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ABSTRACT

This paper develops a cost-based procedure for allocating repair
times and fallure rates to the various subsystems of a system, The
allocation problem is handled as & cost minimizatlon problem, first
with no constraints, and second, with the constraint of meeting a
system avallability requiremeht. 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 malntenance costs and general support as well as high performance
requirements, As system requirements become more involved and more
complex, 1t becomes increasingly necessary to speak of system charac=-
teristics in definite quantitative terms,

In recent years such terms as capabllity, 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 [2]* defire inherent availability as " . . .
the probability that a system or equipment, when used under stated condi-
tions, without consideratlon for any scheduled or preventive c~tion, in
an ideal support environment (ie., 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 of tl.e

paper,




expressed as

o __ MTBF
MTBF + MTIR

Ay
Here MTBF is the mean time between failures and MTTR is the me&n 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 syst~m requirement, it
is necessary to es: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 1s concerned with allocatlon of parameters to achieve that
requirenent.

The allocatlion of system avallability involves solving the inequal-
ity

£(A1, A2y A3y eee Ap) 2 A°
where A' is the system availability requirement, Af 1s the allucated
availability for subsystem i, and f 1s 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 ylelds

»
All avallabilities referred to throughout the paper are assumed to be
inherent avallabilities,




a unique or limited number of solutions. The approach used in this
paper is to minimize the system 1ife cycle cost subject to the con-
stralnt of meeting the system availabllity goal by the method of
Lagrange multipliers, Mean repair times and failure rates are first
allocated on & minimum cost basis with the constraint inactive, and
second, with the constraint active,

The solution of this problem for the avallability parameters MTBF
and MTTR is accomplished under the assumptions of constant fallure rates
(exponential time-to-failure distributions) and independently failing
components, Also, a series conflguration is assumed in which all sub~
systems are necessary for the system to functlon., The limitations of
these assumptions are discussed in Chapter III.

A general solutlon procedure is followed to the extent feasible,
Therefore, & solutlon set of.equations is expressed under the assump-
tions listed above, This set of equations may be used with any appli-
cabtle cost functions, Specific cost functlons are considered for
detalled 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 + 1 equations in 2n + 1 unknowns could be
obtained, where n is the number of subsystems being considered, One
is still faced wlth 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 avallable for the solutlon of such systems of equations. The
methods used in this paper should be helpful in providing sclution

techniques for similar cases,




The costs considered in this paper are research and development,

production and procurement, sparing, and maintenance costs. Those
slements of life cycle cost not dependent on fallure r&te or repair
tize are not considered in this paper, while it is assumed that other
costs not mentioned above which may be dependent on fallure rate or
repalr time can be included in one of the above categories. This will
be discussed further in Chapter 1V,

Developnent and production costs are assumed negatively correlated
with both failure rate and repair time, That is, high costs are asso~
ciated with low fallure rates or repalr 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 proportlional to the pro-
curement cost of spares times the expected number of failures over the
life cycle while the malntenance cost is assumed to have one component
proportional to the number of hours of maintenance required over the
1ife cycle, and another component proportional to the number of fallures
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 1s that during the conceptual
stage of system development when no design has been formalized, an
allocatlon besed on estimated costs of rellabllity and maintalnability

development can give the optimal set of component parameters that

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




particular design has been proposed or developed that falls short of

the system availability requirement, The solution glven in this paper

is applicablz to elther case,

In Chapter III the general allocation technique is described and
limitations are discussed, The specific cost functions are developed
in Chapter IV and the solution to this 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 1s discussed,
In hapter VI some estimates of the sensitlivity of fallure rates and
repair times to the various cost factors are obtalned by repeated com-
puter runs, The summary, concluslions, and recommendations for
further study are given in Chapter VII,

A brief literature survey 1s given in Chapter II, discussing

pertinent references to reliability-maintainability allocation and 1life

cycle cost models.




CHAPTER II

LITERATURE REVIEW

Although & number of rellability allocation techniques exist,
rather limited work has been carried out in the field of maintainability
allocation and relliability~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 allocatlon technique is given in the Martin-Marietta pre-
pared AMCP-705-1 [6] which calculates repalr time by summing each com-

ponent repair time multiplied by its expected fraction of occurrence,

£, [MrrRsg—i—])
MTTR; = I, {MTTR
S =1 TN
i=1
where MTTRg; is the mean system repalr time, MTTR; is the mean repalr

time for subsystem i, and A 1is the failure rate of subsystem i, Thus,
given a system availability requirement and subsystem faillure rates, the
system repalr time goal can be determined, If estimated subsystem

repair times are inadequate to meet the avallebility requirement, then

general recommendations are given as to which subsystems or components




to improve, Ideally, subcystems exhibliting the higher failure rates
require a low repair time, while those with low fallure rates can have
higher repair timess, However, no quantitative relationships have been
developed, and no attempt is made to determine the effect of the changes
on system ccet .

