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INTRODUCTION

Reliability is a relatively new field whose conception is
primarily due to the complexity, sophistication, and automation
inherent in modern technology. The problems of maintenance
repair and field failures became severe for the military equip-
ment used in World War II. In the late 1940's and early 1950's
reliability engineering appeared on the scene. The fields of
connunication and transportation were perhaps the first to wit-
ness rapid qrowth in complexity as advances in electronics and

control systems spurred equipment manufacturers.

In the field of electronics, there 1is a tendency towards
increasing complexity and correspondingly high orders of reli-

ability are becoming more difficult to achieve.

In the military sphere, the reliability of electronic equip-
ment has become a major problem, and is recieving a high order of
priority, particularly in connection with guided missiles and

similar devices.

In the commercial field, high reliability is equally impor-
tant. Computers, for instance, now play a major role in indus-
trial affairs, being complex as well as expensive. A computer
inoperative for a day can cause not only inconvenience but also

financial loss.

Full automation of flight control of airg¢raft in takeoff,
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£light and landing may be expected in the not too distant future.
This is a sphere vwhere extreme reliability is, for obvious rea-
sons, vital. For instance, even allowing for manual overriding
of the automatic systems, a pilot might not have time to take
over manual control in the event of equipment failure or inaccu-

racy in inspection.

A further example of the reguirement for high reliability is
in the instrumentation associated with the generation of energy
and materials by the use of nuclear reaction. Here the instru-
mentation response must be immediate, so that remedial action can
e taken, otherwise the results can be catastropic or mav neces-
siate complete shutting down and isolation of the plant concerned
for a considerable period. All this points to the need for
increasing reliability at all levels of design and development to
keep in step with greater complexity. and the increased demands

for greater accuracy and performance.

TERMINOLOGY

Reliability is the probability that the system will function
satisfactorily at least for a given period of time when used

under stated conditions.

The Reliability function is the same probability eXxpressed as a

functien of time.
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Let T be a non-negative continuous random variable which
represents the useful 1life of a component. The failure law of
the component can be described in any of the several ways. Per-
haps the most fundamental formulation is in terms of the cumula-
tive distribution function (CDF} F(t), defined as the probabil-

ity that the unit fails before time t, and which we write as
F () =P (T<t)

t
=Jf(x)dx
o
where f (x)dx is the failure density and describes how the failure

probability is spread over tinme.

The CDF is also referred to as the unreliability function.
The reliability function R{t), the probability that the component

lives for atleast time t, is given by
R{t)=P(T>t)
=1=-P (T<t)

=1-F (t)

Hazard function (also called instantaneous failure rate) is

defined as the failure probability per unit time t, given that

failure has not yet occured at time t. Thus the hazard rate Z{t)

is

Z(t)=£(t)/R(t)

wvhere f ({t) is the failure density



and R(t) is the reliability furnction.

The constant failure rate (CFR) model is one of the most
important concepts in reliability. The corresponding failure law
is called the negative exponential or sometimes simply as expo-
nential and is widely used in the reliability theory because of

its mathematical tractability.

fCold' standby unit is a standby unit which is under no stress

and kence subject to no failure while on standby.

'Warm' or ‘'Hot! standby unit is a standby urit which is under

stress and hence subject to failure while on standby.

{ A unit is referred to as a warm standby unit if the failure
rate of the standby unit is less than that of the operating unit.
A unit is referred to as a lLot standby unit if the failure rate

of the standby unit is equal tc that of the operating unit. )

=

ean Time To Failure (MTTF) is the mathematical expectation or

1]

mean of the randem operating time until the first failure.

[va]
MTTF =J’t fft)dt
o]
=JmR(t}dt
o
Mean Time Between Failures (MTBF) is the mathematical expectation
or mean of the random operating time between failures for systens

or units with repairs.

Time (MRT) is the mathematical expectation of the

-

¢ime in the operation of a repairable structure spent in elimi-



nating failure.

Instantaneous Availability is defined as the probability that the

system is operational at any given tinme.

Averadge Uptime Availability, A(t) is the proportion of time in
the specified interval 0, T) that the system is available for
use.

Steady State Availability : Availability is termed as steady

state, A[0), when the time interval considered is very large and

is given by

A{co}= Lim A({T)
T+
k=-out-of-n:G The system is good only if at least k of its n ele-
ments are good.
k~out-of-n:F The system is failed if and only if atleast k of its

n elements are failed.

Meithods of improving reliability

There are several wmethods by which we can improve the reli-
ability of a system. They are
{1} Using large safety factors,
(2) Reducing the complexity of the systen,
(3) Increasing the reliability of the components,
(4) Practising a planned maintenance and repair schedule,

(5) Using redundancy.
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The idea of operating components below their basic ratings is
fundamental to various fields of engineering design. The rated
parameters can bhe voltages, currents, povwers, force or torque
loads, velocities, temperatures, humidity etc. In the structural

engineering field the idea of the safety factor is a basic one.

All too frequently equipment is often poorly designed or
overly complex. In many cases, by proper design it is possible

to simplify the system, thus improving the reiiahiiitr.

