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ABSTRACT

This paper develops a cost-based procedure for allocating repair

times and failure rates to the various subsystems of a system. The

allocation proble-m is handled as a cost minimization problem, first

with no constraints, and second, with the constraint of meeting a

system availability requirement. The Lagrange multiplier technique

is employed to obtain the solution. An example problem is stated and

solved with the aid of a computer.
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CHAPTER I

INTRODUCTION

New system requirements are more and more being directed toward the

attainment of adequate overall system characteristics such as reduction

of maintenance costs and general support as well as high performance

requirements. As system requirements become more involved and more

complex, it becomes increasingly necessary to speak of system charac-

teristics in definite quantitative terms.

In recent years such terms as capability, dependability and cost

effectiveness have been quantified in an attempt to describe system

performance. However, the most common term used, and the one most

specified in government contracts is inherent availability.

Blanchard and Lowery [21* define inherent availability as

the probability that a system or equipment, when used under stated condi-

tions, without consideration for any scheduled or preventive •ction, in

an ideal ;upport environment tie., available tools, spares, manpower,

data, etc.), shall operate satisfactorily at a given point in time, It

excludes ready time, preventive maintenance downtime, logistics time,

and waiting or administrative downtime." Inherent availability can be

Numbers in brackets refer to list of references at the end oi t•,e
paper,

S ..... ...... ..................................... ... .... ................ l l ll ll ! i ~ -l m i, ,
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expressed as

MTBF
A1 "MTBF + MTTR

Mere MTBF is the mean time between failures and MTTR is the mean time

to repair.

In order to co-ordinate the efforts of different groups con-

cerned with different system characteristics, and to eliminate the

hazards of guesswork in achieving the overall system requirement, it

is necessary to est.ablish a procedure for determining the detailed

specifications for the various components that make up a system. The

process of assigning availability parameters to individual components

to insure the attainment of the system availability goal is termed

availability allocation.

The problem that is solved in this paper assumes that an avail-

ability requirement has been determined based on operational need, and

the paper is concerned with allocation of parameters to achieve that

requirement.

The allocation of system availability involves solving the inequal-

Ity

f(Aj, A2 , A3, ... An)> A'

where A' is the system availability requirement, Ai is the allocated

availability for subsystem i, and f is the functional relationship

between unit and system availability.* The above inequality has an

infinite number of solutions if no restrictions are placed on the allo-

cation. The problem is to establish a solution procedure which yields

All availabilities referred to throughout the paper are assumed to be
inherent availabilities.



3

a unique or limited number of solutions. The approach used In this

paper is to minimize the system life cycle cost subject to the con-

straint of meeting the system availability goal by the method of

Lagrange multipliers. Mean repair times and failure rates are first

allocated on a minimum cost basis with the constraint inactive, and

second, with the constraint active.

The solution of this problem for the availability parameters MTBF

and MTTR is accomplished under the assumptions of constant failure rates

(exponential time-to-failure distributions) and independently failing

components. Also, a series configuration is assumed in which all sub-

systems are necessary for the system to function. The limitations of

these assumptions are discussed in Chapter III.

A general solution procedure is followed to +he extent feasible.

Therefore, a solution set of equations is expressed under the assump-

tions listed above. This set of equations may be used with any appli-

cable cost functions. Specific cost functions are considered for

detailed analysis and solution in this paper. However, by substitu-

ting any differentiable cost functions into the solution equations of

Chapter III, a set of 2n + I equations in 2n + I unknowns could be

obtained, where n is the number of subsystems being considered. One

is still faced with the problem of solving the set of simultaneous

equations for the allocated failure rates and repair times, but this

presents no serious drawback since computerized numerical techniques

are available for the solutlon of such systems of equations. The

methods used in this paper should be helpful in providing solutioit

techniques for similar cases.
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The costs considered in this paper are research and development,

production and procurement, sparing, and maintenance costs* Those

elements of life cycle cost not dependent on failure rate or repair

time are not considered in this paper, while it is assumed that other

costs not mentioned above which may be dependent on failure rate or

repair time can be included in one of the above categories. This will

be discussed further in Chapter IV.

Development and production costs are assumed negatively correlated

with both failure rate and repair time. That is, high costs are asso-

ciated with low failure rates or repair times while relatively low costs

are associated with high failure rates and repair times. The reason for

separating development cost and production cost will be discussed in

Chapter III. Sparing costs are assumed to be proportional to the pro-

curement cost of spares times the expected number of failures over the

life cycle whilp the maintenance cost is assumed to have one component

proportional to the number of hours of maintenance required over the

life cycle, and another component proportional to the number of failures

which occur during the life cycle. The development of this model is

given in Chapter IV.

There are basically two situations in which it would be desirable

to allocate availability. The first case is that during the conceptual

stage of system development when no design has been formalized, an

allocation based on estimated costs of reliability and maintainability

development can give the optimal set of component parameters that

should be established as system goals* Second, is the case where a



particular design has been proposed or developed that falls short of

the system availability requirement. The solution given in this paper

is applicable to either case.

In Chapter III the general allocation technique is described and

limitations are discussed. The specific cost fun'tions are developed

in Chapter IV and the solution to thl case is given in the form of a

computer program in the Appendix. In Chapter V an example problem is

stated and solved and application of the computer program is discussed.

In chapter VI some estimates of the sensitivity of failure rates and

repair times to the various cost factors are obtained by repeated com-

puter runs. The summary, conclusions, and recommendations for

furthe- study are given In Chapter VII.

A brief literature survey is given in Chapter II, discussing

pertinent references to reliability-maintainability allocation and life

cycle cost models.



CHAPTER II

LITERATURE REVIEW

Although a number of reliability allocation techniques exist,

rather limited work has been carried out in the field of maintainability

allocation and reliability-maintainability allocation. The obvious

reason for this discrepancy is that there simply has not been enough

time in the brief history of maintainability for these developments to

occur.

A brief description of the current reliability-maintainability

trade-off and allocation techniques will help establish a background

for the development of the paper.

A basic allocation technique is given in the Martin-Marietta pre-

pared AMP-7105-1 [6] which calculates repair time by summing each com-

ponent repair time multiplied by its expected fraction of occurrence,

MTTRs - 1 LwRi X

i-I

where MTTRs is the mean system repair time, MTTRi is the mean repair

time for subsystem i, and X, is the failure rate of subsystem i. Thus,

given a system availability requirement and subsystem failure rates, the

system repair time goal can be determined. If estimated subsystem

repair times are inadequate to meet the avall-bility requirement, then

general recommendations are given as to which subsystems or components

6
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to improve. Ideally, sub..ystcms exhibiting the higher failure rates

require a low repair time, while those with low failure rates can have

higher repair times. However, no quantitative relationahips have been

developed, and no attempt is made to determine the effect of the changes

oi system c:s'.

