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Chapter 1
INTRODUCTICN

- Increasing complexity of modern-day equipment, both
“in the military and commercial areas, has brought with it
inew types of engineering problems involving high performance,
ireliability, and maintainability. Reliability engineering
appeared on the scene in the late 1940s and early 1950s and
Much of the early reliability work was confined to making
trade~offs between certain performance and reliability
aspects of systems. Ever since, reliability has always
been considered during system design. However, as systéms
have become increasingly complex, the reliability problem
has become more. acufg..
Despite the fact that the reliability programs were
effective in prolonging the life of systems, the concept
of maintainability was recognized as a result of the reliability
programs conducted in the late 1940s and early 1950s,
which indicated that 100% reliability of system was an
unobtainable goal. Therefore, although problems in
reliability continue, when maintenance is possible, another
aspect of system performance = that of maintenance and repair -
is now-becoming a major discipline from the point of view
of engineering design and management. _The objective of
@Eﬁntainability is to design and develop systems which can

be maintained in the least time, at the least cost, and with



a minimum expenditure of support resources, without adversely
affecting the each unit's performance or safety charateristics.

If maintenance is possible, reliability is an incomplete
measure for the system effectiveness in that it only considers
the mean time to failures. Thus, an appropriate single
measure for the system effectiveness which takes into account
the duration of repairs as well as the frequency of
failures are required. This single measure of effectiveness
for the maintained system is availability which is of primary
concern in this study.

Availability models for the series-parallel systems
consisting of subsystems in series, where each subsystem
has identical units in parallel are developed assuming
various probability density functions for failure and repair
times of each unit. In developing the avallability models,
two types of maintenance policies for each subsystem are
consldered : the corrective maintenance is performed when
the subsystem fails due to the failure of all redundant
units and the preventive maintenance 15 scheduled at a
fixed age of the subsystem and is actually performed only
if the subsystem has not failed before this fixed age.
Preventive maintenance action conslists of replacing or reparing
only the failed units if each unit has a constant failure
rate and replacing both failed and unfailed units if each
unit has an increasing failure rate with time,. Thus, each
subsystem is assumed to be fully restored after the completion

of either corrective or preventive maintenance, The cost



of the system consists of three cost components : the cost

for designing the mean time between maintenance and mean

corrective and preventive maintenance time, the cost for

corrective maintenance, and the cost for preventive maintenance,
The optimal availability allocation problem, then, is

to determine individual units' detailed availability specifi-

cations which Qill minimize the total cost of the system under

the constraint of meeting the system availability requirement,

Both, the cest funetion and the availability eqguation of the

system, are highly nonlinear, the optimization methods

employed to solve this problem are both generalized reduced

gradient (GRG) method and sequential unconstrained minimization

technigue (SUMT). This availability sllocation technigue

is applicable in the early stages of maintained system design

to determine individual units' detailed availability specifi-

cations that will achieve a specified level of system availe

ability with the least cost for the system, This technique

may also be applied in the latter stages of system design

when modifications and improvements for the initial specifi-

cations are required.



Charter 2
BASIC CONCEPTS

2.1  INTRODUCTION

Reliability is defined as the probability of a system
performing its purpose adequately for the period of time intended
under the operating conditions encountered. If £{t) is the
probability density function of failure times of a system or

a unit, then the reliability function R(t) is given by
o0
R(t) = P(T>%) = [, f(s)ds (2.1)

time to failure or life length

1]

where T

P = the probability

Reliability has always been considered during system
design. However, as the high degree of complexity is involved
in many of the modern large =- scale electronic systems which
are required to give continuous service, e.g., computing eguip-
ment used to monitor and regulate continuous processes such as
commercial power distribution, cerﬁain types of communication
systems, and military defense systems on continuous alert, etec.,
it is difficult even with the best design technigue to obtain
long mean operating periods between failures. Therefore
several practices have been adopted to offset the high fallure
rates. Redundancy is ordinarily employed in the various sub-
systems of the system so that a subsystem failure occurs only

vhen all units are down, However, when maintenance ig

possible, reliability is an incomplete measure



for the system effictiveness, thus other_appropriate measures
which take account of the duration of repairs as well as the
frequency of failures are required.

Dependability is an appropriate measure when a system is
assigned to a mission with a specified duration. It is
defined as the probability that a system either does not fail
or fails and ié repaired in an allowable time interval during
a mission periocd [947]. It considers operating time and active
corrective maintenance time during a mission period. If a
system is intended for continuocus use for a long period of
time and preventive maintenance is considered as well as
corrective maintenance, then availability or fractional uptime
is a better measure for the system effectiveness[?Q]. The
definition and concepts of availability will be discussed in the

later sections.