Another approach to bettering system reliability is to
improve the reliability of all the constituent components. Alt-
hough it is often possible to trade time, money, size and weight
to buy improved reliability, obviously such an approach soon

reaches limits.

Reliabili+y may also be improved by practising a planned

maintenrance and repair schedule.

Redundancy is used to mean, in a broad sense, tte creation of

alternate paths in a system structure to improve reliability.
Redundancy can be of two types:

{1} Parallal reduandancy

{2} Standby redundancy

In paraliel redundancy all the elements of the system are

active and are functioning simultaneously.



7
In standby redundancy, one or more units will be operating
wvhile the other units are standing by. When the operating unit

fails the standby unit takes over in place of the failed unit.

Fig.2 Standby redundant systenm

The four engines of a bomber are an example of parallel
redundancy, in that failure of one or more engines will not
necessarily result in a plane crash. A spare tire in the trunk
of a car 1is a standby redundant element. The decision and

switching device in this system is, of course, the driver.

Standby redundant systems can be classified into two distinct

categories, viz. ,
(1) Non-repairable systems

{2) Repairable systems
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A nonrepairable system is a system whose operation after

failure is considered impossible.

A repairable system is a system vhose operation can be

restored after failure by making the necessary repairs.

Table 1 shows the classification of references on standby
redundant systems. The following attributes aid in reading the
table.

A : Nonrepairable standby redundant systeas
B : Repairable standby redundant systenms
C : Preventive maintenance standby redundant systeas

D : Priority standby redundant systems

E : Optimization of standby redundant systeas
F : Miscellaneous systens

G : BRestricted repair facility

H : Identical units

I : Twvo unit systems

J : Cold standby

K : Perfect and instantaneous swvitching

Text book

Table 2(a) and Table 2(b) show the classification of refer-
ences on standby redundancy with regard to failure and repair

time distributions respectively.



Table 1. Classification of referemces on standby redumdant

systenms
Reference A B C D B F G H I J K

1 b ¢ x x b 4 X b ¢
2 b 4 b 4 b 4 x .
3 b 4 ) 4 x x b ¢
4 X 4 b 4 x
5 %

6 *

7 b 4

B X x X b 4 x
9 %

10 x x

11 X

12 x X X
13 X b ¢ b 4 b 4 b 4
14 b 4 x ) 4 X x
15 b 4 X b 4 b 4 p 4
16

17 *

18 b 4 X x X x b 4
19 X X X X b
20 b ¢ x X x
21 b ¢ X X x x
22 X x X ) 4 X
23 b ¢ x b.4 X X
24 X X X b 4
25 X X b 4 X b 4 X
26 b 4 b 4 b ¢ ) 4 b 4 x
27 b 4 x x X
28 b 4 X X b 4
29 b ¢ X x X
30 x b 4 x x b 4 x
31 X x x x
32 x X p 4 b ¢ X X
33 X x X b 4 X
34 x b 4 x X x ) 4
35 b 4 X X X b 4
36 b ¢ b 4 b 4 b X
37 b § b4 x X 4 b 4
38 X x b 4 x x x
39 X
40 X

g1 b 4 X X X X x
42 X

43 X
44 X

45 b ¢ x X X
46 b 4 X p { x b ¢ X
47 X X X X b 4 X
48 *

49 X . X X b4
S0 X ¢ X X
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Table 1. {cont'd) Classification of references on standby
redundant systenms

Reference A B C D E F G

A

51 X
52
53
54
55
56
57
58 %
59 X

60 X x x x
61 X x b 4

62 p 4 x b
63 ) 4
64 X

65 x

66 x b 4
67 X

68 X x 4 X
69 b 4

70 X ) 4 b 4 X b 4 b 4
71 X
72 X
73 X

T4 b4 X X
75 X b 4

76 X X

17 X X
78
79
80
81
82 X X b 4

83 X X
84 X

B85S b '¢ X

86
87
88 X x X
89
30
91
92
93 X

9y X

95 X X
96 b4

37 x X X
98 X X X
99 x .- X
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m L
NNNNN.NM
M ™
Mo oMo My
L Mo M
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oW MM
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Moo

] MMM MMM
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»
]

]
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o

"o oMo
E] Moo
»
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Table 1. (cont'd) Classification of references on standby
redundant systems

Reference A B C D E F G H I J K

100 x x x X x x
101 X

102 b 4 x x x X
103 =

104 X

105 X

106 X

107 *

108 b

109
110
111 X
112
113
114
115
116
117 x

118 X X
119
120 b 4 X
121 b 4

122 b 4 x
123 b 4

124 X

125 X

126 X

127

128 X

129 x

130 X

131 X

132 X

133 X

134 X

135 X
136 *

137 X

138 X

139 x X
140 x

141 X

142 b ¢

» L B MM
by ] Mo MM “
M MoK MX MMM MMM
Mo oo M MM MMM MK M
L] [ " Mo MM
MO oMK MM MM L] L I

Mo M o M
L]