Eimstaa [3] presents an availability allocation method which is
based on optimizing the cost effectiveness ratio with checks so that
repair time and failure rite extremes are not exceeded. He also pre-
sents a desipn trade-off analysis which 1s graphically solved for
specific effectiveness models,

Blanchard and Lowvwery [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 [h] present a reliability-maintainability
allocation method in which iscavalilability functions are defined and
fallure rates and repair times are allocated on the basis of incre-
mental cost analysis, However, no provision is made for allocating a
specific availabllity to a subsystenm,

Nye [8] has developed a cost based allocation technique which
considers maintenance, sparing, production and development costsj how-
ever, it 1s not possible to allocate fallure 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




1

development costs as functions of repalr 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 prﬁ—
posed, A recent paper by Koch [5] 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 repalr 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 i1s used to

formulate the solution,
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HAPTER IIX
DEVELOVMENT OF THE MODEL

As previously stated the inherent avallability of any system can

be expressed as

 __ MTBF
AL ® MTBF + MTTR. (1)

f one considers a serles system made up of components having constant
fallure rates, then the system fallure rate can be written as the sum
of the individual fallure rates if all components fail independently
(1], Thus,

As = Ay + Xp 4 0ee 4 A (2)

and

MTBF = —pt (3
15 M

where Ag 1s the system failure rate and Ay is the failure rate of sub-
system 1,

The system repali time can be thought of as the welghted mean of
the coiponents' repair times (Mi) where the welghting 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 repalr Lime

is obtained as
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Security Classification

}1 A Ay
HITR = THL 3582 + ese + Mo
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1t should be noted here that the expression for MTTR assumes that all
Ms's are mutually exclusive which implies that when a faillure occurs in
one subsystem all subsystems are turned off so that no other failure
can occur while the system 1s being repalred,

Substituting the expressions for MTBF and MTIR into Equation 1
yvields

Aw—e (5)
14-2)\1“1

for a system in which all subsystems are necessary for proper system
operation, fallures occur independently of each other and all compo-
nents exhibit constant failure rates. The limltations of these assump-
tions are discussed below,

The assumption of constant fallure rates or equivalently, an exvo~
nential time to failure density, dictates that the failure rate be con~
stant throughout the 1life of the equipment, In addition to being
necessary to solve analytically many system relationships, most elec~
tronic equipment appears tc fit this assumptlon reasonably well for a
long period of time after the burn in stage, For systems that exhibit
woas~vut, or increasing failure rate, well designed and implemented
preventive maintenance policies will reduce or eliminate systematic

fallures and provide systems that exhibit failrly constant failure rates

.lll sumpz.tions are from i to n unless otherwise stated,
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over long periods cf 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 woculd probably be quite
realistic when considering the total life of a large group of operating
systems,

The series assumption 1s somewhat restrictive in that no provision
can %> madc for operation in a degraded mode., By judicious definition
of components or unlts that make up a subsystem one could obtain
reasonable approximations to a serles system, €or example, two units in
parallel could be combined as one unit using the combin~d failure 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 fallure rate, and therefore,
the constant failure rate assumption must be reanalyzed,

The assumption of independently failing subsystems or units is
u~ually mede in relliz*iliity discussions., This assumpiion 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 t¢ revair the time required to
repair all items which falled or were damaged by the initial chance
failure, This assumption, like the others, however, does somewhati
restrict application of the model developed in this paper, It is also
assumed that when a fallure occurs the entire system 1s shut off while

the failed subsystem is ‘eing 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 tor each suo-
system, If each subsystem operates the same amount of time,determina-
tion of the total operating time is straightforvard when there is an
availabllity constraint, However, i1f this assumption is not made the

operating time for subsystem & is a function of Ay and My« 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 belng repaired
at the same time. Therefore, this assumption also rest.icts applica-
bllity of the model develaped in this paper, and full consideration
shounld be given to the assumptions whenever the model is applied to

an allocation problem,

The allocation of availabllity parameters to the various units or
subsystems of a complex system involves making decislons as to which
components to consider for availability improvement and to w-ich
characteristics, repair times and/or failure rates, improvement effort
should be espplied, The remainder of this chapter discusses the basic
development of these decision criteria,

For cases 1 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 1 it is assumed that the reliability of the system is at its
highest achievable level and only repalr times can be improved, Then,
in case 2 the opposite is considered, that 1s, only the fallure rates

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

overall optimal set of improvements,




The components of life cycle c st considered in this paper are

1) d¢y(\y), where dfy defines the functioral relationship
for the research and development cosfs of changling the
fallure rate Ay,

2) ppy(Xy), where pg; defines the functional relationship
for the production and procurement costs of changing the
failure rate Ay,

3) dpi{My), which represents the research and development
costs associated with changing repair time My,

4) p.;(My), which Tepresents the production and procurcment
costs associated with changing repair time My,

5) s3(M, M), the sparing costs assoclated with subsystems
i, and

6) £y(Ay, My), the maintenance costs associated with
subsystem 1,

Here, the cost of maintenance manuals and test equipment should be
included in production costs if they are dependent on repalr times and
failure rates, Other comprnents of 1ife cycle cost exist which may be
dependent on rerair times and failure rates; however, it is felt that
they can be included in the above costs with no Joss 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 fallure rates. The cost of "lost