Eimstaa [j3 presents an availability allocation method which is

based on optimizing the cost effectiveness ratio with checks to that

repair time and failure rate extremes are not exceeded. He also pre-

sents a design trade-off analysis which is graphically solved for

specific effectiveness models.

Blanchard and Lowery [2] present a reliability-maintainability

trade-off technique which consists of evaluating the total system cost

savings for each of a limited number of design alternatives.

Goldman and Slattery [4] present a reliability-maintainability

allocation method in which isoavallability functions are defined and

failure rates and repair times are allocated on the basis of incre-

mental cost analysis. However, no provision is made for allocating a

specific availability to a subsystem.

Nye [8] has developed a cost based allocation technique which

considers malntanance, sparing, production and development costs; how-

ever, it is not possible to allocate failure rates and repair times

simultaneously. Either failure rates are fixed and repair times allo-

cated by a trial and error solution procedure or repair times are fixed

and failure rates are allocated.

Messer [7] has attacked the problem by assuming that differentiable

cost functions exist or can be defined which give the changes in system
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development costs as functions of repair times and failure rates. He

then minimizes this cost function subject to an availability constraint.

This paper is basically an extension of Messer's paper to include pro-

duction, sparing and maintenance costs.

Although numerous articles have been written on life cycle costing

in recent years, relatively few life cycle cost modeis have been pro-

posed. A recent paper by Koch L51 defines basic cost categories that

must be included in such a model and develops a model from which the life

cycle cost of fixed place equipment can be obtained. However, as

stated before, this paper is concerned only with those elements of life

cycle cost which are dependent on repair times and failure rates.

A general model for the cost based allocation problem is developed

in Chapter III in which the method of Lagrange multipliers is used to

formulate the solution.
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CNiAPTER III

DEVELOPMENT OF THE MODEL

As previously stated the inherent availability of any system can

be expressed as

MTBF
AI I MTBF + MTTR. (1)

If one considers a series syqtem made up of components having constant

failure rates, then the system failure rate can be written as the sum

of the individual failure rates if all components fail independently

Li]. Thus,

Xs X1 + X2 + "0 + X (2)

and

MTBF (3)

where Xs is the system failure rate and X, is the failure rate of sub-

system I.

The system repaii time can be thought of as the weighted mean of

the cooponents' repair times (Mi) where the weighting factors are the

ratios of the component failure rates to the total failure rate, Thus,

if each component's repair time is multiplied by its expected fraction

of occurrence and the results are summed the expected system repair time

is obtained as

9
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to

MTI"R - tMt + V2+ gee + V

1 1 (4)

i-i

It should be noted here that the expression for MTTR assumes that all

M4's are mutually exclusive which implies that when a failure occurs in

one subsystem all subsystems are turned off so that no other failure

can occur while the system is being repaired.

Substituting the express!nes for MTBF and MTTR into Equation I

yields

A (5)
A"1 + £l~

for a system in which all subsystems &re necessary for proper system

operation, failures occur independently of each other and all compo-

nents exhibit constant failure rates. The limitations of these assump-

tions are discussed below.

The assumption of constant failure rates or equivalently, An exoo-

nential time to failure density, dictates that the failure rate be con-

stant throughout the life of the equipment. In addition to being

necessary to solve analytically many system relationships, most elec-

tronic equipment appears to fit this assumption reasonably well for a

long period of time after the burn in stage. For systems that exhibit

wbe..--ut, or increasing failure rate, well designed and implemented

preventive maintenance policies will reduce or eliminate systematic

failures and provide systems that exhibit fairly constant failure rates

All sumaLtions are from 1 to n unless otherwise stated.
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over long periods of time. Thus, it seems reasonable that the expo-

nential time to failure density would not only be a good, relatively

straightforward approximation for a system, but would probably be quite

realistic when considering the total life of a large group of operating

systems.

The series assumption is somewhat restrictive in that no provision

can '- madc for operation in a degraded mode. By judicious definition

of components or units that make up a subsystem one could obtain

reasonable approximations to a series sys+-m, 'or example, ti;o units in

parallel could be combined as one unit using the combin-d failuze rates

as the resuliant unit failure rate. It should be pointed out, however,

that a parallel combination of elements with constant failure rates

does not result in a unit with a constant failure rate, and therefore,

the constant failure rate assumption must be reanalyzed.

The assumption of independently failing subsystems or units is

u-'ually made in re" 1a'iity discussioas. Tdti atumption is subject

to some question since, in most mechanical or electrical systems,

failure of one component can damage or degrade other components. How-

ever, by thorough failure mode analysis some of the difficulty could be

removed by combining in the mean time Uo reDair the time required to

repair all items which failed or were damaged by the initial chance

failure. This assumption, like the others, however, does somewhat

restrict application of the model developed in this paper. It is also

assumed that when a failure occurs the entire system is shut off while

the failed subsystem is leing repaired. The reasons for this restriction

are that it simplifies formulation of the availability constraint, and
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it enables determination of the total operating time for each &uo-

system. If each subsystem operates the same amount of time,determina-

tion of the total operating time is straightfoi-;ard when there is an

availability constraint. However, if this assumption is not made the

operating time for subsystem i is a function of X, and Mi. The effect

of ignoring this assumption would also result in an erroneoi; expres-

sion for availability, Equation 5, since it would be equivalent to

ignoring the probability that two or more subsystems are being repaired

at the same time. Therefore, this assumption also rest. icts applica-

bility of the model developed in this paper, and full conzideration

shoild be given to the azsumptions whenever the model is applied to

an allocation problem.

The allocation of availability parameters to the various units or

subsystems of a complex system involves making decisions as to which

components to consider for availability improvement and to w'ich

characteristics, repair times arid/or failure rates, improvement effort

should be r.pplied. The remainder of this chapter discusses the basic

development of these decision criteria.

For cases I and 2 of the following development it is assumed that

a design has been proposed that falls short of the system availability

goal. That is A < A', where A' is the system availability requirement.

In case I it is assumed that the reliability of the system is at its

highest achievable level and only repair times can be improved. Then,

in case 2 the opposite is considered, that is, only the failure rates

can be improved. In case 3 the first 2 cases are combined to give the

overall optimal set of improvements.
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The components of lifoý zycle c st considered in thi., paper ar-

1) dfi(Xi), where dfi defines the functional relationship

for the research and development costs of changing the

failure rate Xi,*

2) pfi(Xi), where Pfi defines the functional relationship

for the production and procurement costs of chaiginr the

failure rate ki,

3) dmi(Mi), which represents the research and development

costs associated with changing repair time Mi,

4) pni(Mi), which represents the production and procurement

costs associated with changing repair time Mi,

5) si(XI, Mi), the sparing costs associated with subsystems

i, and

6) fi(ki, Mi), the maintenance costs associated with

subsystem i.