L
"
]
ol

EL ]
o
»
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Table 2 (a}).

redundancy with regard to failure tire

Classification of references on standby

General

distributions
Failure
distribution Refererces
Exponential 1,2,14,15,20,21,23,24,28,29,37, 38,59,
€0,63,65,70,77,79,87,92,95, 101,109,111,
114,11€,117,124,12€ ,128, 122,141, 142
Erlang 5¢,57,98,99,133,139

Marshall-orlkin

100

3,4,8,12,18,19,22,23,25,26,27,28,29,34,
35,36,45,47,49,50,51, 52,53, 54,55,66,73,
75,77,78,85,86,88,90,91,99, 110,113, 118,
119,120,121, 122,123,125, 127,130,133,
134,140

Table 2 (b}.

redundancy with regard to repair time

Classification of references on standby

distributions
Repair
distribution Peferences
Exponential 12,108,718, 33 28,29, 57, 83  BE .77, Y17 118,127
Erlang 99,100
Garma 70

¥Yarshall-Orlkin

General

100

152 Bl V9, 18,80, 01,00, 58, 05, 55..3¢ , 98, 78,
34,35,36,37, 38, 45,47,49,50,52,54, 5€, 57,60,

¢0,63,¢€5,66,70,73,75,71,78,79,85, 8¢ ,27,B6,

90,91,92,95,98,99,109,110,111,113,114,11¢,

118,120,121, 122,123, 128,125, 12¢ , 128, 129,130
133

12
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NONREPAIRABLE SYSTEMS

BY a nonrepairable system we mear a system whose operation
after faillure is considered completely impossible or infeasible.
However, +his does not necessarily mean tha* a structure of tte
given type carnot he repaired, as in the case for example, wi-=h
electro-vacuum devices, meteorological rocket equipment, or bal-
listic missiles. The very concept of nonrepairable structure is
characterized principally by the specific use of the equipment

and no* by i*s form.

Basically a nonrepairable structure slkould be understood ir
practice as a structure whose failure during operation leads *o
irrerairable conseguences. In this sense, for example, an elec-
tronic computer that is being used to control a ccmplicated cher-
ical process, where any interruption ir *he normal techrological

process leads *+o an irreversible disruption of the process, can

be thoucht of as a nonrepairable systen. At the same +*ime it is
clear thka* wher failure occurs, a computer can he repaired aad
made fit for o*her use. However within +ke lirits of a concrete

technological operation a compu*er is essentiallv an unrepairable

structure.

Firs+*, consider sys*ems in whict *}e sersing and swi*ching

fevice is assumed to be perfect ard irsitartareous.
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Two unit cold standby nonrepairable system

f(t)=pdf for system life
f1[t1=pdf for primary unit life

f,{t)=pdf for secondary unit life

The probability element (p.e.) f(tydt is the probability
that the system fails in the incremental interval dt. This event

corresponds to the union of two simpler disjoint events.

E1: The primary unit fails sometime Lefore t,

E2: The secondary unit functions for the baiance of the

interval (0, t} and fails in the interval qdt.

Let z stand for the length of life of the primary unit, and

{(t=z) for the length of life of the standkby. Now we can restate

E1 and E2 as
The primary lives for period z and fails in dz

El:
(t-z) and fails in dt

E2: The standby lives for period

It can be seen that

P(E1) =f (z)dz (H

and

P(E2)=f, {t-z)dt (2)

and the system failure in dt is related to their product

f,(2 4z f, (t-z)dt (3)

Averaging out z Ly integration
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fs(t)dti[f,(z)dz f,(t-2)dt (4

so that the system failure pdf
t
fsmsz, (z) £, (t-2)dz (5)

Only in the special case of constant failure rate (CFR)
units is equation (5) easy to solve. In that case equation (5}
becomes

t
= ~h oz A, (t-z2)
fq(t) {lle 152, e "2 g,

e 1 {€)

Integrating over (t,o0) we obtain the reliability function

. iy W 4 -t
_ LA oe 2 A oe M1
Re (1) 1 ., 2 (7)
I‘l = )\2 ?_2 - A'l
-t
=e 1+ aR(2) (8)

The tern e'xﬁ' is the reliability of the first component and

AR(2) is the additional reliability due to second component.

The form of equation (7) is symmetric in the subscripts 1 anad
2 and thus it is clear that it does not matter which of the tvo
components is chosen as primary and w«hich one as secondary (or

'standby).
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The Mean Time To Failure (MTTF) obtained by inteqrating equa-

tion (7)), over (0,00) is
MTTF= — *+* ___ (9)

In the case of an n~unit cold standby system (one unit operat-

ing and (n-1) standby units), proceeding as above yields

MITP= 1| + 1 + <,c0..% 1 (10}
T R An

First consider an application using orly one operating ele-
ment with one standby element available. The operating and
standby elements have identical failure rates of ) . The reli-

ability of the combination is

-lt o i
R(t)= e +ate ™, (11)
and
MTTF= 2/A (12)
For (n+1) identical elements, with one operating and n sequential

standby elements, the eguations for reliability and MTTF are

_xt
Rity = 6 L1+t s0tf/2e o e/ ] (13)

