 2 1
SRU 9 4 2 1 1
SRUL0 2 1 1 0
SRU11l 6 3 2 1
TOT INVESTM. = 553615.0 AVAILABILITY = 0.97557
Table 6-17
i Inventory Data and A  for MTTR, = 4 xMTTR,
r 1
8 16x 8x
X DENOM TOTAL DEP INL IN2 MN1 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
i LRU 6 29 21 5 3 0 0
g 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
SRUL0 3 1 1 1 0 0
) SRU11l 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 MTTRo =
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 e
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 (l14%) 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 organizatiocnal
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 Ao 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.

AIR [—‘ s - OPUS-VII ‘ 'I SIMPLE
[]
f
1
|
¢
|

Al : 97.5%
Initial procure- 1 Initial procure-
™ ment and alloca- * ment and alloca-
tion of spares —_———— tion of spares
LsC _ _ LsC
| breakdom [C T T T T T T T T *l  breakdown

——— data flow
% — — 4+ comparison of output data

— effectiveness evaluation of AIR allocation

Figure 6-9. Use of Models for LSC Analysis
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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.

f' 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. 1In
this figure, only costs accounting for 10% of 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-
?7 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 (5$1000)

MOCEL QOST CATEGORY 2xMIBF MIBF MTBF/2 MTBF/3 MIBF/4

IsC 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)

MODEL, QOST CATEGORY MTTRx1 MITRx2 MITRx3 MITRx4

1SC 3,992 4,103 4,213 4,324
Manpower 697 808 918 1,029
TS&SE 353 353 353 353
AIR Inventory 2,001 2,091 2,001 2,091
Training 496 496 496 496
Transport. 307 307 307 307
Other Costs 48 48 48 48 1
LSC 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 1,604 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 shouid 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 bv 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
(Manpnwer 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
sc 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

e N

CPUS-VII and
QosT AIR SIMPLE
CATEGORY Basic No Depot Basic No Depot
Data Level Data Level
1sc 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
Transgort. 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

OpPUS-VII
QosT AIR and SIMPLE

CATEGORY Basic Repair Basic Repair

Data Depot Data Depot
1sC 3,992 5,034 4,667 5,234
Manpower 697 793 2,035 2,162
TSSE 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 egqually
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




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

g are illustrated by Figure 6-11. LSC and LSC per system are

; illustrated in Figure 6-12. LSC and LSC per system are higher

T 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.

E 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
3 use a zero discount rate and others include a discount and an
f inflation rate as well. The intention is not to argue pro or
g 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

‘, compared to its value if the .present value approach is not
used., Further, the figure illustrates that if high values of

3
3
1 i
B of 10% for this example will "reduce" LSC by more than 40%
F discount rate are used, inventory costs become a greater part
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FPigure 6-13. LSC as a Function cf Discount Rate
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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 fémains 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
4 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

i' 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

o e

The repair/discard decision curve is easily

' obtained from SIMPLE due to the built-in procedure which
149
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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

;3 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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Figure 6-14. The Repair/Discard Curve (SIMPLE)
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Figure 6-15., The General Repair/Discard Curve
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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 Ay obtained
will be 82% only (in comparison with $528,000 which enables

an Ao of 97.5%). 1In this case, improvement of Ao 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 Ao 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).
153 |
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6.7.8. The Cost of an Operating Hour

The calculation of LSC and IIPS for different
levels of Ao 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. 1In this example, IIPS 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 Ao).

On the other hand, higher resources for IIPS have a smaller
impact on A° and the cost per operating hour.

The significance of allocating sufficient
resources for IIPS is illustrated by the figure.

6.7.9. Summary

The analysis in this chapter is based con 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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Figure 6-16. Ao and Cost of an Operating Hour as a Function of IIPS
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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,

157

eem——— PN S XY o 557 oo
- e ten L Ml ke e R TG



Ty

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 épares.

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 operatiocnal 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 guantity 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
greatexr the lower the level at which it occurs in the support
organization.

£f) 1If 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

i 20N

screening rule.

repair/a.scard analysis can be determined by use of a simple

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 systemsalready 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

As a conse-

used in AIR (95% fulfillment of requisitions).

guence, AIR stocks LRU's mainly at operational sites and SRU's

at the depot level only. Although OPUS-VII may stock some

and intermediate level sites,
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F LRU's at operational sites, it stocks LRU's primarily at

intermediate level sites and it divides SRU's between the depot




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.

¢) Consider design changes to modules which have a high

failure rate.

d) Devote sufficient funds for test and support equipment.

é
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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. Betweén the two
end\points of a system's life, a number of periods exist,
through which the system passes. 1In 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-1).

A.l1.1. The Planning Period is the initial periocd 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
162

from Reference 5.
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Figure A-1l. System Life Cycle
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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-1l).

A.l1.1.1. 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.




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-

o it

pleted, a final approval to proceed with system development
is obtained. The primary activities of Concept Fermulation
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, economic,and 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 Reguirements Specifications--transformation of

the selected design concept into detailed system and sub-system
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Figure A-2. Primary Activities of Concept Formulation
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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.l1.2. The Acquisition Period is concerned with the

design, test, evaluation, production, 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
+ 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




a) Preliminary Design Stage--selection of one of the feasi-

ble design concepts for implementation, using sensitivity
stability , compatibility, ardstate-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.l.2.2. The Production Phase includes effec-

tiveness factors, such as quality assurance, reliability, and
reproducibility. 1Individual inspections and acceptance tests
are made under various environmental conditions, and life

tests are performed to provide a measure of reliability
168
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assurance. Marginal performance items and production tolerance

effects are measured, resulting in design changes and
improvements.

A.l.2.3. 1Installation 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.l1.3. 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.l.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.l.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
ﬁ 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.1l. 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-1l.

Cost
Effectiveness -
{
| |
Life-Cycle Systen
Cost Effectiveness
[
l N ] I 1
+ Research and Develop- Availa- || Dependa- System
ment Cost bility bility Performance | { Others

« Investment Cost

+ Operation and Mainte-
nance Cost

» System Phase-Out Cost

Figure B-1l, Prime Cost-Effectiveness Elements [Ref. 2]

173




Cachaee b o

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 guantitative 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. 7]:

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 orf 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,

System Effectiveness (SE) is expressed as a product of the
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three probabilities OR, MR, DA:
SE = OR xMR 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 misdion requirements, and is a
function of availability, dependability, and capability."”

System effectiveness is expressed by the formula [Ref.21]:
SE = A xDxZC

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 missicr,
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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1

When comparing the ARINC model to the WSEIAC model, quite a

4 ) similarity may be noted.

B.2.2. Operational Readiness, Dependability,

and Availability. The terms Operational Readiness, Dependa-

bility and Availability 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

i one developed for the US Navy, which takes into consideration L

T
'

the fact that, in many instances, a failure occurring during
an operating period tl may be acceptable if it can be corrected

in a specified time < t2, and the system continues to complete

Rk LA A

its mission [Ref.22]:

b D = Rm + (1l -Rm)Mo

where

D = S8System Dependability--the probability that the mission
will be successfully completed within the mission
time t,, given the down-time per failure < t2 will

not af}ect the coverall mission.
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Rm = Mission Reliability--the probability that the
system will operate without failure for t

l.
(Rm = 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 < t,.

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]: ,

a) Inherent (Intrinsic) Availability--a measure of the

intrinsic design variables only, controllable by the system

designer.
A = MTBF
i MTBF + MTIR
where:
Ai = 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;
MTBM = Mean~-Time-Between-Maintenance;
MADT = Mean-aActive-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,

- MTBM
o MTBM + MDT

where:

>
fl

Operational Availability;

i

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 (1) 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) = oMt o o~t/MTBF

where:

R(t) = systems reliability at time t;
A= ko - failure rate
MTBF

A 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.
b; Together with reliability, maintainability determines the sys-
tem's operational readiness, and contributes to the system
effectiveness concept [Ref. 23].
l Maintainability engineering co;cerns 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. 1].

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 operationa& state. Therefore, the purpose of maintainability
is to provide maximum operational readiness by enabling guick
maintenance performance (consistent with all other system re-
guirements) 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, tocls, 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

Ll s aaest Sea

in FPigure B-3, The total cost of a system includes all
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Total System Cost

i . 1
[ Research and Development Investment Operations and Maintenance
(R&D) (Production) (Support) (0&S)

‘ﬂ 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

f, 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

.f; costs compose 30%-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. l].

g The main motivation behind LCC analysis is the possibility
of saving money on 0&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
1ife 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 signifti-
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
facilities. Concentration upon those elements makes an
efficient LCC program possible.