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

#*
It 1s assumed here that i1t 1s possible to change the fallure rate of a
subsystem without affecting its repair time and vice verca,
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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 1: Reliability Fixed at the Highest Achlevable Level

From Equation 5

1 < AY (6)

where ii and ﬁi represent the presently achleved values of failure
rate 1 and repair time i1 respectively,

Let My be the allocated repair time for subsystem i su that

1 - A'.
IF IRMy (7)

Rewriting, Equation 7 ylelds

Ry = o5 - 1 (8)
Using the cost components previously defined the total cost® becomes
TeCo ™= Z{dfi(fi) * pry (xij +odpy (M) + oppy (My)
+s3(Reamy) + 3Ky, (9)

No definite functional relatioaships 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 1life cycle cost, but that portion of
it which is of interest in allocating repair times and fallure rates,
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availabllity requirement, Thus, the probiem can be stated as

pininize T.Ce ™ }:[dﬁ(fi) + Pfi(xi) +dps (M) + P (M)
+ .1(21.n1) + fi(gioﬂi)J

subject to
By = - L.
If the constraint equation is written to be equal to gzero, that is
9 1
the Lagrangian can be written as
A = Iags (K1) + pr1(Re) + dma (1) + pra (1) + sy (Ry,my)
+ 23 (Kimi)] + o[=fim) - v + 1] (11)

where Q 18 the Lagrange multiplier, Taking derivatives with respect to

M; and Q and setting them equal to zero ylelds

IA _odm (M) opm (M) dey(RioMy)
IMy O M1 M1 I My
3 f1(Ry,ma) -
—s-r + Qxi 0 (12)

fori -~ 1' 2y eee Dy 8nd
a_/_\_ﬂ1n1--}r+1-o. (13)
aQ

The above set of equatlons contains n + 1 unknowns Mi, M2, seey
My, and Q. Since there are n + 1 equations an unique solution could be
obtalned if definite forms of the cost functions are inserted,
Case 2: 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 fallure rates,
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1 - A'

T o0 (14)

where Ay is the allocated failure rate for subsystem 1, The Lagrangian

can now be written as

A = Eaes () * prildy) +si(A1.ﬂi) + fi(li»ﬁi)]
+ (2l - -,%-r ). (15)

Differentiating with respect to Ay and Q yields

A _dapi(h) L apei(M) | 9si(Aa,Mi)
‘})q d AL L) VRSP *Y

JE1 (A, M)
+ —T—J n + Qﬁi = 0 (16)

for . =1, 2, 4ssy n, and

)A' ﬂ—_i_. = M
a4 = DMy - Lo+t 0, (17)

The above set of equations also contains n+1 unknowns A4, Ay,
sesy Ap and Q, and therefore could be solved if definite forms of the
functions are inserted, The third case 1s considered next in which
both fallure rates and repair times can be improved.

Case 31 Repalr Times and Fallure Rates can be Improved
The avallability requirement, express:d as a function of both

allocated repair times and allocated failurc rates, becomes

1
A = m- (18)

The total cost 18 now expressed asi
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ToCo = Idr1(A) + peylAy) +dna(My) + pua(My) + sg(Aq,My) + £3(Aq,My)]
(19)
and the Lagrangian for the general case becomes
A = aps(A) + pey(M) + dug(My) + pi(My) + sy(Aq,My)
£3(As,M1)] + Q[I(AMy) - ;lr +1], (20)

Differentiating with respect to Ay, My and Q ylelds

Jari(h)  dpes(M)  3si(MpoMy)
- )

JM AN dM
3fy(Ay,My)
A 1___, + mi = O’ (21)

fori = 1. 2. esey N

JQL - Jami(My) . QPmi(Mi) + sy (g oMy)
My My L TN

+ in()‘llhi)

+ = 0, 22
T Ay (22)
fori1 =1, 2, svee n
and
1
‘}%'Elihi-xr‘i'l"o. (23)

The above set of equations contains 2n + 1 unknowns Af, A2, «ee,
Ane M1y M2, +eey Mp and Q. Since there are 2n + 1 equations, 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 cquations obtained in
Chapter III,

The objective of an allocation program should be to allocate
system parameters to the 1lndividual 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 cos+s can generally be assigned to the following
categories:

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 avallability goal
has been established and the problem is to achieve that goal at minimum
cost, Functlior-~ describing the productlion costs of a system versus fail-
ure rate or repair time should have the characteristics of the curve

shown in Figure 1,

19




Production Cost

Ay or My
Ay allocated fallure rate
M3 allocated repair time

Figure 1. Production Cost Versus Repair Time or Failure Rate

A function of thls type suggests that production costs vary
inversely with failure rate and repair time or that high costs are
associated with low failure rates and repair times and low costs with
high fallure rates and repair times, and that the cost of producing a
unit with zero repair time or fallure rate 1s infinlte since it is
impossible.