MTT.F

n/ A (14)
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e

Fig.3 One active element and n sequential standby's

|

P

Fig.4 2Active elements(N) in series and stardby elements{n)

Fig.4 shows a configuration with ¥ idertical c¢perating ele-
ments in series and n standby elements. The standby elements are
not necessarily sequenced and all clements have a failure rate of
A. Total failure of the system will occur only on the (n+l) th

failure. The reliatkility of the configuratior is given by

R{t) = ¢ ™ - N+ (NAp )

Fowow w {:\;A’,n;n!;

and
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MTTF = T+ (1€)

Two unit ‘'warm' standby nonrepairable system:

We consider now the <case where the standby component has

failure lawv
f;(t] while on 'warm' standby

f,(t) while in active service

The system fails in the incremental interval dt if Ea or Eb

occurs, where

FPa: The primary lives for time z and fails in dz, the
secondary has not failed while or standbhy, takes

over and lives for time (t-z), finally failing ir dt.

Eb: The primpary fails in dt bLut the secondary cannot
take over because it has failed wkile on standby.

The system failure prolkalbility element is thus
fs(t)dt=P(Ea)+P(Eb)

5
= gfl(z) dz R;iz)fzn—z)dt (an

+ fl(t) de [1 - R2=(t}]

For CFR cemponents this becones
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L
f = % 1 -A ¢
s(t) gxle dz e % & + A o 1 (1-¢ 2 (18)

The system reliability is found by integrating equation

(18) over (t,w )} and rearranging terms to obtain

e I - A -A_t —(A_+A_"N
Rs(t) = e 1 [e 2 -e 12 ﬂi (19)

A +) ®—
112 l2

The mean life of the system is

1 1 A
MT TF= ¥ [ - ]
A
1 Ay A tA,®

1

The added mean life for the standby element is thus reduced by

+he factor ll/(ll 1-12.) for varm as compared with cold standty.

Two unit ‘shared load' standby systep (6]}

The assumption 1is that two componeits start furctioning
together at time +¢=0 with constant failure rates Aj and Ay  If
one component fails, then the other carries on alone, but with
higher failure rates,say A?ané i;. The system fails in the
incremertal interval dt if arny of the following three everts

oCCur.

Ex: Companent 1 fails in interval dz ard component 2 carries

on alone for (t-z) at increased failure rate, finally

-

failing in dt



20

Py: Component 2 fails in interval dz znd component 1 carries
on alone for time (t-z) at increased failure rate

finally failing in at.
Ez: Both components fail in dt.
The system probability element, p.e., of failure in 4t is thus

f5(t)dt = P(Ex) + P(Ey) + P(Ez)

t

N i fl(z)dz Rz(z) fz‘ (t-z) dt

t

2
+ -
ifz(z)dz R (2)f *(t-2)dt + £ (t) £,(1) (dt)

(21)

]

The last term is neglected because it is a differential of
higher'order in dt.

For CFR components we have

t -k z “A_z -\ _®(t-
1 t—-z)
£g(t) = A2,® ;,r & dz e % g 2
(22)
t Az Az -k o*(t-z)
* 11’12{; e dz e 1 e 1
Integrating over (t,c0) we find
~h_ ¢t -
vy . 2 (l1+12)t
(]
R (1) = 172 _
% A 4) - = YOI 3
1 "2 % 2 Aitdy
At -(r_+
A= At ]
+ 1 12 e _ e 1 2 [23)
A +a - —_—
1TA7A AL A A,
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As one of thke redundancy technigques for an unrepairable sys-
tem, Yamada and Osaki [1407 supposed an unrepairable two unit
standby redundant system in whick each new component for replace-
ment is supplied by an order. The stochastic hehavior of such a
model was analyzed by applying a unique modification of Markov

renewal process.

The model consists of an unrepairable two unit standby redun-
dant system in which a new unit is supplied by_an order with lead
tinme. This system is composed of unit 1 and unit 2. At time O
unit one begins to operate and unit 2 is in standby. If unit 1
fails, unit 2 *akes over its operation, and a new unit is ordered
to replace unit 1. At the end of the lead time the new unit is
delivered and replacement of unit 1 1is made. During +the lead
time and replacement time, failure of unit 2 might take place.
Then a new unit for replacement of unit 2 1is ordered after
replacement of unit 1. The replacement begins to operate wher
unit 2 fails. on the other kand if unit 2 is operating after
replacement of unit 1 the new replacement unit is put into
standby. The system behaves in the same fashior repeatedly.

Fig.5 stows a confiquration of the systems behavior.
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Delivery [~

i
A
1

Replacezent |- % i ‘—' H

Unit 2 V.I ‘—_x' ________ J:
{standby} N

il 0 12 0 1 3 0 4 5 0

Pig.5 Unrepairable two upit standby ;edgngé;t systen

The following assumptions are made for the akove model:

{1) The system consists of tvwo identical units, i.e., unit 1

and unit 2 are statistically identical.