B.3.2. 1Inflation 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. 1l}:

where:

AF adjustment factor

average inflation rate/yr

[N
L]
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average discount rate/yr. (usually @ = 0.1)

o
0

fe ]
[

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, 0&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

d Full-Scale Development Cost
Program Management
Engineering

. Fabrication

? Contractor Dev. Tests

L 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

QOperations and Support Cost
Operations Cost

Electric Power

Consumables
R 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

| ' 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. 1Investment Costs. Investment costs

occur during the production phase. The non-recurring
costs of this category include tooling, support and test

equipment, manufacturing planning, new facilities, training

SN e TR R T TRERAT

and recruitment, while the recurring costs include manufactur-

ST SRR

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, supervisiocn, clerical personnel, and accounting
costs are accumulated and allocated to each part/egquipment ;
as overhead. ’%

A typical investment cost breakdown |
is illustrated in Figure B-6,

B.3.3.3. Operation and Support Costs. O0&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 perscnnel, energy, and operating

support costs. Support costs include the variocus costs for

maintenance, provisioning, support equipment, transportation, !
training, documentation, site preparation, installation and
security.

Being the largest part of LCC,

0&S costs require a detailed examination. It is obvious
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Fiyure B-5, R&D Cost Breakdown [Ref. 2]




Investment

A

Manufacturing

Manufacturing Engineering
Tools and Test Eguipment
Fabrication

Assembly

Inspection and Test
Quality Control

Material (Inventory)
Packing and Shipping
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Figure B-6. Investment Cost Breakdown [Ref. 2].
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that these ccots 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, 0&S cost estimates are based on peacetime
operations. A typical breakdown of 0O&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
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Operations

Personnel
Replenishment Training
Operational Facilities
Handling Equipment

Ve et

Maintenance

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. 2]
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B.3.3.3.2. Support Costs. Support

costs account for the largest part of 0&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). 1It is important to recall that sometimes these i
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 caiculated 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-

tion 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 g
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. f r

Depending upon the type of problem, one or more of the
following Measures of Effectiveness (MOE) can be chosen: f
-- 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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¢) SRU Data:
-=- Unit cost.

-= SRU MTBF for each item

1 2 Systems

1 2[__-] 3 4 5‘—5} LRU's
N\~ N

1 2 3 4 5 6 7 8 9 10 11 SRU's

Figure C-1. 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 softerned
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.

¢) Demand Generating Station (DGS), corresponds to opera-

tional systems.




Figure C-2. Possible Support Organization; An Example




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 superiocr 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 gqueues 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 2 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

be §Nx

The first x items finishing the repair

cycle will not be available for the (N+x)th demand, for which

. TAT
EWT will be xxN+x.

The formula for EWT is

X

EWT N+x

P{f < N} x 0+ )} P{f =N+x} * TAT x
=0

X
N+x

"

OZD P{f =N+x} X TAT X
x=0
where f is the number of demands, P{f} is the Poisson proba-
bility of f demands, and TAT is the turnaxound 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.




C.4.1.2, System Availability

|
’
Based upon the values of EWT it is I
possible to compute the average downtime per failure (EDT),

|

and the system availability (A). The formula used by OPUS

is: |

_ 1
A l +D x EDT |
) The demand rate is D = ﬁ%%? and the formula may be rewritten
i as:
E.
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 - Aa)

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

x the probability of zero backorders, or

PALOB = 1 - P{f < N} = P{f > N}

1 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

e-(TATxD) )(N+x)

PALOB = | [ (TATXD / (N+x) 1]

C.4.1.4. The Probability of Shortage Given a
Demand (PS@D)

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:

; _ T (e (TAT%D)
x=0

x (Tarxp) V) ) (grix) 1]

where N* is the integer part of
a N*T/ (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 systemﬁ level.




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(1i)

I POLLD(i)
i=1

PSM

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).
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- lInvestment

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 1l."
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."

ﬁ EWT

C-E curve no. 1

C-E curve

—® TInvestment

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-VII. 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.1. 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.

[ d

System

——— — — G— N——

SUB-SRA 1.1.2.1][1.1.2.2 L1.2.13.ﬂ {1.2.3.2 | 5233]

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 higher than that for which its
higher assembly is coded. Th-se two assumptions make it
possible to assign a uniyg2 LCF posture to each item, and
they will for each item g: ¢ all possible combinations of LOR

codes.

D.2,2. Spares Inveiatory
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 gquantity 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, this 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 gquantity of
spare parts needed.

5 -- 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-
i 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 1
6 Depot PIMA ’ 2
7 Discard PIMA
8 Depot Depot } 3
9 Discard Depot
Discard 4
p-
:. The four or nine costs corresponding to the
]
i’ different assignments are computed for each assembly, and for
! 214
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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 summed.

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 guantities 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 gquantity 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.

-~ 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.

-- 1Item 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 L
occurring as equal payments, starting one year hence and tesr-

minating at the end of the life cycle

(1 + DR)Y‘- 1

NDF ¥
DR x (1+DR)

where:

DR

Discount Rate;

L]
"

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

(L + DR)Y - 1
v-1

PDF =
DR X (1 + DR)

~-=- Reduced Discount Factor (RDF) is used with equal
payments starting two years hence and terminating at the

end of the life cycle

(1 + pR)Y" L -1
DR x (1 + DR)Y

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 Tcucal 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 [l + NPC]
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where:

IEC = Item Entry Cost;

IRC = 1Item 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
0.11-0.59
0.60-1.29
1.30-2.09
2.10-2.89
2.90-3.89
> 3.9 INT{RRPQ + 1}
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The Attrition Quantity (AQ) is, just as RPQ, stocked at the
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 1l

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 yxesupply points.._S$SQ 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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§SQ = INT[FS + Tl x NP x (l-BCMP) + Tz X ND]

where:

INT = 1Integer 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;

T, = Repair cycle time from IMA to PIMA minus
the required years stock at IMA. If this
difference is negative, Tl 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;
T, = 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
;i quantities will be equal to zero.
The total repairable inventory gquantity

_; per item (TRQ) is
TRQ = RPQ + AQ + SSQ

and the total repairable inventory cost (TRC) is the surmation
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)

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;
223
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b 4

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. 1Included 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 TRRP, . xWI + PHR 'x ISS]
i’j IJ
where:
NDF = Normal Discount Factor;
AN(i,3j) = Annual number of items sent from site i to
site j:
TRRPi . = Transportation rate per pound from site i
+3J to site j;
WI = Weight of the item;
PHR = Packaging and handling rate per cubic foot;
ISS = 1Inventory 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) .

= SSEY1
USCPGSE = UCP x [1 + 1 +DR + SSEYY x RDF]
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 regquired 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 + T +D0R + SSEYY x RDF],
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

: ’ 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 1s calculated for each site of the maintenance organization
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as the sum of the costs of verify tasks and repair tasks.
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 h

cost per site is as follows:

T T T N T,

Cost of labor = (number of maintenance actions) «
(manhours per maintenance action) x
(cost per manhour).

e s g S urgTRe

} 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 operatioﬂal 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 sitexis an

input variable, with no relation to the number of mariiours

required, upon which the computation of maintenance labor +

costs is based.
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The training costs are divided into the initial A
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
The 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;
¢) 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;




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 1IV.

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 1V
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 pair 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 fayor the repair alternative.

D.5.2. Cost of Test and Support Equipment

In AIR, "Discard Peculiar Support Eguipment"

(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 cone 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, Aifferent 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
1 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

hea.

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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: ’ APPENDIX E

THE SIMPLE MODEL

E.l. INTRODUCTION j
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

degire 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 1V.

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
l\ (AQCG) are divided into a cost per level of the support organi-

zation (AOOD, AOID, AODD and AOOG, AOQOIG, 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. 1In 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 mcdule.

} 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 of input/output data isincluded in Appendix F.

° E.4. DELTA COST, REPAIR/DISCARD
For each repairabie 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(1i)
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and DLTS(j)] among the output data indicates that, based on
an 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*

CHI23 343334233823 48385 XX PXRINRKREIPRUXAPEXBARRAPN XS KR E L L2 XS X IUKFF
C
¢ FRCGRAM SIMPLE,LSC MEOTL
AL E R R R R R R I R RN R R E R NE RS SR R L EE R R R L R R YRR SIS RS R AR S 2
¢
e CEFIMNITICN CF FILES
C 2 EREREREEZEREEERERREE X B L]
¢
CALL FRICMS('FILICIF ', 1" ', 105K CIETLINL
1CATe L S 'p'BLKsIZE v, v 132 1, ipel g ")
CALL FRICMS(PFILEC=F ¥,7]) T, "1k VLUETLELG
1ICATS o $,IILRSTZR ¢, 1132 ', 'PERM '
[ R R R R R EERE FERR 2R Z2 R R R R R RE SRR LRI R RIS RIS SR SRS R RS SR R R Y
CLIPLT CATA
I ZEERRREE K]

CCMMON LSCoA RNy Ry T¥ANDW, TTSE) TINVINGZTTRLIN,)TTRANS, TCTHER,
+0M A% AT JAC, AT AC,IV,RSHRT4yRCyPTHyRI,CLTL(6),DLTS(LL),23D,
+ASTA,LSCC,2ST,ASIA, 3810, A5, ASCA,ASCE,VICL,AICS,A1C0L,
+2CC2C1 4y #CC,ACCF22CCLAD1Y4ACHT,A0NG AT 16G,ATODG AOCH

CCMdCM ACCE,
+RNCCP yRMCC,FMICN ¢S4 C)IMDCNyRMICHyRMCFEN, AVEP,RM PN, RM]P,
FEMCFNGRMOF ) FSCONsFOCCH)RSICNYRSTIC,T3DCN,RSDCH)RICLNGFICL,SIC 5N,
FRICE Gy RICKN ) RICKIRTIIKN)RTIKHJRICKNYyRIDKyRICYN,RICV,RCCA .