2.2 CORRECTIVE AND PREVENTIVE MAINTENANCE

All recoverable systems which are used for continuous or
intermittent service for some period of time are subject to
maintenance at one time or another. In general, maintenance
actions can be elassified in two categories : First, there is
unscheduled or corrective maintenance, necessitated by system
in = service failure or malfunction. Its purpose is to restore
system operation as soon as possible by replacing, repairing,
or adjusting the unit or units which cause interruption of
service, Second, there is scheduled or preventive maintenance

actions. Its purpose is to keep the system in



a condition consistent with its built - in levels of performance,
reliability, and safety. According to Bazovsky[lb], preventive
maintenance fdlfills this purpose by servicing, inspections,
and minor or major overhauls during which
"l. regular care is provided to normally operating
subsystems and units which require such attention
( lubrication,.réfueling, cleaning, adjustment,
alignment, ete. ),
2. failed redundant units are checked, replaced, or
repaired if the system contains redundancy, and
3. units which are nearing a wearout condition are
replaced or overhauled."
These actions are performed to prevent unit and system failure

rates from increasing over and above the design levels.

2.3 MAINTAINABILITY INDEXES

let's examine the maintainability indexes in some detail.
The following indexes are the means for determining whether or
not the maintainability requirement stated in the overall
specification for a system has been complied with, and are
defined in [1?] and [29].

Mean time to repair (MTTR)

Mean active corrective maintenance time (M,.) is often
construed as being synonymous with MI'TR. It is the statistical
mean of the times required to repair a unit or a system, and
as such, represents the summation of all repalr times, divided

by the total number of failures that occurred during a given



period, It is expressed by the following equation 1

f
= EC(Mct)l
MITR = Mct & =1 (2.2)
£
c
where fc = number of failures

il

number of corrective actions

i

ct active maintenance time per corrective maintenarice

task.

Mean Preventive maintenance time (ﬁpt)

In order to reduce the probahility that a system will
require corrective action, it normally is taken out of operation
from time to time for preventive action. Because the time
required for this type of action represents a portion of the
total period of a system's inoperability, it must be calculated
as contributing to total system down-time. Mean preventive
maintenance time thus is defined as the statistical mean of the
summation of periods required for preventive action, divided
by the total number of preventive actions scheduled for a

period as follows :

< I
Boo= ibyptd
pt Sy (2.3)
P
where fp = number of preventive maintenance actions
Mpt = active maintenance time per preventive maintenance.

Mean active corrective and preventive maintenance time (i)

This index is established to represent all system down-time



resulting from both corrective and preventive activities ; as
such, it represents active down-time, thereby excluding the
down-time for which administrative actions, unavailability of
tools, etc., are responsible. It is the statistical mean of
the periods during which corrective and preventive work is per-
formed on a system during a given period, divided by the total
number of all such maintenance actions. It is calculated by

use of the following equation :

M= Mogfo * 1

ptfp ' (2.4)
f, + :

P

Hhi =}

or

ﬁct(l/MTBMu) + Mpt(l/MTBMS) 3. 2}

1/MTBMu + 1/MTBMS

where MTBMu = mean interval of unscheduled or corrective

maintenance

n

MT BM mean interval of scheduled or preventive

s
maintenance

Mean down-time (MDT)

It is the sum of mean active corrective and preventive
meintenance time (M) and mean delay time for that system during
a specified period. Because delay time is determined by
administrative and supply factors that cannot accurately be
anticipated, they are beyond a designer's control, and accord-

ingly, can play little part in maintainability design.



2.4  AVAILABILITY

This is the principal measure of the effectiveness of
maintained syétems and is of primary concern in this work.
Availability is defined as the fraction of the total desired
operating time that the system is actually operable, or it

can be defined as the ratio of uptime to total time [26];

Uptime ‘ (2.6)

A = Total Time

This equation can be rewritten as

MI'BF (2.7)

A =
MTBF + MTTR

where MTBF = mean time between failures

Equation (2.7) is frequently called the inherent availability.
To examine how equation (2.6) can be written as equation

(2.7), let's introduce system utilization factor U defined as

follows [14].

i ki (2.8)
R R S

P

where ¢ = system operating time

To = total corrective maintenance time
Tp = total preventive maintenance time
Tr = downtime other than To and TP such as administrative

time, supply time, etc.
If the system is in an ideal support environment without
consideration for preventive maintenance action and Tr' then

we have
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t

’ = (2.9)

t + L
This is a measure of the system's availability because it
gives the percentage of time the system will be available for
operation, If for the system operating time we select its
mean time between failures MTBF, which may be some fraction
or some multipie of t+ in U, we can then derive the average
maintenance time MITR which is required for every MIBF system
operating hours.

MITR = T ﬂﬁ?ﬁ-— (2.10)
t

Now if we use MTBF and MITR instead of 1t and i in the utilization
factor, we obtain a value which is numerically identical with
U, which is by definition called system availability A as given
by equation (2.7). It gives the same percentage of average

time the system will be available for service as obtained from U.