The function used to describe production costs for this paper is

(7F)y |, (P)1

20

P (dgoMy) = —p Wy (23)

where

(1) ps(Ay,M31) 48 the cost in dollars of producing subsystem 1 with

repair time My and failure rate Ay,
(2) (PF)1 is the cost factor associated with the difficulty of

producing subsystem 1 with failure rate Ay, and

(3) (M) 1= the cost factor associated with the difficulty of pro-

ducing subsystem 1 with repair time M.

The cost associated with downtime can be separated into two general

categories, The first 1s that which is proportional to the length of

bt iz e

|
]
i
!
i
|
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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
second term can be described as a malntenance set up cost which is
proportional to total number of system fallures, which would include
system shut down and start up costs and othex factors not dependent on
the duration of system downtime, Thus, the downtime cost function can
be written

f1(A1,M1) = F4K\ My * (SU)1KAy (24)
where

(1) £1(A{,My) 15 the cost in dollars of maintalning subsystem i

with repair time My and failure rate A4,

(2) F1 is the cost factor representing the cost per hour of down-

time for subsystem 1,

(3) (Su)y 1s the cost factor representing the fixed cost per failure

for subsystem 1, and

(4) X 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 fallure rate, for a large number of
systems, with adequate inventory policies, the sparing cost would gener-
ally be a linear function of the fallure rate, Since production costs
were assumed to be inversely proportional to fallure rates and repalr

times, it would be reasonable to expect that the cost of spares would




22

also Le inversely proportional to repailr times and failure rates, Thus,

the sparing cost function assumed in this paper is

SjKA  SiK
s(AaMa) = =g = g - s1(My) (25)

where

(1) s;(My) 1s the cost in dollars of sparing subsystem i with

repalr time Mj,

(2) 85 is the cost factor associated with sparing subsystenm 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 time which 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 malntenance costs could generally be
included in maintenance set up costs, However, i1f the line replaceable
unit is made larger as a means of decreasing repair time, depot main-
tenance costs would depend on MTTR as previously defined, For example,
in one radio set the 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 o#¢¥p, and ir 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 proportlonal to both repair time and

failure xate, Depot maintenance costs are, therefore, included in the

sparing costs,

Functions describing the developuent cost of increasing the avail-
'ability from & 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 fallure rate or repair
time greater than that already achleved no saving in devalopmerit cost
would be realized in purposely increasing a fallure rate or repair time,
Therefore, the development cost functions chosen for this paper have the

form of the curve in Figure 2.

Development Cosi

i or My M or My

Ay allocated failure rate
Ki achieved failure rate
My allocated repair time
ﬂi achieved repalr time

Figure 2, Development Cost Versus Repair Time or Fallure Rate

This curve represents a characteristic relatlionship between develop-

ment cost and repair time or fajlure rate and further, it indicates that
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cost is not increased if & fallure rate or repair time is increased,
Development funds already spent on the project are not included in the
model since the purpose of the allocatlion 1s to find the optimal set
of repalr times and failure rates given an achleved set that falls
short of the availablility goal,

The functions used to describe development costs for improvement

of subsystem 1 are

dey(My) = (2:)1 - (D;Zi M <Ry, (26)

dpr(y) =04 M 2K, (27)
@)y ()

dmi (M1) s Mg < Ny, (28)

and  dgy(Mg) = 0 3 Mg > Ny, (29)

where

(1) dgg (M) is the cost of improving the achieved failure rate --:
Xi to My

(2) d3(M1) 18 the cost of improving the achieved repair time Ny
to M3,

(3) (DF)4 1is the cost factor associated with the difficulty of
decreasing the fallure rate of subsystem i, and

(4) (M); 1s the cost factor assoclated with the difficulty of
decreasing the repair time of subsystem i,

The dimensions of all cost factors are shown below
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PFy

$ = /Ry 1 PFy = $/hr,

PM3

$ = = PMy = ($)(hr)

$ = Fy(hr,)
SUth‘o
hr,

Fy = §$/hr,

$=

..

SUj = §
Sihro

$ hr,
DFy

$ =1 8 ; DFy = $/hr,

$m DMy = ($)(hr.)

83 = §

Information for determining the hourly maintenance cost must, of
course, come from the using organization. It could be determined
reasonusbly from pést 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

Sy
$/f8.ilure = m‘i‘-

which includes the cost of procuring the spare and carrying it in
inventory., Suppose subsystem i has the followlng characteristics,
A = ,001/nr,
My = 1 hr,

and 1t has been determined that the average inventory cost per failure is
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$/fallure = $25
then 53 1s given by
St = $25(.001) = $.025.