CCwMIN FCC,
+RCINyRCT yRCINJRCC9ITONWRTCHRTINy2TT RTCEN,“ TCELROCEN,LRTCD,
+RCCCNWRCCGRCCENRTCEZTNLRUF, TNSRUF, CF,QCF,
42FLLE)BFS(11)

R L R A R R R EREE R R AR R 2R R RS R RS R E RS ENE S EY RE R RS E RS S AR SR REELE 2SR B

OOONCICTADINO O O O OO O O O O O O Nannnnh

BN AT 8CCF £CCG4ATTE ACR5 AZCY ANT ACC S ARSI TATEREC £ 8377
ESYI“ﬁTw QICL A\C AICS5 3¢ ’UTPJ* FRCM 7PLS- ?
BRI IR A IR BRI DA EH R TR ERR S A IR X R I F A ST AR R AT PR T AER R EERE S
INFLT CATE ANL CCANSTANTS
AL A8 4R 2449924 RB AR BANRAK
SABARLRI IR A RS AL A NS4 A B DA A TR IR PSRN IR E M IR AR SRR ARSI L A S AKRE R ALK
COMNMON DS XNFLEE) s X¥ES{L1)9SCSeCLIB) S

*This printout exhibits only those parts which have
been programmed by the authors. Additional parts adopted
from Colonel Palsson's program (Section 5.4.l1) are omitted
{such as definitions and read and write statements).
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FILS: x> FCRIRAN 3 NAVAL PCETGRADLATS SCHCIL

c
c
c
C
C
C

CCMMON NMLRL S, MSRUS,NLRY(S) JNSRL{LL)ZNFRT,,PPL(0},2PS (L1
COMMOEN NS ONT o NDyASCALLASTAL,ASTAU,PSLI6 Y,
tCPSSUIL)oRLCLRLILSRLEL,TCAN,TCAT,"CAD,PLTIANFACL
CCMMON ANFAT,
+ANEAL W TFAC,1FAL,TEAC,ENTC, FILC

COMMON NRTZANTTMUTE

CCoNMON TCTCZ,I1CTL,1077

COnMMCA CCCR,
*CCIRJCOCF o FACINICONLsCONSy ACMCLJACUC S ATTCLLATTIL L ATTILL,
+2YCC Y AVCIC yAVCCT o MCT 4 JDSKSPMATIN,PCIL(E),PCIS(LL),
+CICRTILAFFF, 81,8243 4NY

oy O

[ o B o)

t

A2 R RER LSRR LR R 2 E R R R E R S 2 R AR i R A L R R R R R R A RIS R R L

ENC CF C274a
IEEEREEERER L/
(22 R R RS R AR R R AR R R R R S R R Pt E R RS AR RS SRR R R AR SR 222 2

FEAL LSCoNY MLRLS,MSFUS,NLRU,NIRY,
+NFRT G NS NI NC G NMTC,ANTT N4 TD
FRETRAINRLNS ARSI AT B ERIRX AT I DR AR A BRI AL PRI IR IR AATKEARDE R 4R
rnlgtstTICh CF LIFE SUFENRT C€I57 (LSC)

IEEEEERER RS RS E 222 R 2L 22 )

L EEE L EEEE R R RS R RS R R E RSS2 SRR S 22
X

*

& 4

LIZAT:CN
AR ADREX

e »i
IR T g N Y, . Y

]
4
L
1
L
)
C

.

+2€254262C426CGC927259215C9270C,2325+2€52928009310C422CC,
43350 936CC+27CCy»28C354550,94£03+4050,1201L+5130+5125+515C452230,
+522€4525C,5€6C0CsSTCC+5800951008,¢200062259€35396300984C(,66C0,

DO O O OOOOODAOOOAOCO Y AOOO0OnDNN
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FILZ: > FCRTRAN A NAVAL PLCSTGRADULATE SCHCCL

+€TCC1680C,71CC,72CC,720C,7600,77C0,78C2,2009,250C,2CCC,350),
+4CCC45CCs5CCLI55C2+6CI092500,7000,7500,11U3+1200,48CCE,3D16,
+ECCEIEC1E41165,11C1,1221,1201,i4C1,15C1,160L,

+1CCC+695¢ ), JEK '

LEE AR R RS AR R R R R R R A RS E R R AR E RS E LR 22 R R RIS RS SRR S R R R R RS ST ER S RS

LIFE SLEPCRT CCST ECUATIONS LSEC IN SIwNPLE
ARAAAL AN ARDANILRAAIFIBRE X RAKARIBRAKIRERE

OOONCO O O O

(2 R L EREREEESSREEEES S R #at#*t*t*tt#*#t#*t###**ﬂ#**#*'tt##%‘#*tt**####*

g** LIFF SUFFCRYT CCETE,TCTAL
ICCC LSC_= B+EN

GC TC s5CC
CHR32ADIIRFEF 0 RS SV ARSI LSS ARAXNFFRRIABRAR IS RIRK SRR IS IR S B SAXATALL 4%
E“ LSCyMANFCRWER
11C1 TMANFW = ANM4R N

¢C TC 5C(C _
CEIIANAR AR A 4342 R A LA ISR IH AN FE L IR B ASRARDIR ARG S IR AN A ALK A SR I R
g*‘ LSCoTEST AMNC SUFPFTRT ECQUIEMENT
1cll 178 = AC+sS

€C 7C 5(C¢C
C#tt*t##tit#ttl#t4#1*#‘J####**#####**##*##t##*#t#####*##**t#***####t###t
%*' LSC+INVENTCS
13C1 Téh#gks= AT4R]
Ct##**gtttt‘tsg#*ttt##t###t*#*#**###*#****##*t**tt*#tattttttt#*#*#*#t##t
E** LEC,TRAINIACG
14C1 7TTRAIN = AC+R(

GC 7C s5CC
CHEEBRARA A X BEX BRI IIDR SRR R AR AR AU B AR AR AR AR XK IRFRRERA SR 4B AT RAKKARR IS
E** LSCoTRANSFLRTATICN
15C1 TJTRANS = ATHQY

€C 1C 5C¢C
CHAR ISR AN ERDNARINARRE AT A AR RE IS S AR R SRR PR B IS L 4D SIS ARNARE 2%
C*» LSC,CTHER ELEMENTS
16C1 EET$EPSE(‘c’Fc
CHIRRIBI IR A3 9D 2RI 2R3 AR AU FF A S AR R AINKPRAFRT SIS PR RTR Rk
E** INITIAL INVESTIMENT,TCTAL
11C3 £C=TéP;£§0Al*AC+AT+AC
CHIPLI L4 444924453200 34R B PPN RV ABRIARAXKAAVKFRARXR PR AN PSS SRR KRR R LS
L*y RECURRING CCSTSWNY YEA>S
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C XX
1CCC RT = ETCA+ITINSRTLIN AX
' GC TC s5C¢ XX
- CAIAB 3433424443004 AS3X0BREXNARXFIBTXR AL EBITXEBX SN SIS DI L v kB IFPRBAN X
E“ CTFZR QRECLRRING CLSTS,4Y YEAPS ;;
715C8 CCATIMNGS XX
"RC = SCCCN+SCCGN+57CEN XX
CC 1C 5CC AX
Ett#ttnt»:oa:41»#:ttttt:xtwt:tﬂ#t*:*#t¢=*#t¢*tt*:t x;
X
26CC CCNTIANUCS XX
ASC = YSCA+2ASCC XX
CC 7C 5C(C AX
CRASE A4 ARV IR B ERE IR TR I AR L REAR S A RE N KIS RR KT AL XX
v XX i
2€¢5 CCMTINLE XX |
LSCA = ASCAL®NS XX
GC TC 5CC XX
CHASLA 443430300200 B2BEBASERBR KRR I ABAXR SRR AXEK X X
C XX
262C ASCC = C, XX
CC 2¢€51 1=14¢ XX
ASCC=ASCCeCP (T)#NS XX
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f XX
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c XX
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' €C 7C s5CC XX
Et#*ﬂ#lt#ttt‘ttt#‘t‘#t#t####ttttt#tttiitﬁtt####tkt x>
AX
2883 ESCC = C. XD
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ASCC=dSCC+CPSS() =T X
2851 CCMTINUE X
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E.6. VARIABLES USED IN SIMPLE

The following alphabetically sorted variable list in-

cludes the variables used in SIMPLE:

ARSIV SRBEPR DB PRE AR FR SRR XE PRE X AGXEERIEBE &

VARTABLE NAMES USED [N SIvPLS
{(ALPRABETICALLY SCRTZD)