Here, the cost of maintenance manuals and test equipment should be

included in production costs if they are deperdent on repair times and

failure rates. Other comp-nents of lire cycle cost exist which may be

dependent on re-air times and failure rates; however, it is felt that

they can be included in the above costs with no 3oss of generality to

the model. However, one question arises as to whether the operating

costs should be included. Operating costs, per se, are relatively

independent of repair times and failure rates. The cost of "lost

operation", or decline in profits due to downtime, can be included in

It is assumed here that it is possible to change the failure rate of a
subsystem without affecting its repair time and vice versa.
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maintenance costs, but it should not be included if the total system

cperating time is fixed, In other words, if a system is designed for

a ten year life span with a .95 availability the total operating time

is made independent of the individual repair times and failure rates.

Case is Reliability Fixed at the Highest Achievable Level

From Equation 5

- i < A' (6)

where ýi and Al represent the presently achieved values of failure

rate i and repair time i respectively.

Let Mi be the allocated repair time for subsystem i so that

1 -A'.

: + •iMi (7)

Rewriting, Equation 7 yields

Using the cost components previously defined the total cost* hecomes

T@Ce ,Af(X) + Pfj ,~ + dmi (Mi) + pmi (MiP

+ si(gi,Mi) + fi(ýi,Mi)]. (9)

No definite functional relationships for the cost components are con-

sidered in this chapter.

Thus, the allocation problem is expressed as the problem of mini-

mizing the total cost of availability improvement (in this case, repair

time improvement) subject to the constraint of meeting the system

*

This does not represent the total life cycle cost, but that portion of
it which is of interest in allocating repair times and f&1lure rates.
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availability requirement. Thus, the problem can be stated as

rinimize T.Ce - LEdfs(XO) + Pfj(A) + d,,d(Ma) + Pld(Mj)

"+ i(.Mi) + fi(,kmi)]

subject to

SMi - 1.

If the constraint equation is written to be equal to zero, that is

Exm +1 (oDixi - •u + 1 - 0, (10)

the Lagrangian can be written an

A - L[dfi(gi) + pfi.(i) + dai(Mi) + pRi(Mi) -! si(fiMi)

+ fi(A,Mi)] + Q•jjZ(XI~) - Ar + 1]

where Q is the Lagrange multiplier. Taking derivatives with respect to

Mi and Q and setting them equal to zero yields

aMi Mi C) Mi a Mi

4 4 fi (fitJ.) + Ji. 0 (12)
8) Mi

for I -1, 2, e.. n, and

ýA _ i - ij + I - 0. (13)

(ýQ

The above set of equations contains n + 1 unknowns M1, M2, *...

Mn, and Q. Since there are n + I equations an unique solution could be

obtained if definite forms of the cost functions are inserted.

Case 2a Maintainability Fixed at the Highest Achievable Level

In this case the availability requirement Is expressed as a func-

tion of the achieved repair times and the allocated failure rates,
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I+ A' (14)

where Xi is the allocated failure rate for subsystem i. The Lagrangian

can now be written as

A - Eidfi(Xj) + pfj(Xj) +si(Xj,lAj) + fj(Xj,4j)]

+ Q(MA144 - - +1). (15)

Differentiating with respect to X, and Q yields

- -i~ X + +

+ )fi(Li'9i) + Q~j " 0 (16)

7 Xi

for 1 - 1, 2, ... , n, and

a.z.- zXj~j - I.+i

The above set of equations also contains n +1 unknowns X1 , X2 ,

a.., Xn and Q, and therefore could be solved if definite forms of the

functions are inserted. The third case is considered next in wnich

both failure rates and repair times can be improved.

Case 31 Repair Times and Failure Rates can be Improved

The availability requirement, express.A as a function of both

allocated repair times and allocated failure rates, becomes

1- +IZAMi(

The total cost is now expressed ast
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T.C. - I[df(Xi) + pfn(Xi) + dmi(Mi) + pmi(Mi) + si(Xi,Mi) + fi(Xji,Mi)]

(19)

and the Lagrangian for the general case becomes

A - EIdfi(Xi) + pfj(Xj) + dmi(Mi) + pmi(Mi) + si(xiMi)

fi(xiH•)] + Q[E(XiMi) - A1 (20)

Differentiating with respect to ki, ME and Q yields

- Jdfj(Xi) + )fj(X) +A i a

+ fj.+ •(•X O. (21)

for i- 1, 2, ... , n

Sjdmi(Mi) + ýPmi(Mi) + Jsi(XiMi)

,Jfi(X1,Mi),1

+ a iNiji + -0. (22)
j Mi

for i = 1, 2, ... , n

and

- Eimi + I - 0. (23)

The above set of equations contains 2n + 1 unknowns X1, X2 , ... ,

Xn, MI, M2, ... , Mn and Q. Since there are 2n + I tquations, a unique

solution should be obtained if definite forms of the cost functions are

inserted. It should be pointed out that this set of equations is

general in that any cet of differentiable cost functions could be

inserted and solutions obtained. However, one should keep in m'nd the

assumptions involved in the development.
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In Chapter IV specific cost functions are discussed and analyzed.

The method of solution used may provide guide lines for solutions to

other cost functions.



CHAPTER IV

A SOLUTION TO THE ALLOCATION PROBLEM

In this chapter cost considerations associated with availability

allocation are discussed, and specific cost functions are considered

for solution according to the set of solution equations obtained in

Chapter III.

The objective of an allocation program should be to allocate

system parameters to the individual units or subsystems In such a way

as to minimize the costs of owning a system while meeting system opera-

tional performance requirements, For an availability allocation problem,

the costs of concern are those associated with failure rates and

repair times* These eos+- can generally be assigned to the following

categoriest

7 1. Development costs.

2. Production costs.

3. Inventory costs.

4. Downtime costs.

As stated in Chapter I, this paper is not concerned with establish-

ing an availability requirement. It is assumed that an availability goal

has been established and the problem is to achieve that goal at minimum

cost. Functior- describing the production costs of a system versus fail-

ure rate or repair time should have the characteristics of the curve

shown in Figure 1.

19
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Production Cost

ki or Mi

ki allocated failure rate

Mi allocated repair time

Figure 1. Production Cost Versus Repair Time or Failure Rate

A function of this type suggests that production costs vary

inversely with failure rate and repair time or that high costs are

associated with low failure rates ard repair times and low costs with

high failure rates and repair times, and that the cost of producing a

unit with zero repair time or failure rate is infinite since it is

impossible.