{2) The failure time of a unit and replacement time of the new
unit have arbitrary distributions F{t) and G(t) with finite means
1A and l/p respectively. The lead time for an ordered unit
has a degenerate distribution

1 t 3 T

Ut}

[}

i.e. the lead time is constant T.

(3 A unit in standby never detericrates or fails in the

standby interval.
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(4) We can obtain an identical unit for each replacement by

ordering it.

(5) Each switchover is perfect and instantaneous.

Under the assumptions above, the stochastic behavior of the
model is discussed by defining the following time instants:

time instant #-1: A unit begins to operate.

time instant #0 One unit fails and the other begins

to operate. A replacement unit is
ordered.

time instant #1 A new unit for replacement is delivered

and replacement is initiated. The other
unit is operating.

time instant #2 Replacement of a new unit is finished

and a new unit begins to be in standby.
The other unit is operating.

time instant #3 During replacement of a new unit the

other uni* fails.

+ime instant #4 During delivery of a new unit the other

fails.

+ime instant #5 A new unit for replacement is delivered

and begirs to ke replaced. The other

unit is in the failed condition.

et 1 be tke mean recurrence time for state 0. Then the
expected number of orders (Mo) and replacements (Mr)per uvnit of

+ime in the steady state are 5
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Mo =Mr = 1/ 1 (24
where
1 = _g_+r]r(t)[|- G{t-T)] dt (25)
A T

Imperfect switching:

There are several ways that switch failure can occur in
standby redundant systems. The possible nodes of switch failure
depend on the particular switching mechanism and systen. TwWo

posibilities are considered here.

Let us first look at a situation where the switch simply
fails to operate when called upon. If the 1ith sensing and
switching device has reliability of only rg; , then equation (8)
regquires insertion of the factor rgq; with the second tern.

The general case would be

-x_t -
Re (t) = 1 (26)
g (t) e + T “‘R(Z) + rS2[AR(3) R b e

I+ will be assumed that the switch is a complex piece of
equipment and has a constant failure rate ef Ag. Thus the reli-

ability function for the switch is

- %t

Rg(t)= € 27}

and the switch can fail before it is needed.

For a two unit standby system, if we consider the special case

where all subsystems have a constant failure rate, then the



expression for reliability is

Rg(t) = ™ l+-§:(l-e“")

and for a three unit standby systenm

Re(t) = e*’"[ 1+ %(1 —e‘“)] +e MA/AY[1—e™M =Are™™]
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(28)

(29}
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REPAIRABLE SYSTEMS

It has long been known that one vay to improve reliabiity is
to use redundant units which are repairable. By a repairable
system we mean a system whose operation after failure can be
restored by carrying out the needed repair work. Basically, a
repairable system should be understood in practice as a systenm
that can continue to fulfill its function after the elimination

of the failure which caused the curtailment of its operation.

Pepair maintenance of the systems can be of two types, viz,
1) Corrective maintenance,

2) Preventive maintenhance.

If repair is carried out only upon failure of the unit then
the unit+ is said +o have undergorne corrective main*erance. on
the other hand if repair is carried out hefore a unit fails thken

the unit is said to have undergone preventive maintenance.

Repair of failed urits (both operating and standby) car be
done for either unrestricted or res+*ricted service as explained

below.

Unrestricted repair is a repair scheme in which a failed unit
is immediately pu+* in for repair, tltat is, we assume that the
nurber of repalir facilities is csyufficient for simultaneous repair
of all failed units of the system.

Pestricted repair is a repair scheme in which not more than

-

'‘n' failed units can undergo repair at any moment of time, that
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is, ve assume there are precisely 'n' repair facilities.

First consider the case of perfect and instantaneous switch-

over with unrestricted repair facilities.

Perfect apd instantaneous switchover (unrestricted repair
facility)

Epstein and Hosford [14) derived the expression for the reli-
ability of a two unit redundant system with constant failure rate
and constant repair time. The system is composed of two identi-
cal units with constant failure rate A and it takes exactly T

time units to repair a failed unit.

The study wvwas extended to a two identical unit system with
constant failure and repair rates, A and WL respectively.

From [ 14, equation (14)] , the expression for reliability is

s.C
R(E) = M%2 - s’ (30)
Bl - :2
vhere
m=-(hﬂd+;ﬁ .
and

52

=\ + 40 - i’np+u2
2
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and the mean time between failures is

T BP= 2_2-_;."2__".':. | (31

If L =0 (which means that repairs are impossible) the MTBF
is 2/) . The ratio of the two mean times is 1+ W/2ZA, which is a

measure of improvement due to repair.

. Gaver [15] discussed reliability properties of a standby
redundant systen ihich consisted of two identical units with
constant failure rates A and independent but otherwise arbitrar-
ily distributed repair times. It is of some interest that sev-
eral of the important operational measures deduced depend in
detail upon the form of the distribution of repair times and not

simply upon certain simple averages or moments of repair time.