BAFBFARRBRXRBIBIEEREE R AR R RRR R RS AR AR AR KB R R &
BCNCL ¢ CCNSUM.EMAT ./LRU REPAIR,AVERAGE
ACMCS 2 CCNSUMEMAT ./SRU REPAIR,AVERAGE
ANPAC ¢ ANMUAL # OF PREV.MAINT,ACT.DEP-LEVEL

ENPA ] $ ANNUAL # OF PREVMAINT ACT.INT-LEVEL
ANPAC ¢ ANMUAL # OF PREV.MAINT,ACT,JRG-LEVEL
AC1G 2 SPACE COSTS,INT-LEVEL
ACOG ¢ SPACE COSTS,0RG-LEVEL
ACOG ¢ SPACE COSTS,DEP-LEVEL
] APPF ¢ CPERATING ACURS/“{STEM=-DAY
| ASCAL ¢ TE&SE,COMMON,COST/SITE,DEP-LEVEL

ASIAY ¢ TESE,CCMMCN,COST/SITE, INT-LEVEL

- ASOAL  : TGSE,CCMMON,COST/SITE,SRG-LEVEL

g ATTCL  : TECHNICIAN,ATTRITION RATE,DEP-LEVEL

2 ATTIL 2 TECHNICIAN,ATTRITION RATE,INT-LZVEL

3 ATTCL  z TECHNICIAN,ATTRITION RATE,ORG-LZVEL

) AVOIC & DISTANCE,MILES,INT-DEP-LEVEL,ROUND TRIP
: 4v0CC : DISTANCE,MILES,CRG=DEP=LEVEL,RCUND T2IP
3 BVECI i DISTANCE,MILES,CRG-INT=-LEVEL,3GUND TRIP
% CCOR : DCCUMENTATICN CCST/SITE,JEP-LEVEL

! CCIR : COCJMENTATICN CGST/SITE, INT-LEVEL

CCNL ¢ CCMIEMNATIUON RATELLRU R=PAIR

! CCNS : CCADEMNATIIN RATE,SRU REPAIR
CCOR : CCCUMENTATICN CCST/SITE,QRG-LEVEL
cLl : UNIT CCST,LRUL
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FILE: INPUT  CAT A NAVAL POSTGRADUATE SCHOOL
A cL2 : UNIT CCST,LRU2
j L3 ¢ UNIT COST,LRU3
CLe : UNIT CCST,LRUS4
CLs : UNIT CCST,LRUS
CLe : UNIT C3ST,LRUG
cMgT : TRANSPCRTAT IGN,COST/MILE
{ CPSL1  : T&SE,PECULIAR,LRUL,UNIT C3ST
3 CPSLZ  : TESE,PECULIAR,LRU2,UNIT COST
CPSL2 : TESE,PECULIAR,LRU3,UNIT CQST
CPSL4 : TGSE,FECULIAR,LRU4,UNIT COST
CPSLS : TESEsPECULI AR, LRUS,UNIT COST
CPSLE : T&SE,PECULIAR,LRU6,UNIT COST
CPSS1 2 TESE,PECULIAR,SRUL,UNIT COST
CPsSs2 : TESE,PECULIAR,SRU2,UNIT COST
CPsS? : TESE,PECULIAR, SRU3,UNIT COST
CPSS4 : TE&SE,PECULI AR, SRU4,UNIT COST
CPSSS : TESE,PECULIAR,SRUS,UNIT COST
CPSS6 : TGSE,PECULIAR,SRU6,UNIT COST
CPSS? : TESE,PECULIAR,SRUT,UNIT COST
| CPsSS8 : TESE,PECULIAR,SRUS,UNIT COST
s CPSSS : TGSE,PECULIAR,SRU9,UNIT COST
. CPSS10  : TG&SE,PECULIAR,SRULO,UNIT €OST
. CPSS11 3 TESE,PECULIAR,SRULL,UNIT COST
i cs1 : UNIT CCST,SRUL
: UNIT COST,SRU2

e €S2
¥ cs3 : UNIT COST,SRU3
! CS4 UMIT CCST,SRU%

| cs5 UNIT CCST,SRUS
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FILE:

INFUT

csé
Ccs7
cs3
€S9
Ccsia
CS1i
CISRT
ENTC
FACIN
FCLC
MLRUS
MSRLS
ND

LY
MLRUL
MLRUZ
NLRU3
MLRUS
MLRUS
MLRUS
MMTD

NMTT

MMTC
NPRT
L
MSRUL
ASRULZ

DAT

L [ 13 (1] (13 [ 13 (1] .0 [ 1} e [ 1] (1] (1] 2] e [1] [ 1) (213 o (13 [} (1] [ 1} o (2] ”"” [ 1}

A NAVAL POSTGRADUATE SCHOIL

UNIT CCST,SRU6

UNIT COST,SRU?

UNIT CGST.SRUS

UNIT COST,SRU9

UNIT CCSTySRULO

UNIT CCST,SRULlL

CISCOULNT RATE,2

INVENTCRY ENTERING COST
TESE,PECULI AR, FRACTION,ANNUAL CUST/ INV
INVENTORY HOLDING COST

NUM3ER OF DIFFERENT LRU'S

NUM3ER OF DIFFERENT SRuU'S

NUM3ER OF DEP-LEVEL SITES

NUMBER OF INT-LEVEL SITES

NUMBER COF LRUL/SYSTEM

NUMBER OF LRU2/SYSTEM

NUMBER OF LRU3/SYSTEM

NUMBER OF LRU4/SYSTEM

NUMBER OF LRUS/SYSTEM

NUMBER OF LRUG/SYSTEM

# CF TRAINEE/DEPCT SITE,INITIAL

# CF TRAINEE/INTERM, SITE,INITIAL
# CF TRAINEE/OPERATIONAL SITE,INITIAL
NUMBER OF CCNSUPMABLES IN INVENTCRY
NUM3 ER OF OPERATIONAL SITES

NUMBER OF SRUL/SYSTEM

NUM3ER 3JF SRU2/SYSTEM
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FILE: INPUT QAT A NAVAL POSTGRADUATE SCHOOL
NSRU2Z  : NUM3ER GF SRU3/SYSTEM
) NSRU4 : NUM3IER OF SRU4/SYSTZEM
’ NSRUS  : NUMBER JF SRU5/SYSTCM
NSRUS s NUMAER OF SRU6/SYSTEM
NSRUT  : NUMBER OF SRUT/SYSTEM
NSRU8B  : NUM3ER OF SRUB/SYSTEM
NSRUS & NUMIER OF SRU9/SYSTEM