The function used to describe production costs for this paper is

(PF)i + (EM)
Mi

where

(I) pi(Xi,Mi) is the cost in dollars of producing subsystem I with

repair time Mi and failure rate li,

(2) (PF)i is the cost factor associated with the difficulty of

producing subsystem i with failure rate 1j, and

(3) (PC)i is the cost factor associated with the difficulty of pro-

ducing subsystem i with repair time Mi*

The cost associated with downtime can be separated into two general

categories. The first in that which is proportional to the length of
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time the system is down, This term would include such factors as lost

output during repair time and manpower costs to effect repairs. The

seoond term can be desoribed as a maintenance set up cost which is

proportional to total number of system failures, which would include

system shut down and start up costs and othew factors not dependent on

the duration of system downtime. Thus, the downtime cost function can

be written

fi(.i,Mi) - FiKkiMi * (SU)iK;,i (24)

where

(1) fL(.Xi,Mj) is the cost in dollars of maintaining subsystem i

with repair time Ki and failure rate Al

(2) Fj is the cost factor representing the cost per hour of down-

time for subsystem 1,

(3) (SU)i is the cost factor representing the fixed cost per failure

for subsystem I, and

(4) K is the total system operating time, in hours, over the life

cycle of the system.

The inventory costs are associated with the cost of procuring spares#

and the number of spares needed. For example, a system with a high fail-

ure rate would require many more spares than a system with a low failure

rate. Although for very low failure rate items the sparing cost would

not be a linear function of the failure rate, for a large number of

systems, with adequate inventory policies, the sparing cost would gener-

ally be a linear function of the failure rate. Since production costs

were assumed to be inversely proportional to failure rates and repair

tines, it would be reasonable to expect that the cost of spares would
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also be inversely proportional to repair times and failure rates. Thus,

the sparing cost function assumed in this paper is

SiKki SiK
si(xi'Mi) - - -M - si(Mj) (25)

where

(1) si(Mi) is the cost in dollars of sparing subsystem i with

repair time Mi, •

(2) Si is the cost factor associated with sparing subsystem i,

and

(3) K is, as before, the total system operating time, in hours,

over the life cycle.

At this point, the problem of what to do with depot maintenance

costs should be discussed. First it should be noted that the repair

time, as discussed to this point, is the time required to bring the

system back into operating condition at the operational, or lower

levels of maintenance. It may or may not have anything to do with

depot maintenance timewhich could be termed mean time to overhaul or

rebuild. If the cost to rebuild a unit one time at the depot level

is independent of, say, remove and replace time and reliability at the

organizational level, then depot maintenance costs could generally be

included in maintenance set up costs. However, if the line replaceable

unit is made larger as a means of decreasing repair time, depot main-

tenaz~ce costs would depend onl MTTR as previously defined. For example,

in one radio set Dhe line replaceable unit may be an IF strip, and in

the second case, the entire receiver. In the first case the depot would

rebuild the IF st , and In the second case, the entire receiver. In
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this paper it is assumed that the second case applies, and that depot

maintenance costs are inversely proportional to both repair time and

failure rate. Depot maintenance costs are, therefore, included in the

sparing costs.

Functions describing the developuent cost of increasing the avail-

ability from a level below the requirement to the required level should

have many of the characteristics of the production cost functions,

except that if the optimal allocation indicated a failure rate or repair

time greater than that already achieved no saving in development cost

would be realized in purposely increasing a failure rate or repair time.

Therefore, the development cost functions chosen for this paper have the

form of the curve in Figure 2.

Development Costa

ior Mi )i or Mi

Xj allocated failure rate

k achieved failure rate

Mi allocated repair time

achieved repair time

Figure 2. Development Cost Versus Repair Time or Failure Rate

This curve represents a characteristio relationship between develop-

ment cost and repair time or failure rate and further, it indicates that
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cost is not increased if a f.ilure rate or repair time is increased.

Development funds already spent on the project are not included in the

model since the purpose of the allocation is to find the optimal set

of repair times and failure rates given an achieved set that falls

short of the availability goal.

The functions used to describe development costs for improvement

of subsystem i are

(DF)i (DF)i (26)

(M)i (i<M)i
dmI(Mi) - ( Mi < (i, (28)

and dmi(Mi) - 0 ,Mi _i (29)

where

(1) dfi(XI) is the cost of improving the achieved failure rate -

Sto X_,

(2) dni(Mi) is the cost of improving the achieved repair time R,

to Mi,

(3) (DF)i is the cost factor associated with the difficulty of

decreasing the failure rate of subsystem i, and

(4) (Di)i is the cost factor associated with the difficulty of

decreasing the repair time of subsystem i.

The dimensions of all cost factors are shown below
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$=PFi
$ P. PFi = $/hr.

$ r LIL PMj = ($)(hr.)

$ Fi(hr.) ; Fi $11/hr.
SUhi•r.

$ hr. ; SUi = $

hr.Sirhr.$ = h--- ; Si =$

DFi

$ DMj ; DMi = ($)(hr.)
hr.

Information for determining the hourly maintenance cost must, of

course, come from the using organization. It could be determined

reasonably from plst data and should include training costs if the

technician turnover rate is high enough to require that new techni-

cians must be trained throughout the system life cycle. Maintenance

set up costs will be primarily dependent on the location of mainte-

nance technicians, tools and test equipment relative to the operating

system, and the cost of system shut off and start up.

As implied by Equation 25, the cost per failure is given by

$/failure 
= si

which includes the cost of procuring the spare and carrying it in

inventory. Suppose subsystem I has the following characteristics,

ki = .001/hr.

Mi = 1 hr.

and it has been determined that the average inventory cost per failure is
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$/failure - $25

then 51 is given by

S- $25(.O0l) - $.02 .

The above cost factors, hourly maintenance, maintenance set up

and sparing costs, should all be weighted by an expected value infla-

tion factor and a present worth interest factor. They may also be

dependent on the location and/or environment of the operating system.

"The value of development and production cost factors may 1- deoen-

dent on the level of availability already achieved or predicted for a

given design. For example, a proposed system design may have a pre-

dicted availability of .90 and it is determined that a .95 availability

is necessary. In this case, it may be necessary to reevaluate the

development and production cost factors since different technologies

may be needed for such an improvement. In any case, the total devel-

opment cost per system will be inversely proportional to the number of

systems produced, whereas production cost per system will be relatively

independent of the number of systems produced if production set up costs

are included in development costs rather than production costs.