The above cost factors, hourly mailntenance, maintenance sct 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
dependert on the location and/or environment of the operating system,

The value of development and production cost factors may he depen-
dent on the level of avallability 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 1f 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 fallure 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 Ay and Mj by one half would cost $10,00C each, and the parame-

ters of the subsystem are as given above, that is,
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M = .001/hr,

Hj_"ihro

then the cost assocliated with each would be
DF 1

$10,000 = <5005

™
$10,000 = —%

.
or,
DFy = $5/hr,
3 = $5,000/hr,

Production cost factors would be determined in a similar manner,
however the reason for production costs varying with repalr time and
failure rate would be due tc 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, familiaxrity with the
equipment, and engineering judgment. The imporiance of careful esti-
nates for these factors cannot be overemphasized,

If the functions previously discussed are substituted into the
total cost equation obtained in Chapter III, the following equation is

obtalined:

y + PFy DHi + PMi

+ FiKhMG ] 4 Q(IyMy - oy + 1) - A T (30)

Differentiating with respect to A, My and Q ylelds

4T.C, , =(DFy + PFy)

% SUIK + FyKNy + QMg = 0 (31)

oM M
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fori=1, 2, sesy n

dT.C -(DM: +PMj + SiK)
S8 = 4 -+
I My i * RN+ Oy (32)

fori =1, 2, +esy n and

aT.C.

1 ;
1T MM - v 1= 0 (33)

A.

The solution to this set of equatlions represents the set of improve-
“ments in subsystem repair times and failure rates which minimize the
improvement cost while achieving the avallability goal,

Separating the variables Ay and My ylelds

(SUsK)®A{ = (Fik + Q)(Dhy + PMy + S{K)AD

- 2 SUyK(DFy + PFy)A? + (DFy + PF3)? = 0 (34)
fOI‘ i - 1’ 2' se 0y n

(FiK + Q)?(DFy + PFi)Mg - (DM; + PMy + S4K)3(FiK + Q)My
- (DMy + PM3 + S4K)?SU3K = 0 (35)

fori=1, 2, .60 n
Although general solutlions 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 ‘he Appendix which wgs develored 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




Fy +PFy DMy + Py +S;K
R e I s M

% W + SU1KM ]

1 DF DM
+F K I MM + Q(INM, - 1) - -
AgMy 1 =37 ¢ Ri'

where F 1is equal to Fy, a constant for all i,

The above equation can also be written

Fq + FF1 DMy + PM3 + SiK
T.Co - sz M + Mi + S”iKM]

1 DFy DM
+F.‘K(rr -1) -*xf‘ - A (36)

since, when the constre.nt is active

IMMy = 2 - 1,

Here 21 is seen that under ihe conditions of identical hourly mainte-
nance costs for each subsystem, and an active availability constraint,
the optimal values of Ay and My are independent of hourly maintenance
costs, The reasoning is that an active availability constraint implies
that a fixed amount of maintenance will be performed And Aif all hourly
maintenance costs the same it makes no difference on which subsysten
it is performed,

A further simplification can be made if maintenance set-up costs
are negligible, This would imply that the maintenance technicians and
necesssry repalr equipment are in close proximity to the operating sys-
tem and also that shut-down and sturt-up costs are negligible, If this
is the case Equation 36 can be written as

nco = LT PR L Tt Sk
A My My

1 DFy DMy
+ FKDMMy 4 Q(DqMy = 3y + 1) - = - (37)

1
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Differentiating now with respect to Ay, My, and Q ylelds

- PF
AL (DFﬁ___i_)_ + (FK + QMy = 0 (38)

fori = 1, 2. eeey I

=(DMs + PMs + S4K
1 Tle o 7 ) 4 (= 0 (39)

=

for i = 1, 2y [ XYY}

and

9T.Ce 1
Y My - U 1 =0,

Solving for M\, M3, and Q yields
(vFy + PFy)? ]1/3

M ¢ C(FK;. ¥ QJTOM; + PHy ¥+ 53K)

W & [ (M3 + PMi + 51K)?-1/3
1 (FK + Q)(DFy + PFy)

for 1 =1, 2, seey n

' (40)

and 1 .
. AT ]2/3
(DFy + PFy)(DM; + PMy + S;K) -

(82)

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

& model,

The computer program listed in the Appendix will solve all cases

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




all subsystems they are punched the same on all data cards, and if

maintenance set up costs are zero they are read in as gelo,

If, for the equations given, &n allooated failure rate (M) or
Tepair time (Mg) is greater than that already achieved, the develop~
ment cost factor, DFy or DMy respectively, 1s set equal to zero since
a zero cost 1s assoclated with increasing a failure rate or repair timse,
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 achleved, If. however, the newly allocated failure
rate (repalr time) is greater than that already achieved, the optimal
value is given by the value obtained with DFi(IMi) =0, This can be
1llustrated as followss the development cost for failure rate i is

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

DF DF
dri(g) = ‘xt - 'xt for Ay < fi

dfi(xi) =0 for M 2 fi o
The first equation intercepts the zero axis at Ay 21 but is valid

only for M < fi, thus, the development cost curve is continuous, and

the total cost is as shown in Figure 3,
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TOTAL
COST 7

'

!

1

X A
Curve 1. Cost curve assuming DFy > 0 for all A4

Curve 2. Cost curve assuming DFi = O for all M\

- - - - Actua” Cost Curve

Figure 3, Total Cost versus Failure Rate

Suppose ﬁi is the value already achieved, Curve 1 applies if A; <~£i
while curve 2 applies where Aj > Ki. While the optimal value of curve 1
is to the right of ﬁi, the optimal value of curve 2 lies to the left of
ﬁi. However, the optimal value of the total cost curve lies at
AL = ii.