NSRULO t NUM3ER CF SRULOD/SYSTEM

NSRULL ¢ NUM3ER JF SRUL1/SYSTEM

NY : LIFE CYCLE PERICC,YEARS

FCIL1 ¢ INITTAL PROVISICNING COST,LRULl (GPUS)
FCIL2 ¢ INITIAL PROVISICNING CCST,LRU2 (OPUS)
FCIL3 ¢ INITIAL PROVISICNING COST,LRU3 (OPuUS)
FCIL4 ¢ INITIAL PROVISICNING COST,LRJU4 (0OPJS)
FCILE ¢ INITIAL PROVISICNING CAST,LRUS (0OPUS)
FCILG : INITIAL PROVISICNING CCST,LRU6 (CPUS)
FCIS1 $ INITIAL PROVISICNING COST,SRUL (OPUS)
PCISs2 ¢ INITIAL PROVISICNING COST,SRUZ (CPUS)
FCIS3 s INITIAL PROVISICNING COST,SRU3 (CPUS)
FCIS4 : INITIAL PROVISICNING COST,SRJ4 (CPUS)
PCISS ¢ INITIAL PROVISICNING COST,SRUS {GPUS)
FCISE ¢ INITIAL PROVISICNING COST,SRU6 (0PUS)
FCIS§? ¢ INITIAL PROVISICNING COST,SRUT (CPUS3]
PClsS8 s INITIAL PROVISICNING COST,SRUB (CPUS)
FCISS : INITIAL PROVISICNING COST,SRU9 (0PUS)
fCIS1O $ INITIAL PROVISICNING COST,SRUL10 (QPuUS)
PCIS1] ¢ INITIAL PROVISICNING COST,SRULL (3PJS)
FPL1 ! NUMIER OF PECULIAR PARTS, LRUL
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FILE: INFLT CAT A NAVAL POSTGRADULATE SCAOOL
FPL2 : NUN3ER OF PECULIAR PARTS, LRU2
FPL3 : NUMBER OF PECULIAR PARTS,LRU3
FPL4 : NUMBER OF PECULIAR PARTS,LRU4
FPLS : NUM3ER OF PECULIAR PARTS,LRUS
FPLG : NUMBER OF PECULIAR PARTS,LRU6
FPS1 : NUMBER OF PECULIAR PARTS,SRUl
FPS2 : NUM3ER JF PECULIAR PARTS,SRU2
FPS3 : NUMBER OF PECULIAR PARTS, SRU3
FPS4 : NUM3ER OF PECULIAR PARTS,SRu4
FPS5 : NUMBER OF PECULIAR PARTS,SRUS
FPS6 : NUM3ER OF PECULIAR PARTS,SRUb
FPS7 : NUM3SER OF PECULIAR PARTS, SRU7
FPSE : NUMSER OF PECULLAR PARTS,SRU3
FPSS : NUMBER OF PECULIAR PARTS, SRU9
FPS1C : NUMBER OF PECULIAR PARTS, SRULQ
PPS11 : NUMBER OF PECULIAR PARTS,SRULL
FRLTC : RATIO,CISCARD TC REPAIR MANHOURS
RLOL : MANHCUR RATE,DEP-LEVEL
RLIL : MANHCUR RATE, INT-LEVEL
FLOL : MANHCUR RATE,ORG-LEVEL
{3 $ UNIT COST,SYSTEM
SPMAIN : SPACE,MAINT. OF ,FRACT . ANN./INV.COST
€1 s MTBF,MULTIPLICATICN FACTOR
€2 : CORR.MAINT-TIME,MULTIPLIC ITION FACTIR
53 : UNIT COST,MULTIPLICATION FACTOR
TCAD : AVERAGE MANHOURS/CORR ¢MAINT.ACT.CEP=LEV
TCAl : AVERAGE MANHOURS/CORR MAINT.ACT.INT=LEV
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FILE: INPUT DAT A NAVAL POSTGRADUATE SCHOOL
1CAC : AVERAGE MANHOURS/CIRR JMAINT,ACT.CRG-LEV
TCTC : CCST/TRAINEE,COURSE,DEP-LEVEL
1CT1 $ CCST/TRAINEE,COURSE, INT-LEVEL
TCcTC : COST/TRAINEE,COULRSE,ORG-LEVEL
1PAC : AVERAGE TIME/PREV.MAINT.ACT.JEP-LEVEL
TPAL : AVERAGE TIME/PREV.MAINT.ACT,INT-LEVEL
TPAL : AVERAGE TIME/PREV.MAINT.ACT.URG-LEVEL
LCSK : DCCJMENTATICN,FRACTINN,ANN./INV, COST
YMFL L : MTBF,LRUL
| XMFL2Z : MTBF,LRU2
{ YMFL2 $ MTEF,LRU3
i XMFL4 : MTEF,LRU4
IMFLS : MTEF,LRUS
INFLE : MTEF,LRU6
XMFS1 : MTBF,SRUL
IMFS2 : MTBF,SRU2
3 AMFS?2 : MTEF,SRU3
XMFS4 : MT3F,SRU4
XMFSS : MTBF,SRUS
XMFS6 : MTBF 4 SRUG
' AMF ST : MTBF,SRUT
3 XMFSE : MTBF,SRUS
g XNFS9 s MTEF,SRU9
; AMES10 @ MTEF,SRULO
2 IPFS11 2 MTBF,SRULL

E | 239X PE S S ERERIRRIEREEE
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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-1 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~1. Input Data
FILE: SCRTY JATA 4 NAVAL POSTGRADUATE SCHUMOL

R R R R Y Y R T I I ™ M I™”

sl !

S=SINPLE A=AIR N=roLs
A AL R R E R R EE L R RS R R R Ry L R T PP T P P e Ty
15. £CMCL : CONSUNLEMAT ./LRU REPAIR, AVERAGE 5
35. ACMCS : CONSUM.EMAT./SRU REPATR, AVEFAGE S
1. ANPAD : ANNJAL # OF PREV,MAINT,ACT . DEP-LEVEL 5
12. ANP AL : ANNJAL # OF PREV.MAINT.ACT.INT-LEVEL S
365. ANPAC : ANNJAL # OF PREV,MAINT.ACT.URG-LEVEL 5
0. £COG : SPACE COSTS,DEP-LEVEL S

| 14C00. 801G : SPACE COSTS,INT-LEVEL S

] 24C00. 2006 : SPACE COSTS,ORG-LEVFL S

3 24, APPF : CPERATING HCURS/SYSTEM-0AY Sedyf
1.8 ARTL : ACTIVE REPAIR TIME LRU"S A,C
1.8 ART S : ACTIVE REPAIR TIME SRU"S AG
450, ASOAU : T&SE,COMMON,COST/SITE,JEP-LEVEL 5
250, ASIAU : T&SZ,COMMONCOST/SITE, INT-LEVEL S
53. 8S0AL : TESZ,CCMMCN,COST/SITE,CRG-LEVEL s

E .05 £TTCL : TECHNICIAN, ATTRITION RATE,DEP-LEVEL S9A
.15 ATTIL : TECHNICIAN, ATTRITION RATE, INT-LEVEL SeaA
.2 ATTCL : TECANICIAN, ATTRITION RATE,CRG-LEVEL SyA
10c. AVOIC : DISTANCE,MILES, INT=JIEP-LEVEL,RIUND TRIF 5
10¢C. 8voCeC ¢ DISTANCE,MILES,CRG-DEP-LEVEL,RCUND TRIP 5
30. AVDCI : DISTANCE,MILES,CRG-INT-LEVEL,ROUND TRIP 5
1680. CCOR : DOCUMENTATICN COST/SITS,dEP-LEVEL S»
94¢C. CCIR : OCCUMENTATICN COST/SITE, INT-LEVEL Se
«uCo CCNL $ CCNIEMNATIIN RATE,LRU R3PAI: S

2

,

’
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FILS: SCRT 0ATA A NAVAL POS3TGRADUATE SCHOOL

: .02 CONS : CCNIEMNATIIN RATZ,SRU REAIR SeA

1 5J CCOR : COCJUMENTATICN COST/SITZ,030-LEVEL SeA

3 3075, cL1 : UNIT COST,LRUL SeA,C
47¢5. L2 : UNIT CCST,LRU2 SeA,C

i 4163. ) : UNIT CC3T,LRU3 Se4,C
3040. CLa : UNIT CCST,LRU4 SeAsC

3 10670, CcLS : UNIT COST,LRUS SeA,C

‘ 11635, Cla : UNIT COST,LRU6 SrAsC
.3 1ok : TRANSFCRTAT 0N, CAST/MILE 5
3CC. cPsLL : TEST,PECULT AR, LRUL,UNIT CIST Sy
300. CPSL2 : T&S%,PECULIAR,LRU2,UNIT COST SeA
30C. CPsSL3 : TESS,PECULIAR,LRU3,UNIT C3ST SyA
300. CPSL4 : TE&SE,PECULIAR,LRU4,UNIT COST S, A
32C. CPSLS : T&SE.PECULI AR, LRUS,UNIT CGST SeA

3 33C. CPSLE : TESE,PECULIAR,LRUb,UNIT CIST SyA
3180. CP53S1 : TESZ,PECULIAR,SRUL,UNIT CCST Sy
3180. CPsS2 : T&ST,PECULI AR,SRUZ,UNIT CCST Sy A
3180, cpPss1 : TESE,PECULIAR,5RU3,UNIT COST Sy A
3180. CPSS4 : TEST,FECULIAR,SRU4,UNIT CIST Sed
3180. CP3SS : TESE,FECULI AR,SRUS,UNIT C3ST SeA
3140, CPSS6 : TESE,FECULIAR,SRU6,UNIT CaST 5,A
3143, cPSS? : T&SE,PECULIAR,SRUT,UNIT C3ST Sed
3180. cPssa : TE&SE,FECULI AR, SRUB,UNIT COST Sed
3140, CPSSS t TE&SELFECULTAR,SRUI,'UNIT CCST SeA
3140, CPSS10  : T&SE,PECULIAR,SRULI,UNIT COST Sed
3180. CPSS1L  : TESS,PECULIAR,SRULL,UNIT £O3T Sed

3 1020. sl : UNIT CGST,SRUL SyAsC

32¢. €352 ¢ UNIT CCST,SRU2 Sed, ”




e B

FILE: SCRY CATA A NAVAL PNSTGRADYATS SCHOUOL

485, €s3 : UNIT COST,SRU3 SeA,C
1770, CS4 : UNIT CCST,SRU4 SeasC
96C. €s5 : UNIT CCST,SRUS 5¢A,C
21C5. Y : UNIT COST,SRUG SeA,C
13C5. €s7 ¢ UNIT CCST,SRU7 SyA,C

; 1575. €ss : UNIT COST,SRUB SeA,C

! 74C. cS3 : UNIT COST,SRU9 SyA,C
89¢C. CS13 : UNIT CAST,SRULO SyasC
1345, CSi1 : UNIT COST,SRULL SedC
3. CISRT : DISCCLNT RATE,Z Sy A
49. ENTC : INVENTCRY ENTERING COST SeA

] .11 FACIN : TESE,PECULI AR,FRACTION,ANNUAL CCST/IAV SyA
23. FSAC : FIELD SUPPLY ADMIN. COST(S/ITEM/SITE/YR) A
50. FOLC : INVENTCORY HCLDING COST SeA
1.5 IsC ¢ INVENTORY STORAGE CIST($/SQ.FT/YEAR) A