Since the mean time to repair is typically much less than the mean

time between failures the failure rate development cost factor should

be much less than the repair time development cost factor if develop-

ment efforts required, for the same percentage improvement, are similar.

Thus, given a subsystem for which it has been determined that to

decrease ki and Mi by one half would cost $10,000 each, and the parame-

ters of the subsystem are as given above, that is,
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" .- o001/hr,

I -1 hr.

then the cost associated with each would be

$10,000 - DFi

$1c,000 - t.-i
.5

or,

DFj - $5/hr.

-Di - $5,000/hr.

Production cost factors would be determined in a similar manner,

however the reason for production costs varying with repair time and

failure rate would be due to such factors as more expensive materials,

more elaborate production techniques, or tighter quality control*

All cost factors are constants that are determined for each sub-

system based on existing data, past experience, familiarity with the

equipment, and engineering judgment. The importance of careful esti-

mates for these factors cannot be overemphasizede

If the functions previously discussed are substituted into the

total cost equation obtained in Chapter III, the following equation is

obtainede

Si+PFI DiD + Pi SiK
T.C. Eff- + -i + + SUiK•,i

iiDi 24

+ FiKXIMiI + Q(Exi - ir + I) - - . (30)

Differentiating with respect to Vi, Mi and Q yields

4T*C I -(HL + "Fi) SUIK + FjKil + Mi 0 (31)
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for i 1, 2, ... , n

cT.C. s -(DM, +PMi + SjK) + FjKkj + Qkl 32
J Mi Mi

for I = 1, 2, ... , n and

T.C. imi - A +aQ Pv I=o(3

The solution to this set of equations represents the set of improve-

ments in subsystem repair times and failure rates which minimize the

improvement cost while achieving the availability goal.

Separating the variables Xi and Mi yields

(SUIK)2Xi' - (FiK + Q)(DMj + FMi + SIK)X?

- 2 SUiK(DFi + PFj)Xj + (DF1 + PFi) 2 
_ 0 (34)

for I - 1, 2, ... , n

4
(FiK + Q) 2 (DFi + PFi)Mi - (DMi + PMi + SiK)2(FIK + Q)Mi

- (DMi + PMi + SiK)'SUiK - 0 (35)

for i- 1, 2, n

Although general solutions to fourth order polynomials exist, it is

unlikely that they would add any insight to the solution in this case.

A computer program is listed in the Appendix which was developed to

solve the equations by the Newton-Raphson technique, first with the

constraint inactive, and second, with the constraint active.

If the hourly maintenance cost for each subsystem is the same,

Equation 30 can be written as

L M~ liInm ,• ....................
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-r.DFi + PFi IMi + PM1 + SjK

The above equation can also be w.ritten

Tee Fi+PFi rti + PMi + SiK+.C. - K E X + Mj + I

+F,.K(• -1'r- (6

since, when the constro Fiat is active

Here e is aeen that under the conditions of identical hourly mainte-

nance costs for each subsystem, and an active avaiaility constraint,

the optimal values of ui and Mj are independent ofi hourly maintenance

costs. The reasoninC is that an active availability constraint Implies

/ that a fixed amount of maintenance will be performed and if alJl hourly

"maintenance costs the same it makes no difference on which subsysteLu

it is performed.

A further simplification can be made if maintenance set-up costs

are neglifible. This would imply that the maintenance technicians and

necessary repair equipment are in close proximity to the operating sys-

tea and al so that shut-down and st-rt-up costa are negligible. If this

is the case Equation 36 can be written as

T.C - DF 1 + PF1  + Ai. t2 +SjK 1

DFA 1i'j

+ + + - DFI D- (37)T (- T
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Differentiating now with respect to Xi, Mi, and Q yields

+T.C, -(DFi+ P~j) (FK + Q)Mi " 0 (38)

for I I, 2, ... , n

3T.C. . -(DMi + PMi + SiK) + • j. (39)

for i - 1, 2, t.., n

and

ýT.C..' i~

Solving for ki, Mi, and Q yields

(DFj + PFj) 2  
(1/3

[A L(±; + )kDmi + Pkb i + six)] , (4)

(ri+Pi. iil

for I " I, 2, ... , n

and 1

0 (DFi + + j + SK)3 FK (42)

Although the assumption that the hourly maintenance cost is the same for

each subsystem may apply to a large variety of systems, the assumption

that maintenance set-up costs are zero is quite restrictive. Here

again, all assumptions must be carefully investigated before choosing

a model.

The computer program listed in the Appendix will solve all cases

discussed to this point. If hourly maintenance costs are constant for

LM. .- . . .. . . . . . . . .. . . . . .m m . .. . .... .. I.. . . ... .,II . . . ... .. ,. . . .. .. . . ..
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all subsystems they are punched the same on all data cards, and if

maintenance set up costs are zero they are read in as ze.•o.

If, for the equations given, an allooated failure rate (X) or

reair time (Mi) is greater than that already achieved, the develop-

ment cost factor, DFi or Dti respectively, is set equal to zero since

a zero cost is associated with increasing a failure rate or repair time.

The equations are then resolved for the same value of the Lagrange

multiplier. If, upon resolving, the respective failure rate or repair

time is less than that already achieved, the optimal value is identical

to the value already achieved. If. however, the newly allocated failure

rate (repair time) is greater than that already achieved, the optimal

value is given by the value obtained with DFi(mi) -0. 7This can be

illustrated an follows e the development cost for failure rate i is

given by Equations 26 and 27 which are repeated here for convenience,

dfi(Xi) " o for Xi < •

dfl~i) 0fork>X i

The first equation intercepts the zero axis at ki 0 but is valid

only for Xi < k' thus, the development cost curve is continuous, and

the total cost is as shown In Figure 3.

-I . ..• . . . .! . . . . . . . .. • . . . . . . . . . . . .... . . . . " " • " .. . . . .. .. .. .. .. .. .... . . ... . .
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TOTAL
COST - -

2 -

-Xi

Curve 1; Cost curve assuming DFi > 0 for all Xi

Curve 2. Cost curve assuming DFi = 0 for all Xj

Actua' Cost Curve

Figure 3. Total Cost versus Failure Rate

Suppose Xi is the value already achieved. Curve I applies if Xi < gi

while curve 2 applies where Xi > ýj. While the optimal value of curve 1

is to the right of 91, the optimal value of curve 2 lies to the left of

ti. However, the optimal value of the total cost curve lies at

The case above may indicate that the failure rate or repair time

in question was achieved at more expense than necessary, while a

cheaper, more advantageous route to the availability requirement

existed. Or, it may be the result of the various cost factors changing

due to either unforeseen problems or technological advances during

research and development.