2.5 THREE CONCEPTS OF AVAILABILITY
In general there are three concepts of availability, i.e.,
jinnerent availability, achieved availability, and operational

availability. Blanchard and Lowery [17] define them as follows.

Inherent availability (Ai)

The probability that a system or a unit, when used under
stated conditions, without consideration for any scheduled or
preventive action, in an ideal support environment (i.e.,
available tools, spares, manpower, data, etc.), shall operate

satisfactorily at a given point in time. It excludes ready
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time, preventive maintenance downtime, logistics time, and
waiting or administrative downtime. It is a function of the

reliability and the mean active corrective maintenance time

characteristics of the system. It can be expressed as

MTBF + MI'TR

Achieved availability (Aé)

The probability that a system or a uvnit, when used under
stated conditions in an ideal support environment, shall operate
satisfactorily at a given point in time. It excludes logistics
time and waiting or administrative downtime. It includes
active preventive and corrective maintenance downtime and iz

a function of the frequency of maintenance and the mean mainte-

nance time. It can be expressed as
. = MT BM (2.12)
& mrem +

where M is mean active corrective and preventive maintenance time
given in equation (2.5) and MTBM is the mean time between main-
tenance or mean interval of all maintenance requirements which
can be expressed as

1 (2.13)
1/M‘1‘Bl\fi‘u + 1/MIBM

MTBM =

Operational availability 1A0)

The probability that a system or a unit, when used under
stated conditions in an actual operational environment, shall

operate satisfactorily at a given point in time. It includes
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ready time, logistics time, and waiting or administrative

dovntime, It can be expressed as

1

MTBM + ready time (2.14)

(MTBM + ready time) + MDT

where ready time = operational cycle - (MTBM + MDT) .
The operational cycle is the total of all operating time,

ready time, and down-time, This is illustrated in Figure 2.1.

Now we have defined three concepts of availability.
0f the three concepts of availability, achieved availability
is the major concern in this work. The system considered
in this work is assumed to be used for continuous service for
some period of time. Hence both the corrective and preventive
maintenance actions are assumed to be taken during the duty
time, If the system is used for intermittent service for
gome period of time and the preventive or corrective mainte-
nance is done during off duty time, then this sould be

reflected in fc’ f_or MTBMu and MTBMS. In the later chapters,

p
achieved availability for the particular system will be de-
veloped assuming various probability density functions for
the failure and repair times of each unit,

For those terms not defined in this section, refer to

Appendix Al.1,

2.6 PROFITABILITY OF PREVENTIVE MAINTENANCE
Preventive maintenance isg described as a particular

category of maintenance designed to optimize the related
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concepts of availability and the costs associated with the
repair actions. By performing preventive maintenance it
is expected to reduce the operatidnal failures, thus it
may be possible either to increase the availability ol the
system or to reduce the total maintenance costs. To achieve
a balance between availability and maintenance costs for
any system, se;eral factors must be weighed simultaneously.
According to ARINC [84], the various factors to be considered
are 1
v 1, the reliability index and time duration desired
2. the cost of an in=-service failure ;
3. the cost of replacement before failure ;
L, +he most economical point in the egquipment life
to effect this replacement ; and
5, the predictability of the failure pattern of the
equipment under consideration. "

To make preventive maintenance worthwhile, the failure
rate of the systems and/or units must increase with time, or
the preventive maintenance of the system must cost less than
the corrective maintenance. The preventive maintenance is
also advantageous for those systems which exhibit probability
density functions with coefficient of variation of failure
times less than that of the exponential distribution.

With regard to the cost required for the maintenance
action, Bell, Kamins, and McCall [15] show three reasons for
expecting this cost to be higher for a corrective maintenance

than for a preventive maintenance. Because of the unexpected-
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ness of a corrective maintenance, the reaction to a demandis
not immediate, thus relatively long periods are spent awaliting
service in caée of a corrective maintenance, thereas this
waiting time can be reduced to a minimum in case of preventive
maintenance. The second reason is that actual repair or
replacement time is often greater for a corrective maintenance
than for a preventive maintenance because it is more difficult
to repair or replace a failed unit than to repair or replace

an unfailed unit, and the failure of a unit sometimes causes
damage to other units. Finally, since more resources required
to perform the maintenance action are needed for a corrective
maintenance than for a preventive maintenance the value per
unit time of the output foregone during a corrective maintenance
action often exceeds the same measure for a preventive main-
tenance action.

The profitability of preventive maintenance with regard
to the failure rate is discussed below : Let us assume that
the system can be restored to its original condition after
the completion of a preventive maintenance action and the
preventive maintenance is acheduled at age T. Then, for
a system having an increasing failure rate over time, the
failure rate r(t) drops back to the original level at age
P as a result of the preventive maintenance as illustrated
in Figure 2.2.(a). Hence, the actual failure of a system
can be reduced, thus an increase in the mean life or the mean
time between unscheduled maintenance can be attained. In

this situation, preventive maintenance is worthwhile.