The case above may indicate that the failure rate or repalr time
in question was achieved at more expense than necescary, while a
cheaper, more advantageous route t6 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 fallure rates and
recpair times for a system that has no specific availabllity requirement,

{ course, i1n this case, hourly maintenance costs must be included,

whether or not it is the same for each subsystem, since there 1s no
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constraint on the amount of maintenance to be performed. The computer
program in tre Appendix will obtain an optimal set of fallure 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 evample problem in Chapter V and the computer program

developed to handle the calculations 1s discussed.



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

T

Appendix the followlng parameters must be knowni
(1) Development, production, sparing and maintenance
cost factors,
(2) Required inherent availability,
(3) Acceptable availability tolerance.
(&) 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 avallability requirement. An availability toler-

ance 1s 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 & ,001

34
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Determination of the expected total operating nours of the system
may be quite difficult since it is dependent on administrative and
logistics downtime which may vary with the using organizatlon and the
location of the system, Total operating time will also be dependent
on the amounct of preventive maintenance performed,

To 1llustrate how this figure could be determined, suppose that

the administrative and logistics delay time is, typilcally, 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 -an

then be expressed by the following equationi

T = TA, +[(1/A; = 1)P + (1/A7 = 1JTA, + & TA,

then,
ho = L
T+« + (1/A] - 1)(1 + P)
. where
,/
< Ao 1s the percentage of the total time that the system is operating,
’/9/// (1/!1 - 1) represents the amount of corrective maintenance per hour
957 of operating time,

P is the amount of administrative and logistics delay time per

hour of corrective maintenance,

Al is the inherent avallability as previously defined,

o 1s 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 loglistics delay time is
assoclated with preventive malntienancej however, th- total time
equation could easily be written to inciude such & term,
If an initial allocation is being performed, that is, no values
for achieved fallure rates and repalr times exist, the last two terms

DF My
of Equation 30, —Ei and -ﬁ—' are gero, since Xi and ﬁi are virtually
i

infinite and some nonzero development rnst will be associated with
obtaining finite repair times and fallure rates, When using the program
listed in the Appendix 1t is necessary to enter unrealistically high

values for the achieved failure rates and repair times when performing

DF D
an initial allocation, When this is done the terms -}i and'—zi will be
My

;ery 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 fallure rates and repair times are listed in Table i, The
repair time includes all active portions of downtime, For example,

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

replaceaent, and check out,
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Table i, Subsystem Repalr Times and Failure Rates

Subsystem Repair Time(hr.) Failure Rate(fallure/hi,)
1 i5 +0019
2 8 +0051
3 10 0034
4 10 0034
5 10 0034

Availlability = ,8538

The cost factors assumed foxr this example are listed in Table 2,

Table 2, Subsystsam Cost Factors

Subsystem  DM($-hr.)  PM($-hr.) DF($thr.)  PF($1ihr.) 1

1 17,000 ° 17,000 25,00 25,00
2 12,000 12,000 18,00 13,00
3 20,000 20,000 10,00 10,00
L 20,000 20,000 5400 5,00
5 30,000 30,000 10,00 10,00
////,/‘ s($) su(s$) Fy($1hr,)
!,/' / 1 .10 2.00 8.00
L 2 .06 2,00 6,00
/ 3 «05 2,00 8.00 4
/ 4 .08 2.00 10,00
5 12 2,00 12,00

it is desired to achieve an availability of .95 at the lsast possible
cost, 1

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

considering only developaent costs, Are listed in Table 3,




Table 3. Subsystem Allocatibns Considering Development Costs Only
Subsysten Repair Time(hr,) Fallure Rate(failures/hr,)
1 3.10 UUiZ0
2 274 00411
3 4,69 .00234
b 5490 00148
5 6.14 +00205
Availability = ,9529 J
Comparing these results to the repair times and failure rates in Table 1,

it 1s seen that the first failure rate has remalned 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

Subsysten 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 = ,950C

Comparing Table & and Table 3 it is seen that the first failure rate
should deliberately be lncreased, Messer used the same development
cost function that is used here, namely that the development cost for
increasing a failure rate or repalr time is zero, so that, if develop-
ment costs only are considered, no repalr 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

repalr times, If the allocation procedure indicates that a fallure rate
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or repalr time should bhe increased, no savings in development cosis can
be reallzed since development funds to achieve the present levels of
repalr times and fallure rates have already been spent, However, a
savings in production costs will be reallzed 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
repalr time,

The results of the allocation technique are guildelines 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, ner =nre
valld than the assumptions made in deriving the model,

The total additional cost is also evaluated at each iteratlion 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 bsfore, the allocations are made under the
afgn;ption that the system will operate a fixed number of hours; there-
,?/4;re, if the avallabilities listed are significantly different from
the required availability, system lifetime must also be significantly
different from the planned lifetime of the aystem,