It would be of interest to obtain the optimal failure rates and

rcpair times for a system that has no specific availability requirement.

Of course, in this case, hourly maintenance costs must be included,

whether or not it is the same for each subsystem, since there is no
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constraint on the antount of maintenance to be performed. The com.puter

program in t1e Appendix will obtain an optimal set of failure rates and

repair times (the first set in the print-out under the heading "The

Lagrange Multiplier is Zero") however, it is assumed that the system

will operate a fixed number of operating hours.

This concludes Chapter IV. The solutions obtained in this chapter

are applied to an e:ýample problem in Chapter V and the computer program

developed to handle the calculations ig discunsed.



CHAPTER V

APPLICATION OF ALLOCATION TECHNIQUE

An example problem is considered in this chapter for a system

which consists of only five subsystems, although the model and the

computer program can be used to handle a system of any size.

To enable solution of the problem by the program listed in the

Appendix the following parameters must be known.

(1) Development, production, sparing and maintenance

cost factors.

(2) Required inherent availability.

(3) Acceptable availability tolerance.

(4) Expected total operating hours of th- system,

(5) Predicted values of failure rates and repair times

currently achieved.

Determination of the various cost factors was briefly discussed

in Chapter IV, and as previously stated this paper is not concerned

with establishing an availability requirement. An availability toler-

ance id necessary to ensure that the computer does not iterate the

solution procedure endlessly if it cannot converge exactly to the

required availability due to truncation error. For example, the avail-

ability requirement may be stated as

A - .95 1 .001

34



Determination of the expected total operatina nours of the system

may be quite difficult since it is dependent on administrative and

logistics downtime which may vary with the using organization and the

location of the system. Total operating time will also be dependent

on the amounc of preventive maintenance performed.

To illustrate how this figure could be determined, suppose that

the administrative and logistics delay time is, typically, some per-

centage of the hourly maintenance time, and that the system is either

operating or it is down for maintenance. The total calendar time can

then be expressed by the following equationi

T -.TA0 + [(/A, -1)P + (I/AI - I •TA + at TAO

then,

1
A 1 + d + (1/AI l 1)(1 P p)

.where

Ao is the percentage of the total time that the system is operating,

/ (I/AI - 1) represents the amount of corrective maintenance per hour

•/ of operating time,

P is the amount of administrative and logistics delay time per

hour of corrective maintenance,

AI Is the inherent availability as previously defined,

ok is the amount of preventive maintenance required per hour of

operating time, and

T is the total calendar time in hours.

Thus, the total operating time of the system is given by

Operating time - TAG.
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It was assumed that no administrative or logistics delay time is

associated with preventive maintenancep however, tfr total time

equation could easily be written to include such a term.

If an initial allocation is being performed, that is, no values

for achievcd failure rates and repair times exist, the last two terms

of Equation 30, and 1i1 are zero, since X and 91 are virtually

infinite and some nonzero development e-t will be associated with

obtaining finite repair times and failure rates. When using the program

listed in the Appendix it is necessary to enter unrealistically high

values foi the achieved failure rates and repair times when performing

DFi D~ i
an initial allocation. When this is done the terms and V will be

a i

very small and can be neglected in the total cost equation,

The input format and sequence of all cost factors, and the loca-

tion of the parameters discussed above is given in the Appendix.

The example problem solved is for the case in which a system has

been proposed that falls short of the availability goal. Predictions

for the failure rates and repair times are listed in Table 1. The

repair time includes all active portions of downtime. For example,

these might consist of fault isolation, removal, repair and/or

replacement, and check out*
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Table 1. Subsystem Repair Times and Failure Rates

Subsystem Repair Time(hr.) Failure Rate(failure/h•.)

1 15 .0019
2 8 .0051
3 1o .0034
4 10 .0034
5 to .0034

Availability - .8538

The cost factors assumed for this example are listed in Table 2.

Table 2. Subsystem Cost Factors

Subsystem DM($-hr.) PM($-hr.) DF($lhr.) PF($lhr.)

1 17,000 17,000 25•00 25•00
2 12,000 12,000 18.00 43.00
3 20,000 20,000 10.00 10.00
4 20,000 20,000 5.00 5.00
5 30,000 30,000 10.00 10.00

S($) SU($) Fi($lhr.)

1 .10 2.00 8.00
2 .06 2.00 6.00
3 .05 2.00 8.00
4 .08 2.00 10.00
5 .12 2.00 12.00

It is desired to achieve an availability of .95 at the least possible

cost.

The optimal allocations for this system, found by Messer [7] from

considering only development costs, are listed in Table 3.



Table 3. Subsystem Allocations Considering Development Costs Only

Subsystem Repair Time(hr.) Failure Rate(failures/hr.)

1 3.10 .0-i90
2 2.74 .00411
3 4.69 .00234
4 5.90 .00148
5 6.14 .00205

Availability - .9529

Comparing these results to the repair times and failure rates in Table 1,

it is seen that the first failure rate has remained the same while all

other parameters have decreased.

Substituting all of the cost factors listed in Table 2 into

Equations 33, 34, and 35 yields the results listed in Table 4,

Table 4. Subsystem Allocations Considering All Cost Factors

Subsystem Repair Time(hr.) Failure Rate(failures/hr.)

1 3.9955 .002741
2 2.8416 .003988
3 4.6910 .002265
4 5.8693 .001400
5 6.0118 .001913

Availability - .9500

Comparing Table 4 and Table 3 it is seen that the first failure rate

should deliberately be increased. Messer used the same development

cost function that is used here, namely that the development cost for

increasing a failure rate or repair time is zero, so that, if develop-

ment costs only are considered, no repair time or failure rate could

increase in the optimal solution. However, when all cost factors are

considered it may be desirable to increase one or more failure rates or

repair times. If the allocation procedure indicates that a failure rate
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or repair time should be increased, no savings in development costs can

be realized since development funds to achieve the present levels of

repair tines and failure rates have already been spent. However, a

savings in production costs will be realized for the case where the

solution indicates an increasing failure rate, and a savings in produc-

tion and sparing costs can be realized for the case of an increasing

repair time.

The results of the allocation technique are guidelines to be taken

into consideration, not hard and fast rules* Also, it will never be

more accurate than the estimates of the cost factors involved, no- •:nre

valid than the assumptions made in deriving the model.

The total additional cost is also evaluated at each iteration of

the program, however, it must be cautioned, that one should not compare

the costs listed as a means of determining the "price" of additional

availability. As stated before, the allocations are made under the

asrtAmption that the system will operate a fixed number of hours; there-

.'ýore, if the availabilities listed are significantly different from

the required availability, system lifetime must also be significantly

different from the planned lifetime of the system.