, 6o MLRL S : NUMAER OF DIFFERENT LRU'S Syd,C
.0C3 FRLRU : MATERIAL RATE LRU"SIFRACTINN OF U.C) A
.03 MRSRU : MATSRIAL RATE SRUMS{FRACTION OF U.C)
1. MSRLS : NUMBER OF DIFFERENT SRU'S

| l. N : NUM3ER OF DEP-LEVEL SITSS
2. M ¢ NUM3ER OF INT-LEVEL SITES

. 3. MLRUL : NUMBER OF LRUL/SYSTEM

¥ 6e MRUZ : NUM3ER OF LRU2/SYSTZM
2. MLRU3 ¢ NUMBER OF LRU3/SYSTEM

: 7. NLRUG : NUMBER OF LRU&4/SYSTEM
; 2. MLRUS : NUMBER OF LRUS/SYSTEM

l. NLRUG : NUM3ER OF LRU6/SYSTZM
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FIL=Z: SCRY 0ATA A NAVAL POSTGRADUATE SCHOROL
be NMTD $ # CF TRAINEE/DEPOT SITE,INITIAL Ssh
4. AMT 2 4 CF TRAINEE/INTZRM, SITE,INITIAL SyA
4. MMTO s # CF TRAINEE/OPERATIONAL SITE,INITIAL SeA
198, NPRT : NUM3ER CF CCNSUNMABLES 1t INVENTCRY Sya
24. NS ¢ NUMGER OF NPERATIONAL SITES SehsC
13. ASRUL 5 NUMBER OF SRUL/SYSTSM $¢4,C
12. MSRLZ : NUN3ER OF SRU2/SYST:ZM SeA,C
3. NSRUZ $ NUMBER OF SRU3/SYST:=M SvA,C
12. MSRL4 2 NUMBER OF SRU4/SYSTEM SyA,C
4e NSRUS 2 NUM3ER OF SRU5/SYST:ZM SyA,C
3. MNSRUE ¢ NUMBER OF SRU6/SYSTEM SeAyC
2. NSRU7? 2 MUNMBER OF SRUZ/SYSTEM SeA,C
4. MSRLE : MUMBER OF SRUB/SYSTZIM SeAsC
2. MSRLUS $ NULM3ER OF SRU9/SYSTEM S+A,C
l. NSRULO : NUM3IER OF SRULQ/SYSTEM S+A,C
3. NSRU11 $ NUMBER OF SRUL11/SYSTEM SeA,C
15. MY ¢ LIFE CYCLE PERICO,YSARS SeA ;
2. FC s PACKING COST A
i 12300. FCIL1 ¢ INITIAL PROVISICNING CCTST,LRUL (UPUS) )
37¢40. FCIL2 2 INITILAL PRIOVISICNING COST.LRUZ2 (CPUS) S
1248C. FCILZ ¢ INITIAL PROVISICNING CCST,LRU3 (CPUS) S
. 1520Q. FCIiL4 : INITIAL PROVISICNING COST,LRu4 (0PUS) 5
- 5335¢C. FCILS ¢ INITIAL PROVISICNING COST,LRJS (CPUS) 5
218520, PCILG 2 INITIAL PROVISICNING COST,LRUbG (0PUS) S
' 1530C. FCIS1 ¢ INITIAL PROVISICNING CCST,SRJL (CPUS) S
) 22175, FCISz : INITIAL PROVISICNING COST,SRU2 (CPUS) 5
| 1940, PCIS3 ¢ INITIAL PROVISICNING CCST,SRU3 (GPuUS) S
424dC. FCIlta $ INITIAL PROVISICNING COSTySRU« (GPUS] S




FILE: SCRT
3840,
27365,
3015.
9450,
29€0.
1730.
8J70.
52.
42
15.
i17.
Oe
42,
36.
22.
31.
11.
15.
17.
24,
18.
24.
10.
8.
13.
o4
25.

CATA

FCISS
FCIS¢E
FCIST
pCI S8
FCISS
FCIS1O
PCIS1L
FLT
FPL1
FPL2
FPL3
FPL4
FPLS
FPLG6
FPS1
FPS2
FPS3
FPS4
FPSS
FPSé6
FPS7
PPS8
FPS59
FPS10
FPS11
FRLTC
rRCOC

.o [ 13

A

INITIAL
INITIAL
INITIAL
INITIAL
INITIAL
INITTIAL
INITIAL

NAVAL POSTGRADUATE SCHCIL

PROVISICNIMG
PROVISICNING
PROVISICNING
PROVISICNING
PROVISICNING
PROVISICNING
PRAOVISICNING

CGSTySRJS
CCsST,SRU6
COST,SRUT
CCST,ySRYs
C3s5T,SRYY

PRCCUREMENT LEAC TI™E (WEEKS)

NUM3ER
NUMBER
MNUNM3ER
NUNMIER
NUMBER
NUMIER
NUMIER
NUM3ER
NUM3ER
NUMBER
NUMBER
NUM3ER
NUM3ER
MUMBER
NUNBER
NUMBER
NUNMBER

aF
aOF
OF
QF
aF
aF
JF
oF
0OF
nF
OF
oF
OF
OF
OF
oF
OF

PECULIAR
PECULIAR
PECUL AR
PECULIAR
PECULI AR
PECULTIAR
PECULIAR
PECUL [AR
PECULIAR
PECULIAR
PECULI AR
PECULITAR
PECULIAR
PECULTAR
PECULTAR
PECUL [ AR
PECULTIAR

PARTSy LRUL
PARTS, LRU2
PARTS, LRU3
PARTS, LRU4
PARTS, LRUS
PARTS, LRUG
PARTS,SRUL
PARTS, SRU2
PARTS, SRU3
PARTS, SRU4
PARTS, SRU5
PARTS, SRU6
PARTS, SRUT
PARTSySRUS
PARTS, SRU9
PARTS,SRULQ
PA3TS,S5RULL

{cPyUs)
(CPYJS)
(0PUS)
(CPUS)
(CPUS)

COST,SRULD (GPLS)

COST,SRUL1 (JPU>)

RATIG,DESCARD TT REPAIR MANHOURS
REPAIR CYCLE,DRG=-DE2(DAYS)
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A,0
Sy A
SyA
SeA
SyA
SeA
SeA
SsA
SyA
SyA
SeA
SsA
SsA :
SeA
SrA '
5,A
SeA

S5+A

A2
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FILE: SCRT QATA A NAVAL POSTGRADUATE SCHOOL
be RCOT : REPAIR CYCLE,URG=1INT{DAYS) A0
90. RCSC : RESUIRED DAYS CF STICK,DISCARD,NRG=LEV. A f
A 37, ROIC : REPAIR CYCLE,ORG-INT-CEP(DAYS) A,0 ;
15.5 FLOL : MANACUR RATE, DEP-LEVEL SyA :
10. RLIL : MANHCUR RATE, INT-LEVEL SeA
; 10. FLOL : MANMCUR RATE,0KG-LEVEL SyA
1 15000C.  SCS : UNIT CO5T,SYSTEM Sy0
3 6.0 L : SACETY LEVEL(WEEKS) A
ol SFMAIN  : SPACE,MAINT. OF ,FRACT . ANN./INV.COST S
l. 1 : MTBF,MULTIPLICATIGN FACTOR S
le §2 : CCRR.MAINT-TIME,MULTIPLIC/TION FACTCOR S
l. 3 : UNIT CCST,MULTIPLICATICN FACTCR S
3. 1CAD : AVERAGE MANHOURS/CORR «MAINT.ACT.DEP-LEV S
3, TCAT t AVERACE MANHOURS/CORR HAINT . ACT JINT-LEV S
2.2 1CAG : AVERAGE MANHOURS/CORR MAINTLACT.CRG=LEV S
15C3. 1CTC : CCST/TRAINEE,COLRSE,DEP-LEVEL Sy A
75C. TCTI : CCST/TRAINEE,COURSE, INT-LEVEL SyA |
500. 1CTC : COST/TRAINEE,COURSEORG-LEVEL S,A j
8. TPAD 3 AVERAGE TIME/PREV.MAINT.ACT.OEP-LEVEL S
5. TPAT : AVERAGE TIME/PREV.MAINT.ACT.INT-LEVEL s
7 l. TPAC : AVERAGE TIME/PREV.MAINT.ACT.ORG~LEVEL S
B .l TCOl : TRANSPCRTATION CCST,IRG-INT,(5/L8) A
i 25 1€00 : TRANSOCRTATICN COST,ORG-DEP,($/LB] A |
1 o2 TCIC : TRANSPCRTATICN COST,INT-DEP,($/LB) A
A 5 TEWS : TE&SE AND WORK SPACS CCSTI$/SQ.FT/YEAR) A
¥ ol UDSK : DCCUMENTATICN,FRACTION,ANNG/INV. CIST S
g 1.2 VLRUC : VERIFY TIME,DISCARI,LRU"S,DEP=LEVEL A
1.2 VLRUT 3 VERIFY TIME,DISCARD,LRU"S, INT=LEVSL A
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FILE: SCRT CaTa A NAVAL PC3TGRADUATE SCAOOL