Some estimates of the sensitivity of failure rates and repair times

to the various cost factors are obtained in Chapter VI,




CHAPTER VI

SENSITIVITY ESTIMATION

Knowledge of the sensitivity of fallure 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 fallure 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 ectimate 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 thelr 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 operaiing hours is

K = 20,000,
and the availability constraint is:
AT = .95 % .0001,
The results of this allocation will, of course, have all Ai's equal and
all My's equal, They are
M ™A™ cie " Ag = +00285368

M1 d Mz " ses ™ M5 - 3.\)872'

Lo




Table 5

Cost Factors for Sensitivity Estimation

Subsystem DFy PFy DMy PM3

1 10 10 10,000 10,000

2 10 10 10,000 10,000

3 10 10 10,000 10,000

L 10 10+ 10,000 10,000

5 10 10 10,000 10,000

Subsystem 53 SUy Fi ii ﬁi
1 25 4.0 12.0 99999 « 99999999,
2 25 4,0 12,0 99999. 99999999
3 25 0 12,0 99999,  99999999.
L 25 4,0 12,0  99999. 99999999
5 25 4,0 12,0  99999. 99999999,

The availability is
Ay = 9500,
and the total cost is
T.C. = $82,711.,25 per system,

By recalling Equation 30,

Fi + PF{ DMj + PMj + S3K
T.C. = : A +

+ SUiKM + FiKA(M
" i 1KM + FiKAsM]

it is obvious that the sensitivity of repair times and fallure rates will
not be dependent on a percentage change in, say, DFy alone, tui on the
percentage change of the sum DFi + PFy, Likewise, it will be dependent
on the percentage change of the sum DMy + PMj + SjK, In the estimations
that follow only one parameter at a time was varied while all others were

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

results of thesc estimates are shown in Table 6,




DF 5+PF

DF c+PF =10
DM;:%M;:SSK-5O.OOO
DM5+PM5+S5K-12.500
SUg=8

SUg=2

Fo=24

Fg=6

DF5+PF5-40

DF 5+PF 5=10

DM 5+PM 545 5K=50,000
DM 5+PM5+5 5K=12,000
SU5-8

SUg=2

F5-2u

Fg=6

Table 6

Sensitivity to Cost Factors

M-N

.002785
.002912
.002783
«002913
.002856
+002852
«002912
+992817

Cost 2

83,710.86
83,853.56
83,681.38
83,791.15
82,729.18
82,711.80
82,879.25
82,748,78

As My - My Mg
+004398 345933 2.8596
.001843 3.7678 4,7361
.002226 345902 546773
003624 3.7699 2.3903
+992797 3.6907 3.7296
.002883 3.6852 3.6652
«002617 3.7675 3.3628
+003000 346369 3.8896

Change in % Change

Parameter in Cost 1

doubled 6.7

halved -5e2

doubled 6.5

halved =5.0

doubled .28

h&lvw "01‘*

doubled 208

halved -1 .6

L2

Cost 1

88,257.56
78,424,.88
88,084,31
780 5?8019
82,942.69
82,595.50
84,990.75
81,365.06

% Change
in Cost 2

- s
WK EN

022
«00067
«20
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, SUj and Fy, 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 constralned 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 Qperating Hours
Aq My Cost per System
} K = 20,000 .002854 3.6872 $82,711.25

/i K = 10,000  ,003032  3.4727 $72,316,50
: K = 40,000  ,002577  4,0830  $102,854.60

53 Table 7 indicates that as the number of operating hours increase
th: optimal faillure rates decrease while the optimal repair times

in:rease, The reasons for this are that the total sparing cost is
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proportional to K and inversely proportional to My and the total main-
tenance set up cost is proportional to both K and Ay.

Finally, the sensitivity with respect to the number of systems
produced was estimated by varylng the development cost factors,
Reducing DFi and DMi by one half implies that twice as many systems
as represented by Table 5 will be produced while increasing DFjy and
DMi by a factor of two implies trat 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

Ay M3 Cost per System
gﬁjl_ - ig,ooo 00285368  3.6872  § 82,711.,25
gﬁi = 2,000 00275190  3.8236  $ 67,1344k
g;i T 20,000 00296773 3.5h56  $113,713.80

In all cases the availabllity is
Ay = .9500
Table 8 shows that the optimal repair times and failure rates are
also relatively insensitive to the number cf systems producedj however,
the availability constraint ir 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, Lowever, as stated bvefore,

the change in Ay or My is not senslitive to DFy or DMy per se, but to
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the sums DFy + PFy and DMy + PMy + 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 fallure
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 fallures occur independently,
The removal of these assumptions would generalize the allocation procem=
dure and certalnly make it more realistic, Howevar, with consideraiion
of time dependent failure rates, analytic solution techniques are usually
infeasible, if possible at all,

It is aiso assumed that the system can be described by a seriles
model; that is, all subsystems are necessary for proper system operation,
and that when a fallure occurs in one subsystem, all subsystems are
turned off for the duration of maintenance down'ime, Extenslons to
other models have not been considered in this paper, although it would
appear feasible to solve the allocatlon problem for cases in which
definite system models could be developed. The only change necessary
is that of formulating the availability conciraint,