Some estinates of the sensitivity of failure rates and repair times

to the various cost factors are obtained in Chapter VI.
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CHAPTER VI

SENSITIVITY ETIMATION

Knowledge of the sensitivity of failure rates and repair times to

the various parameters discussed earlier is important when determining

how much effort should be devoted to estimating each parameter. If

repair times and failure rates are relatively insensitive to one Param-

eter as opposed to another it is obvious that more effort should be

alloted to obtaining an accurate esLimate of the more sensitive

parameter.

In this chapter an attempt is made to obtain estimates of failure

rate and repair time sensitivity by varying certain parameters and

observing the effects of their variation. This example consists of a

system with five subsystems having the same cost factors. They are as

shown in Table 5.

The number of operating hours Is

K = 20,000,

and the availability constraint 18s

AI - .95 ± .0001.

The results of this allocation will, of course, have all X1 's equal and

all Mi's equal. They are

X1 - X2  ... - X5 - .00285368

MI - M2 - ... - M5 - 3.-872.

40
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Table 5

Cost Factors for Sensitivity Estimation

Subsystem DFi PFi DMi PMi

1 10 10 10,000 10,000
2 10 10 10,000 10,000
3 10 10 10,000 10,000
4 10 10- 10,000 10,000
5 10 10 I0,00o 10,000

0 0
Subsystem Si SUi Fi i MI

1 .25 4.0 12.0 99999. 99999999.
2 .25 4.0 12.0 99999. 99999999.
3 .25 h.0 12.0 99999. 99999999.
4 .25 4.0 12.0 99999. 99999999.
5 .25 4.0 12.0 99999. 99999999.

The availability is

Ai = .9500,

and the total cost is

T.C. = $82,711.25 per system.

By recalling Equation 30,

SDFi + PFi DMi + PMi + SiK
- X + Mi + SUiKXi + FiKniM1

it is obvious that the sensitivity of repair times and failure rates will

not be dependent on a percentage change in, say, DFi alone, 11:1. on the

percentage change of the sum DFi + PFi. Likewise, it will be dependenit

on the percentage change of the sum DMi + PMi + SiK. In the estimation,

that follow only one parameter at a time was varied while all others were

as l1Fted in Table 5, All variations were made on subsystem 5. The

results of these estimates are showi In Table 6.
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Table 6

Sensitivity to Cost Factors

XI - A4 X5 MI - M4 M5  Cost I

DF5+PF 5-40 .002785 .004398 3.5933 2.8596 88,257.56
DF5 +PF 5-10 .002912 .001843 3.7678 4.7361 78,424.88
DM5 PM 5 46 5 K-50,000 .002783 .002226 3.5902 5.6773 88,084.31
DM5+PM5+S45K-12,500 .002913 .003624 3.7699 2.3903 78,578.19
SU5-8 .002856 .992797 3.6907 3.7296 82,942.69
SU5 -2 .002852 .002883 3.6852 3.6652 82,595.50
F5-24 .002912 .002617 3.7675 3.3628 84,990.75
F52-6 .992817 .003000 3.6369 3.8896 81,365.06

Cost 2 Change in % Change % Change
Parameter in Cost 1 in Cost 2

DF5 +PF5 -40 83,710.86 doubled 6.7 1.2
DF5+FF5-10 83,853.56 halved -5.2 1.4
DM5+PM5 46 5K-50,000 83,681.38 doubled 6.5 1.2
DM5 +PM5 4S5K-12,000 83,791.15 halved -5.0 1.3
SU5-8 82,729.18 doubled .28 .022
SU5-2 82,711.80 halved -. 14 .00067
F5-24 82,879.25 doubled 2.8 .20
F5 -6 82,748.78 halved -1.6 o045
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Cost 1 represents the true cost per system if the cost factor listed in

the left hand column actually has the value stated, whereas Cost 2

represents the true cost per system if the cost factor in the left hand

column is estimated to have the value given and has its actual value as

listed in Table 5.

Although no general conclusions can be drawn from Table 6, since

specific numbers were assumed, the table indicates that the optimal

repair times and failure rates, as well as the optimal cost, are rela-

tively insensitive to the maintenance cost factors, SUi and Fi. This

should be expected since, when an availability constraint exists, the

total maintenance performed will be forced to be relatively small com-

pared to the optimal unconstrained value, unless, of course, the opti-

mal value is nearly equal to the constrained value.

The sensitivity with respect to the number of operating hours was

obtained using the cost factors of Table 5, and varying K. The results

are listed in Table 7.

Table 7

Sensitivity to the Number of Operating Hours

Xi Mi Cost per System

K = 20,000 .002854 3.6872 $82,711.25
/ K - 10,000 .003032 3.4727 $72,316.50

K - 40,000 .002577 4.0830 $102,854.60

Table 7 indicates that as the number of operating hours increase

th.' optimal failure rates decrease while the optimal repair times

in:rease. The reasons for this are that the total sparing cost is

- •• . . ...i . . . m i m n ma ~ • . -, m .... . . . . .. ... . . . . .. .. . . . . ... , ........
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proportional to K and inversely proportional to Mi and the total main-

tenance set up cost is proportional to both K and )I.

Finally, the sensitivity with respect to the number of systems

produced was estinated by varying the development cost factors.

Reducing DFJ and DMi by one half implies that twice as many systems

as represented by Table 5 will be produced while increasing DFi and

DMi by a factor of two implies that half as many systems will be pro

duced. All other cost factors remained the same. The results of these

allocations are shown in Table 8.

Table 8

Sensitivity to Number of Systems Produced

Xi Mi Cost per System

DFi - 10 .00285368 3.6872 $ 82,711.25DM-- - 10,000

DFi = 5 .00275190 3.8236 $ 67,134.44DMI -' 5,000

DFj - 20 .00296773 3.5456 $113,713.80
DMi - 20,000

In all cases the availability is

AI - .9500

Table 8 shows that the optimal repair times and failure rates are

also relatively insensitive to the number cf systems producedi however,

the availability constraint ic also active here and the optimal alloca-

tions would not be expected to change significantly when all development

cost factors change by the same percentage. However, as stated before,

the change in ki or Mi is not sensitive to DFi or DMI per se, but to
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the sums DFj + PFj and DMi + PMi + SiK. Thus, the same percentage

change in two development cost factors may cause two very different

changes in the sums stated depending on the relative magnitude of the

development cost factors to the other cost factors. Under these condi-

tions the optimal allocations would not be expected to be insensitive

to the number of systems produced.

In the following chapter, the results of this paper are summarized

and recommendations for further study are given.