! 1.3 VLRLC : VERIFY TIME,DISCARD,LRU"S,0R3-LEVFL A
3 : 2.2 VLRU1 ¢ VCLJME OF LRUL(S3.FT) A ;
] 2.4 VLRLZ & VCLJME OF LRU2(SGQ.FT) A §
2.2 VLRL2Z @ VOLJME OF LRU3(SQ.FT) A |

2.4 VLRL4 ¢ VCLJME JF LRU4(SI.FT) A

2. VLRUS & VCLJUME OF LRUS(SQ.FT) A

le4 VLRULE $ VOLJME GF LRUG(SQ.FT) A

1.2 VSRUC ¢ VERIFY TIME,DISCARD,SRU"S,DEP-LEVEL A

.2 VSRUL & VCLUME OF SARUL(SQ.FT) A

" VSRLZ ¢ VCLUME OF SRU2(SQ.FT) A

.o VSRUI ¢ VCLJME OF SRU3(SQ.FT) A

1.1 VSRU4 ¢ VGLJME OF SRU4(SQ.FT) A

.9 VSRLS ¢ VOLJME 3F SRUS(SQ.FT) A

.1 VSRUE  t VCLJME OF SRUG(SI.FT) A

1.5 VSRL7 3 VCLJME OF SRUT(SQ.ET) A

2 vSRL A8 ¢ VCLUME OF SRUBI(SG.FT) A

.1 VSRUS ¢ VCLJME OF SRU9(SQ.FT) A
.7 VSRULQ ¢ VCLJUME OF SRULO(SQ.FT) A i
.1 VSRUIL ¢ VOLJME OF SRULLIS.FT) A |
3s5. WLRUL ¢ WEIGHT OF LRULILBS.) A f

' 50. WLRL2 ¢ WEIGHT OF LRU2(LBS.] A

. 60. WLRLZ ¢ WEIGHT JF LRU3(L3S.) A
| 3s5. WLRU4 ¢ WEIGHT OF LRU4(L8S.) A |

1 70. WLRUS ¢ WEIGHT OF LRUS(LBS.) A

& 90. »LRUG : WEIGHT JF LRU6(LBS.) A

i 5 WSRUL ¢ WEIGHT OF SRUL(LBS.) A

| 5. WSRUZ ¢ WEIGHT OF SRU2(LBS.) A
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FILE: SCAT JATA A NAVAL POSTCRADUATE SCHOOL

5, WSRU?2 : WEIGHT IF SRU3(L3S,) A

7. »SRU& : WEIGHT CF SRU4(LBS.) A

6. wSRUE : WEISHT OF SRUS(L3S.) A

8. WSRLE : WEISHT OF SRUG(LBS.) A

8. »SRUT : WEISHT OF SRUT(L3S.) A

8. bSRLE : WEIGHT OF SRUB(LSS.) A

6e wSRLS : WEISHT NF SRUS(LAS.) A

9. WSRULQ ¢ WwEI3HT OF SRULO(LAS.) A

12. WSRLLL ¢ WEIGHT OF SRULLILS3.) A
9250. X¥ELL : MTEF,LRUL SyAsT
4775, YNFLZ : MTBF,LRU2 SyAsC
8C00. ¥MFL3 : MTEF,LAU3 SeAeC
13900, INFL4 T MTBF,LRUG Sed el
3260. FMFLS : MTBF,LRUS SyAsC
21¢0. INELE : MTBF,LRU6 Sed4C
2415¢, MF $1 : MTBF,SRUL SeAsC
83333, XMF § 2 : MTBF,SRU2 SeAlC
5375¢. XME§2 : MTEF, SRU3 SeAC
11603, INE S 4 : MTBF, SRU4 SeAsC
4540C. INE§E s MTEF,SRUS Sedel
14700, XMF S& : MTBF,SRUG SeALC
SJCCC, IMEST : MTBF,SRU? SyAsC
22750, XMF 38 : MTEF,SRU3 SeAsC
29400, YMESS : MTBF, SRU9 SeAsC
4150C.  XMES1Q  : MTEF,SRULO SeAsC
1765Q, XMFSLL 2 MT8F,SRULL SsA,C ‘

U AL AR LEB AP0 3P ABRXIIERRERRREE RS SRR EX PFXL ARXE LR RERS 2R IR RE R XL $X
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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 guantities 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 guantity.

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.

£) Table F-7 illustrates a sensitivity analysis of "USER

SPECIFIED ALTERNATIVE 2" of LSC for various MTBF percentages.
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' F.4. EXAMPLES OF OPUS-VII OUTPUT
Six examples of OPUS-VII output are included:
a) Figure F-1 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-1.

¢) Tables F-8 through F-11 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. 1In this table, each line includes the value of

each variable, the variable name, and its definition.
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FILE: 2¢ cata A NAVAL POSTGRADUATE SCHOOL
Table F-12.
. 2B VRSPV EBBENS BRI LRI RERRRBAREGARREEE K EE S SRR KX
X SIMFLE,CUTPUT CATA (BASIC VERSION)
BR300V 3853588885830 8 XXV REEREREEEEEREESSES SEERRES H
1) 4666829.CC  LSC : LIFE SUPPCRT COSTS,3ISCOUNTZD,iY YEARS
2)  £04315.000 A : INITIAL INVESTMENT,SUPPCRT ACTIVITIES

3) 38¢€2514.00 RN
3 4) 2235%1.812 R
5) 2C34667.CC  TMANPW

ANNUAL RECURR, COSTSyiNY YEARS
ANNUAL RECURR. COSTS
LSC s MANPOMER

8) 1661%56.437 T1SE 2 LSC.T&SE
7) 1€9%4450.C0 TINVEN t LSCyINVENTORY
8) 163719.375 TTRAIN : LSC,TRAINING

9)  2942C7.437 TTRANS
10) 9363C.750 TCTHER
11) 3.¢ AM
12) 155190.000 AS
13)  543445.CCC Al
14) €3CC0.CCO  AC
15) 3.0 AT
16) 4268C.3C0 AC
17) 2034667.C0 RW
18) 2C0566.427 RS
19) 1151€C5.CC  RI
X 20)  130719.375 RC
21)  2942C7.437 RT
22) 50550.154 RC
% 23) 2%05$13.C0 OLTL1
& 24) 15231€75.C oLTL2

oe

LSC,TRANSFCRT ATION

LSC ,OTHER ELEMENTS

INITIAL MANPOWER COSTS,EXCL. TRAINING
TESEWINIT . INVESTMENT
INVENTORY s INI TIAL PRCVISICNING
TRAINING, INIT IAL

TRANSPORTATION, INITIAL CCSTS

OTHER INVESTMENT C3STS

MANPOWER COSTS,RECURRINGsNY YEARS
T&SESUPPCRT GOF ,NY YEARS
INVENTORY ¢ RECURRING COSTS,NY YEZARS
TRAINING, RECURRING COSTSsNY YEARS
TRANSPORT ATICN COSTS,NY YEARS
OTHER RECURRING COSTS,NY YEARS
DELTA COSTyLRUL DISC. AT FATLURE
DELTA COST,LRU2 JISC. AT FAILYRE

o (1] .0 (1] [1] [ 1] (1) (1] 1) ve
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25) 2654€69.C0 DLTL3
, h 26) 3851C48.CC OLTL4
i 21) 17250544.C OLTLS
28) 14155255.C OLTLE
29) 1238€€4.0C OLTSL
; 30) 44560.C43 OLTS2
h 31) 307€2.785 DLTS2
' 312) 4211664.CC DLTS4
13)  166224.437 CLTSS
34) 2181537.C3  OLTSé
35) €3566.227 COLTS?

DELTA COST,LRU3 DISC. AT FAILURF

DELTA COST,LRU4 DISC. AT FAILURE

DELTA COST,LRU5S OISC. AT FAILURE

DELTA COST,LRU6 DISC. AT FAILURE

DELTA COST,SRUL DISC. AT FAILURE

DELTA COST,SRU2 JISC. AT FAILURE

DELTA COST,SRU3 JISC. AT FAILURE

DELTA COST,SRU4 DISC. AT FAILURE

DELTA COST,SRUS JISC. AT FAILURE

DELTA CJIST,SRU6 DISC. AT FAILURE

DELTA COST,SRUT DISC. AT FAILURE
36)  €33935.427 OLTSE. DELTA COST,SRU8 DISC. AT FAILURE
37)  87755.562 DLTSS DELTA COST,SRU9 DISC. AT FAILURE
38)  27C41.645 OLTS10 @ DELTA COST,SRULG DISC. AT FAILURE
39)  508446.375 DLTS1l  : DELTA COST,SRULL DISC. AT FAILJRE
40)  456C0.000 ASO : TESE,INVESTM, ORG-LEVEL
e1) 12€0.000 ASDA TESE,INVESTM. ORG-LEVEL ,CCMMON
42)  444€0.0C0 ASOO TESE,INVESTH. ORG-LEVEL,PECILIAR
43)  14160.000 ASI TESE, INVESTM, INT-LEVEL
44) 5C0.000 ASIA TESE,INVESTM. INT-LEVEL,CCMMON
45)  13€6C.0C0 ASIO TESE, INVESTM. INT=LEVEL,PECJLIAR
46)  35430.C00 AS) TESE, INVESTM. DEP-LEVEL