The usefulness of this technique lies in its ability to determine

the set of repair times and fallure rate improvements that result in the

)
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minimur life cycle cost to achieve a specified availability, Another
useful feature of the technique, as applied in the computer program, is
that the optimal repair time and faillure rate allocations are obtained
for the case where the avallability 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 houwrly walntenance costs are identical
for each subsystem then the optimal repalr time and lure rate alloca=-
tions are independent of hourly raintenance 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
sys‘ems can have disastrous field results when accompanied bty ill=-

pranned logistics and administration, Therefore, it is necessary to con-

&lder the effects of these policies on total system operation. Even

v_.lfter & basic allocation program has been instigated, these factors

should be taken into consideration before indicated changes are made
in the systenm,

Specific work could also be accomplished for cases where a maximun
allowable repair time exists, It is possible that a system could meet
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 allocatlon technique which

would ensure that maximum allowable repalr 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 avallability 3« not
essential, to allocate repair times and fallure rates subject to & total
production constraint; that is, allocate the parameters so that a minl-
mum required amount of production could be achleved 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 availabillty, 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 informstion on logistics and administrative

planning even if some ¢{ the cost informatlon must come from the user,
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APPENDIX
COMPUTER PROGRAM FOR THE ALLOCATION PROBLEM

The purpose of the program listed here is to provide a computer-
ized technique for solving the avallability 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 statementsy

IF(Q) 91, 90, 9
90  IF(A-AA) 91, 55, 55
91 IF(ABS{A-AA)-ACC) 55, 55, 17
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 sigrificant variables of the program are listed bvelow,

followed by a program flowchart,

Variables
DF(I) Failure rate development cost factor of ith subsystem
pM(I) Repair time development cost factor of ith subsystcm

50




PF(I)
PM(T)
s(1)

Su(1)
F(I)

XF(1)
xXM(I)

AA

Q
Fu(I)

(1)

Failure rate production cost factor of ith subsystem
Repalr time production cost factor of ith subsystem
Sparing cost factor of 1th subsystenm

Maintenance set-up cost factor for subsystem i
Hourly maintenance cost factor for subsystem i
Achieved failure rate of subsystem 1

Achieved repair time of subsystem 1

Required availability

Allocated availability

Availability tolerance

Kumber of subsystems

Total number of system operating hours

Tagrange multiplier

Allocated failure rate of subsystem 1

Allocated repair time of subsystem i

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

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

JF(1)

JM(T)

Coefficient of fallure rate development cost factor
(value is 0 or 1)
Coefficient of repalr time development cost factor

(value is 0 or 1)
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If the llewton Raphson technique does not converge an error mnessae

is printed out prior to the failure rate and repalr time allocationc
and the allocations will be incorrect,

error message will be printed out,

tains the cost factors in the following order:

If convergence was obtalined no

The Cirst page of the printout con-
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DFy PFy DMy PMy Sy SUy Fy
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 S4. The data input

sequence is CARD 14, CARD 24, CARD 1,, CARD 25, -eey CARD 1), CARD 2,
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INPUT FORMAT CARD 14

Maintenance set up cost factor

F 10,2

N )




INPUT FORMAT CARD 24

Presently achieved repair time

o F 10,8
[¢V)
o
o
Presently achieved fallure rate
o F 10.8
.
.
e
Hourly maintenance cost factor
N F 10,2
-
wy
Sparing Cost factor
ey F 10,2
-
=
Repair time production cost factor
g F 10.2
-
™

Repair time development cost factor

A F 10.2
-
N
Failure rate production cost factor
o
DX F 10.2
—~
~

1-10

Fallure rate development cost factor

F 10,2
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MAIN PROGRAM FLOWCHART

( START )

CALCULATE
, T ITiAL T 28 A AND wg
JARIABLES (SUBROU-
AA ACC N K, TINE ROOT
(IS)J[‘I<I5|Q A
AND N FLAG

ACHIEVED
>‘i ARD My

WRITE
COST
FACTORS | ropvErorTENT Ay OR Fy
FACTOR OF Ay EQUAL
M; EQUAL ZERO ACHIEVED
CALCULATE CO4 | l
EFFICIENTS O <
POLYNOMIALS
COMPUTE
TOTAL
COST

PICK SMALL

GUES3 OF
A AND Ky
1 I 3 ]




MAIN PROGRAM FLOWCHART (CONT.)

WRITE A7,
Mg, Q, A
AND TOTAL
COST

ESTIMATE
LAGRANGE
MULTIFLIER

SET DEVELOP-
MENT COST
FACTORS TO
ORIGINAL VALUE




< START >

EVALUATE
FOLYNOMIAL

FAKE NEV
GUESS BY

CEOME /RIC
PROGRZSSICN

YES

EVALUATE
POLYIOMIAL
AD ITS
DERIVATIVE

NO

MAKE BY
CU=5S BY
NEATON
TECHNIQUE

SUBROUTINE FLOWCHART

"ROOT DID
NOT
CONVERGE"
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