The Laplace-Stieltijes transform (1S transform) of the distri-
bution of time to system failure is

Y& = T 8601 S+

- 211- Q(;\]
MTTF .I[T_:.%(ﬁ)- {33)

where @(.) is the 1S transform of the distribution of repair tinme

(32)

distribution.

Srinivasan [115) considered a two unit redundant repairable

system having arbitrarily distributed failure ,and repair rates,
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Heeﬂed notation is

i subscript referring to unit number i=1, 2
i = time t>0

Fi(t) failure time distribution of unit i

Gj(t) repair time distribution of unit i

From [ 115, equation {15} ] , the mean time to system failure

is
1 I =
i T+A—.[ G, (1) dF,(t)
MTTF= Tﬁ =30 (34)
- [Cemare [ o
)] 1]
where '
0
- jtcﬂﬁ&)
i 0
As a special case let
At
Fi{t)=|- 5
then
MTTF= 4 + (A + (1/4,)g,(4,) (35)

A1 - g(,g,,)

Osaki {851 has also derived similar results using renewal

theory.

Kodama and Deguchi (5671 provide an analysis for a two unit
redundant system with identical units having Erlang failure and
general repair time distributions. The laplace transforms of the

distribution of time +to system failure and meam time to failure



are derived.

Kodanma [57] extended this result to a case of two unit redun-
dant system with dissimilar units and with Erlang failure and

general repair time distributionms.

Ramanarayanan [98] studied the n-unit cold standby systen

vhen the operating unit has Erlang failure time.

Ramanarayanan and Usha [ 99] treated the n-unit (l-out-of-n:G)
varm standby system with Erlang failure and general repair time
distributions and its dual. In model 1 the operating unit has
Erlang failure time and general repair time. Model 2 treats the
case vhen the operating unit has general failure time and Erlang
repair tinme. The integral equations and Laplace transformations
of the availability and reliability are derived using renewal

theory.

‘Usha and Ramanarayanan [ 133] considered two models in which

one distribution is general and the other is general Erlang.

Arora [ 2] considered a 2-unit warm standby redundant system
with repair under the assumption that <the repair of the failed
unit must be completed within a specified time known as Maximun
Repair Time (MRT}. The failure time of the operating and standby

units are exponential distributions, whereas the repair time is

general.
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Perfect but nonipstantaneous switchover (unrestricted repair)

The preceeding studies on reliability characteristics of
standby redundant systems are made assuming that the subsystem in
standby is instantaneously put into the active state upon failure
of the active subsystem. This assumption may not be realistic in
certain complex systems because bringing a system in the standby
to the active state may require a series of operations involving
some time element.  The time required for bringing the standby
subsystem to the operating standby state is called as switchover

time.

Srinivasan [ 116] considered a standby redundant system where
the switchover is not instantaneous. The two identical units
kave a constant failure rate and the repair and switchover times
are distributed arbitrarily. A policy specifying the instant at
which action is initiatéd on the standby subsystem in order to
'-Bring it to the operating standby state is proposed, and under
this proposed policy the lLaplace transforms of the probabilify
density function of time to system failure and the expected time

to system failure are derived.

Sinha and Kapil [109] employed Markov renewal process to der-
ive the MTTP, availability and expected number of visits to a
certain state of a two identical unit cold standby system with
two types of repairs. The units have exponential distribution of

failure times and arbitrary distribution for other times.
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In practice, when a unit fails it takes time to locate a
fault, isolate the unit from the main system, and to decide what
type of repair is needed. Time taken in these later activities
is called 'analysis tiﬁe'. Agarwal qnd Kumar [ 1] employed a
semi-Markov process technique to obtain the mean time to failure
and steady state availability for a two unit standby redundant

system with failure analysis time and two types of repairs.

Hitherto it has been assumed that the repair times of the
failed units are independently distributed. This implies that
there exists a fairly large number of independent repair facili-
ties which take up each unit as, and when, it fails. However in
many practical situations, it is not feasible to have more than a
single repair facility, in which case the units that fail nmust

gqueue for repair.

Perfect and instantaneous repair (restricted repair)

Gnedenko [17] analyzed a two unit warm standby system with
one repair facility and subject to exponential failure and gen-

eral repair time distributions.

The reliability of a system having two identical and repaira-
ble units, one of which is operating while the other is in cold
standby, was treated by Muth [70] It was assumed that each unit
has independent exponentially distributed failure times and inde-

pendent gamma distributed repair tinmes. The .,gamma distribution
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has an advantage of covering a wide variety of shapes; the
exponential distribution and the fixed time are special cases.
The failure rate is and the mean time to repair is . Formu-
las are derived in [70) which express the systenm feliability and
expected time to system failure, specifically as a function of
the capability for one repair, two repairs, etc. Important con-
clusions are:

a) The benefit of répair capability is negligible when 11')\0.5
b) The choice of repair distribution does not influence the
results when AU < 0.2, and

c) The effect of repair capability is comparable to that of

additional standby units when AT< 0.0

Kumugai [€4] considered the case of an n-identical unit sys-
tem having two repair facilities and subject +to general failure

and exponential repair time distributions.