g 47) 450.CCO  ASDA TESE,INVESTM. DEP-LEVEL , CCMMON

! 48)  34580.0CC ASOC TESE, INVESTM, DEP-LEVEL,PECULIAR

' 49)  40949C.CCO AICL INVENTORY o INVESTM. LRU*S

£0)  118475.CC0 AICS INVENTORY , INVESTM, SRU*SEVEL

S1)  15480.0C0 AICU INVENTORY , ENTERING COSTS

52)  48CCC.C00 AC3 TRAINING, INIT [AL,ORG-LEVEL

.o (13 .. Y] .. o .o o oo (13 [

(1)
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§ £3) 6CC0.CCO  ACI : TRAINING, INIT IAL, INT=-LEVEL
54) 9CCC.C00 AC) : TRAINING, INITIAL,DEP-LEVEL
55) G.C ACCF ¢ TRAINING, ECUI PMENT
56) 12C0.000 ACOD : DOCUMENTATION ,ORG-LEVEL
3 57) 13C0.C00 ACID : DOCUMENTATION,INT-LEVSL
-f 58) 1680.000 ACDC : DOCUMENTATICN,DEP-LEVSL
: 59) 24CCC.CCC  ACOG : SPACE COSTS,0RG-LEVEL
60) 14CC0.CC0 ACIG : SPACE COSTS,INT=-LEVEL
€l) 0.0 ACIG : SPACE COSTS,DEP-LEVEL
€2) 0.C ACCM : CONTRACTING COST3,MEETINGS 3ITC
€3) 0.C ACCE : OTHER INITIAL COSTS
64)  189614.537 RMACN : MANPOW. COSTS,CORR MAINT.CRG~LEVEL,MY Y
65) 15€€3.5C8 RMOC ¢ MANPOW. COSTSyCORRMAINT.CRG=LEVEL yANN.

66) 2586€54437 RMICN
67) 21665.25 RMIC
68) 233179.3212 RMOCA
69) 27909.4932 RMDC
70} 1045755,65 RMJPN
71) 876C0.000 RMOP
12) 1715€5.CCC RMIPN
13 144C0.0CC RMIP

MANPOW. COSTS yCORRGMAINT, INT-LEVEL AY ¥
MANPQOW. COSTS ,CORR.MAINT,INT-LEVEL,ANN.
MANPOW, CCSTS yCORR MAINT (LE2P=LEVEL,ANY Y
MANPOW. COSTS yCORRMAINTLCEP—-LEVEL ,ANN.
MANPOW., COSTS yPREV.MAINT,CR3=LEV. NY Y
MANPOW. COSTS yPREV.MAINTJCRS-LEV. ANN.
MANPOW. COSTS,PREV.MAINTLINT=LEV, NY ¥
MANPOW, CCSTS yPREVAMAINTLINT-LEV. ANN.

; 14) 35527.C43 RMOPN : MANPOW. COSTS,PREV.MAINT.CEP=-LEV. NY Y
: 15) 2516.0C0 RMDP 2 MANPCW, COSTS,yPREV.MAINT.CEP-LEV. AAN.
' 16) 58304.461 RSOCON ¢ T&SE,SUPP, COSTS,0RG-LEVELsNY YEARS
: 7 4884.0C0 RSOO 2 TESE,SUPP, COSTS,ORG-LEVEL »ANNUAL
;‘ 78) $6727.562 RSICON ¢ TESE,SUPP, COSTS,INT=LEVEL,NY YEARS
79) 81C2.558 RSIO t TGSEySUPP. COSTS,INT-LEVEL, ANNUAL
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80)
a1
82)
33)
84)
85)
86)
§7)
84)
89)
90)
s1)
92)
93)
$4)
95)
96)
37)
$8)
99)
100)
101)
102)
103)
104)
[ 105)
F | 106)
197

FILE: 2Q

'

CATA ) NAVAL POSTGRADUATE SCHOGL
45534.465 RSIOCN : TESE,SUPP, COSTSyOEP-LEVEL,NY YSARS
3847.800 RSO0 ! T&SE,SUPP, COSTS,DEP-LEVEL,ANNUAL
326404.250 RICLN : REPLENISHMENT,LRU'S,NY YEARS
27341.665 RICL 3 REPLENISHMENT,LRU'S ,ANNUAL
213481.CC0 RICSN 2 REPLENISHMENT,SRU'S,NY YEARS
17882.703 RICS ¢ REPLENISHMENT,SKU*S,ANNUAL
230122.537 RICKN 3 REPLENISHMENT ,CONSUMERABLES,NY YZARS
31841.824 RICK 2 REPLENISHMENT yCONSUMERABLES,ANNUAL
129242.687 RIIKN ‘ : REPLENJCONSUMAB. INT-LEVEL,NY YSARS
1C834.676 RIIK : REPLENJCONSUMAB. INT-LEVEL,ANNUJAL
250780.187 RIDKN : REPLEN.CONSUMAB., DEP-LEVEL,NY YEARS
210C7.,148 RIDK : REPLEN.CONSUMAB. DEP-LEVEL,ANNUAL
230997.375 RICVN ¢ OTHER INV.RECC. COSTS,NY YEARS
19350.0C0 RICV : OTHER INV.RECC. COSTS,ANNLAL
1146C3.3212 RCON $ RECURR. TRAINING,ORG-LEVEL,NY YEARS
9569.956 RCO : RECURR., TRAININGyORG-LEVEL,ANNUAL
10744.C62 RCIN ¢ RECURR., TRAINING,INT-LEVEL,{Y YEARS
§C0.0C0 RCI ¢ RECURR., TRAINING,INT-LEVEL,ANNUAL
5272.031 RCIN $ RECURR, TRAINING,DEP-LEVEL,NY YEARS
450.C00 RCD : RECURR, TRAINING,DEP-LEVEL,ANNUAL
T77605.625 RTON ¢ TRANS, ORG-LEVEL,NY YEARS
65C0.8C5 RTQ ¢ TRANS. DRG-LZVEL,ANNUAL
2146£4,437 RTIN ¢ TRANS, INT-LEVEL,NY YEARS
18CC6.129 RTI t TRANS. INT=-LEVEL, ANNUAL
1647.423 RTCEN : TRANS. COMMON COSTS,NY YEARS
138.C00 RTCE ¢ TRANS, COMMON COSTS, ANNUAL
5586.914 RCCDN ¢ DOCUMENTATION,RECURR. COSTS,NY YEARS

468.CC0 RCCD DOCUMENTATICN,RECURR, COSTS, ANNUAL
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1C8) 45363.840 RCCGN

SPACE+MAINT, CF,NY YEARS

109) 38C0.C01 RCCG : SPACE,MAINT. OF,ANNUAL
110) G.C RCCEN : OTHER RECURRING COSTS,NY YEARS
111) d.C RCCE : OTHER RECURRING COSTS,ANNLAL
112) 722.312 TNLRUF 3 AVERAGE REPAIRS/YEAR,LRU'S
113) 6CC.204 TNSRUF ¢ AVERAGE REPATIRS/YEAR,SRU'S
114) 68.186 AFL1 : ANNUAL 4 CF FAILURES,LRUIL
115) 264,176 AFL2 T ANNUAL 4 CF FATLURES,LRLU2
116) €2.560 AFL3 : ANNUAL 4 CF FAJLURES,LAL3
117) 165.876 AFL4 3 ANNUAL 4 CF FAILURES,LRU4
118) 131.4C0 AFLS : ANNUAL # CF FAILURES,LRUS
119) 100.114 AFLE : ANNUAL # CF FAILURES,LRUS
120) 113,173  AFS1 3 ANNUAL # CF FAILURES,SRUl
121) 30,275 AFS2 : ANNUAL # CF FAILURES,SRU2
122) 11.724 AFS3 s ANNUAL 4% CF FAILURES,SRU3
123) 212.C07 AFS4 ¢ ANNUAL # CF FAILURES,SRU4
124) 18.523 AFSS : ANNUAL # CF FATLURES,SRUS
125) 114.416 AFS6 ¢ ANNUAL 4 CF FAILURES,SRU6
126) 8.410 AFS?7 2 ANNUAL ¥ CF FAILURES,SRuU1?
127) 36,565 AFS8 : ANNUAL # CF FAILURES,SRLS
128) 14,302 AFS9 : ANNUAL # OF FAILURES,SRUS9
129) 5.066 AFS1C ¢ ANNUAL # CF FAILUKES,3R’L1C
120) 25,334 AFS11 ¢ ANNUAL ¢ CF FAILURES,SRU1LL
121) 291.2C0 XxMsS S MTBF,SYSTEM

132) 11.64 OF ¢ DISCOUNT FACTIR,NY YEARS
123) 10.63 ROF $ REDUCED DF,(NY-2) YEARS

139438 32X RN EERL R EXEFEEBRAERRE AKX K X XK K RO K&
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