./
/

./



CHAPTER VII

SUMMARY AND CONCLUSIONS

A method for the cost-based allocation of repair times and failure

rates has been developed. The solution is based on the minimization of

life cycle cost subject to the constraint of an inherent availability

requirement.

" s allocation technique is applicable to systems in which all sub-

systems exhibit a constant failure rate and failures occur independently.

The removal of these assumptions would generalize the allocation proce-

dure and certainly make it more realistic. Howevar, with consideration

of time dependent failure rates, analytic solution techniques are usually

infeasible, if possible at all.

It is also assumed that the system can be described by a series

model; that is, all subsystems are necessary for proper system operation,

and that when a failure occurs in one subsystem, all subsystems are

turned off for the duration of maintenance downtime. Extensions to

other models have not been considered in this paper, although it would

appear feasible to solve the allocation problem for cases in which

defirite system models could be developed. The only change necessary

is that of formulating the availability constraint.

The usefulness of this technique lies in its ability to determine

the set of repair times and failure rate improvements that result in the
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minimum life cycle cost to achieve a specified availability. Another

nseful feature of the technique, as applied in the computer program, is

that the optimal repair time and failure rate allocations are obtained

for the case where the availability constraint is inactive. However,

a different system lifetime is implied if the resulting availability is

significantly different than that of the constraint.

It was determined that if hourly Lalatenance costs &re identical

for each subsystem then the optimal repair time and lure rate alloca-

tions are independent of hourly ratntenance costs when the availability

constraint is active. It should be noted, however, that this was made

possible by the way in which the availability constraint was formulated.

No provision has been made in this paper to account for the effects

of various spares provisioning policies, manpower levels and repair

facilities on the system and subsystem repair times. Well-designed

systems can have disastrous field results when accompanied by ill-

planned logistics and administration. Therefore, it is necessary to con-

eider the effects of these policies on total system operation. Even

Safter a basic allocation program has been instigated, these factors

should be taken into consideration before indicated changes are made

in the system.

Specific work could also be accomplished for cases where a maximum

allowable repair time exists. It is possible that a system could mep+

the availability requirement and still experience a failure that would

result in a long downtime that could produce disastrous results. For

this reason it would be desirable to have an allocation technique which

would ensure thAt maximum allowable repair times were not exceeded. For
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this problem, it is necessary to consider repair time distributions so

that variations about the mean can be analyzed.

It would also be desirable, in cases where high availability J& not

essential, to allocate repair times and failure rates subject to a total

production constraintl that is, allocate the parameters so that a mini-

mum required amount of production could be achieved over a fixed period

of time at a minimum cost. Essential to this problem is formulating a

production constraint for a given system configuration.

In conclusion, the results of this paper should be of interest to

equipment designers and users. Where it is necessary to achieve a

required inherent availability, this allocation technique will direct

attention to the specific parameters that need to be improved. Also,

forcing the contractor to consider all cost factors involved will pro-

vide the user with valuable information on logistics and administrative

planning even if some c-P the cost information must come from the user.
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COMPUTER PROgRAM FOR THE ALLOCATION PROBLEM

The purpose of the program listed here is to provide a computer-

ized technique for solving the availability allocation problem. The

program was run on the IBM 360-65; however, it could be run on the

IBM 1130 if the statements in lines 80 and 81 are replaced by the

following statementsi

IF(Q) 91, 90, 91

90 Ir(A-AA) 91, 55, 55

91 nF(ABS(A-AA)-ACC) 55, 55, 1?

The program requires less than 8,000 bytes of memory for a system com-

posed of five subsystems. To rewrite the program for a larger system

it is necessary to make two changes in the program. These are

(1) The variables in the DIMENSION statement, line 2, must

be dimensioned as large as the number of subsystems in the

system, and

(2) The number of subsystems, N, must be stated in line 5.

The significant variables of the program are listed below,

followed by a program flowchart.

Variables

DF(I) Failure rate development cost factor of ith subsystem

DM(I) Repair time development cost factor of ith subsyztcm
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PF(I) Failure rate pgoduction cost factor of ith subsystem

PM(I) Repair time production cost factor of ith subsystem

S(I) Sparing cost factor of ith subsystem

SU(I) Maintenance set-up cost factor for subsystem i

F(I) Hourly maintenance cost factor for subsystem i

XF(I) Achieved failure rate of subsystem i

XN(I) Achieved repair time of subsystem i

AA Required availability

A Allocated availability

ACC Availability tolerance

N Number of subsystems

K Total number of system operating hours

Q L�agrange multiplier

XF'N(I) Allocated failure rate of subsystem i

XJDZ(I) Allocated repair time of subsystem i

A4, A3, A2, Al, AO Coefficients of failure rate polynomial

B4, B3, B2, B1, BO Coefficients of repair time polynomial

JF(I) Coefficient of failure rate development cost factor

(value is 0 or 1)

JM(I) Coefficient of repair time development cost factor

(value is 0 or 1)

If the Newton Raphson technique does not converge an error messaý;c

is printd out prior to the failure rate and repair time allocationc

and the allocations will be incorrect. If convergence was obtained no

error message will be printed out. The fIrst page of the printout con-

tains the cost factors in the following order.
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DFj PFj DMi PMj Si SUi Fi

All other pages of the printout contain, in the following order,

The value of the Lagrange multiplier,

The failure rate repair time allocations,

The inherent availability,

The total cost in dollars, and

A message that the cost is optimal for the given

availability if all roots converged,

The data format is as shown on pages 53 and 54. The data. input

sequence is CARD 11, CARD 21, CARD 12, CARD 22, ,*o, CARD In, CARD 2n-
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-.4

F--,

0

C4

Maintenance set up cost factor
o T F 10.2
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Presently achieved repair time

o Fl10.8
a)
I

Presently achieved failure rate

o F 10.8

Hourly maintenance cost factor

F 10.2

Sparing Cost factor

0oF 10.2

Repair time production cont factor

o F 10.2

Repair time development cost factor

F 10.2
0

Failure rate production cort factor
o

F 10.2
'-4
'-4

Failure rate development cost factor

o F 10.2
'-4
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MAIN PROGRAM FLOWCHART

START1

TXTTI;ALTZE X N
VARIAB"ES (SUi3ROU-

AA ACC NK, TINE ROOT

AND N FLAG

FACTORS'

Xi AIlD 111 Nli)F w

WRITE
CO'STYE

FACTIORS \EVELi4
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MAIN PROGRAM FLOWCHART (CONT.)

2

WRIT'E Xj,

AMID TOTAL

A OITHNSO
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SUBROUTINE FLOWCHART

START

EVALUATE
POLY NOM4IIAL is

GUa3S BYNO No

CEO~BWRITE
P~OC~&srNO

F TDIES ROOTDID
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