Srinivasan and Gopalan [113] discussed the reliability and
availability chracteristics of a +two unit cold standby systen
vhen the units are identical, there exists a single repair facil-
ity, and the failure and repair times are both generally distri-
buted. The Laplace transform of the probability density function
of the downtime of the system is explicitly obtained when repair
time is exponentially distributed. 1A general method of calculat-
ing the moments of the total downtime, when the repair time 1is

arbitrarily distributed is indicated.

Srinivasan and Gopalan [114] extended this study to the case
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of a two unit warm standby system with a single repair facility.
The failure times of the opérating andrthe standby units are
assumed to be exponentially distributed and the repair times are

generally distributed.

Srinivasan and Gopalan [112] analyzed the availability and
reliability of a single server, 1-out of-n:G system under the
assumpt ion that either the failure or the repair rate of a unit

is constant and there is a single repair facility.

Gopalan [2071 extended this study to an n-unit system with
(n-1) independent and identically distributed warm standbys, with

a sinqgle repair facility.

Gopalan and Saxena [23)] further extended the study to a situ-
ation where +the repair facility becomes temporarily unavailable
after repairing all waiting units. Explicit expressions for the
laplace transform of the mean downtime of the system and for the

mean time to failure have been obtained.

Gopalan and Venkatachalam [22] analyzed a 1-out of-n+1 systen
with one operating wunit and n warm standbys and a single repair
facility. Integral equations are set up for various transition
probabilities in the general system by using the idea of regener-
ative points. The laplace transform for the mean downtime of the
system, the reliability function and the mean time to system fai-
lure have been explicitly obtained when n=2. The steady state

availability has also been discussed.
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The number of repairs up to time t for a 2-unit cold standby
system with general repair and failure distributions was studied

by Parthasarathy and Ramanarayanan [91]

Weins [ 139] analyzed the reliability characteristics of a hot
standby sytem with two identical units. The distribution of unit
times to failure is a form of the Erlang distribution. There is
a single repair facility and the wunit repair times are arbitrar-

ily distributed.

Ramanarayanan and Subramanian [100) considered a 2-unit cold
standby system with Marshall-orlkin bivariate exponential 1life
and repair times. Trte steady state probabilities and the steady

state availability are obtained.

Subramanian and Natarajan [124] have obtained the availabil-
ity measures of the repairable two unit warm standby system with
the assumption that the failure time distribution of the online
unit is exponential uhilé the failure time distribution of the
standby and the repair time distributions are arbitrary. Other
characteristics like the expected number of repairs in (0, t) and
the expected frequency of failures in (0, t) are derived by Gopa-

lan and Natesan [ 33}

Perfect but noninstantaneous switchover (restricted service)

Kalpakam ard Hameed [45)1 analyzed a two unit warm standby

redundant system with a single repair service . facility and per-
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fect but noninstantaneous switchover. The availability and
reliability analysis is done and many known results are derived

as special cases.

Gopalan and Marathe [271 discussed the availability of a two
dissimilar unit system with noninstantaneous switchover ("slow

switch") when there is a single repair facility.

Gopalan and Marathe [28)] extended this to the case of a 1 ser-
ver l-out of—n:G'systen with noninstantaneous switchover. Two
models were considered here. In model 1, the failure time and
+he switchover time are distributed arbitrarily arnd the repair
time is distributed exponentially. In model 2, the failure tine
and switchover time are distributed exponentially while the
repair time is distributed arbitrarily. An explicit expression
for the laplace +transform of the availability of the system was

obtained.

Miscellaneous systems

subramanian and Sharma [129] considered a two unit warm
standby redundant system with one repair facility. After each
repair completion, the repair facility is not available for a
random 'dead time'. This is the preparation time needed before
another repair can be initiated. laplace transforms of avail-

ability and reliability are obtained.

Khalil [551 analyzed a 1-out of-{n+1):G system where one unit
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is active and the other n units are in cold standby. The systen
has one repair facility which begins repair only when a queue of
length K units exists. The failure +time of the active unit is
arbitrary and the repair time distribution is exponential. The

Laplace transform of the system time to failure distribution is

derived.

Kapur and Kapoor [U49] assumed a 'delay time' (preparation or
waiting time) for repair facilities. If the aelay time finishes
before the failure of a unit, repair can be made immediately.
Otherwise, %he repair must wait until the delay time is over,
causing a delayed repair. The system has one operating unit with
a constant failure rate and a warm standby unit with an arbitrar-
ily distributed failure time. Only one repair facility is avai-
lable and the delay time is measured from the instant at which
-the system is put into operation, that is, a unit Jjust becomes
active. The Laplace transforms of
a) The first passage time to system's failure,

b) The expected number of failures during (0, t), and
c) The probability that the system fails at time t
are all derived by a unique modification of Markov renewal pro-

cess.

Repairable systems with imperfect switchover :

The perfect switching models are easiest to develop, Fut

unfortunately in practice we generally encounter imperfect
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switching.

- P e ——— o ——— a—

Prakash [95]1 evaluated the reliability-characteristics of a
standby redundant equipment consisting of two components with an
imperfect sensing and switching mechanism. The model consists of
two components A and B with sensing and switching mechanisnm S.
This is studied based on the following assumptions:

1) Unit A operates and at its failure, switch S senses and
switches to B. The probability of this type of switching is ﬁ}
and the failure time of A and B follow the exponential distribu-
tion.

2) Unit A operates and while A is still alive, S fails, and in
failing, the switch remains on A. Then A operates until its fai-
lure. The probability of this type of failure of S is pl.

3) Unit A is operating and while A is still alive S fails, and in
failing, switches to B. The probability of this type of failure
is p2.

4) Unit A is operating and while A is still alive S fails. The
signal path through S becomes open or shorted and the equipment
dies at the time S fails, the probability for which is p3.

S) on failure the equipment goes to repair. The repair follovws a

general distribution.

The behavior of a standby redundant complex system under
imperfect switchover devices with general waiting and repair time
distributions for both types of components has been studied by

-

Das [ 11] The probability of successful operation of a failure
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sensing and switchover device is a constant. The repair time of
this sensing and switching device follows an exponential distri-
bution. The Laplace transforms of various state probabilities

have been derived.

Osaki [87] analyzed a standby redundant repairable systenm
having two identical units, the failure rate of which is assumed
constant and the switchover imperfect. The repair time of each
unit has an arbitrary distribution. The failure time and the
repair time of the switch is distributed exponentially. For this
system the switch 1is used only instantaneously to change a unit
from the standby state into the operating state. The laplace
transform of the distribution of the +time to failure of the sys-
tem and the mean time to failure of the system are derived using
the relationship betvween Markov renewal processes and signal flow

theory.

Nakagawa and Osaki (78] extended the model in [(87] to an
arbitrary failure time distribution of the main unit. In another
rodel it was assumed that the failure of the switch could be

detected only when it is used.

Nakagawa [ 79] considered a two unit warm standby system where
the operating and standby units have constant failure rates and
general repair times, and the switchover is imperfect. The
switch has two different failure modes. It switches the operat-
ing unit out of operation when it should not, or i+ does not put

the standby in operation when it should. The stochastic behavior



40

of system failure is derived.

Imperfect switchover (restricted service)

—— — it —_—

Khalil (5471 derived the mean time +to failure of a two unit
cold standby system with random switchover time and two types of
repairs. The failure and repair distributions are general and
there is a single repair service facility. If_the repair is made
quickly as compared to the time +to failure of the working umit
tken it is proved that the 1limiting distribution of time to fai-

lure is exponential.

The system discussed in ([54] has to be considered operating
even if one unit has failed and the other is in the process of
switchover. Thus there is a difficulty in defining the reliabil-
ity of the system and it is more pertinent to ask for pointwise
availability of the system rather than the reliability. The ~
Laplace transform of the pointwise availability of such a systenm

was obtained by Subramanian and Ravichandran [ 1201

Takle 3 shows the classification of references on repairable

standby redundant systenms.
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Table 3. Classification of references on repairable
(cprrective] standby redundant systenms

System configuration References

Repairable
systems

1,2,10,13-15,20,21,23,24,27,28,31-38, 41,45,
49,52-57,60,€62,€4,¢5,70,73,78-81,85-87,89-
92,95,97-100, 109,110, 112-116, 119,120,123,
124,12¢,127,129, 133,139, 141,142

Switching :
Perfect and
instantaneous

Inperfect

1,2,13-15,20,23,24,31-38,41,49,52,53,55-57,
60,62,64,65,70,73,80,86,89,91,92,97-100,
112-115,119,123,124,12¢,127,129, 133,139, 141
142

o ———————— ——— e —— . ———— —————

10,21,27,28,45,54, 78 79 81,85,87,90,95,109,
110 11& 120

Cold standby

Warm standby

13-15,21,23,27,28,31,32,34,36-38,41,52-55,
€4,70,73,78,80,85,87,90-92,95,97,98,100, 109
110, 112-115,120,123,133, 141,142

- ——— - ———— . —— D  ———— ————————— — - -~

1.2,10,20,24,33,35,45,49,5¢ ,57,¢0,€2,¢5,79,
81,86,89,99,114,11¢,119,124,12¢,127,129,139

Two units

1,2,10,13-15,21,27,3¢%,32,34 ,3€¢-38,41,52-55,
62,65,70,73,78,79,81,85-87,89-92,95,97,100,
109,110,113-116,120,123,124,129,139,111

- — N ———————— —— —— i —— —— T — S —— — T ——

20,23,24,28,33,35,45,49,56,57,60,64,80,98,
99,112,119,12¢, 133, 142

IJdentical

—— i ———————— ——

Dissimilar

1,2,13-15,20,21,23,24,28,32-38,41,45,49,52~-
5¢,€0,¢2,¢64,€¢5,70,78-81,86,87,90-92,98-100,
109,110, 112-114,119,120,123,124,129,133, 139
141, 142

——— i ——— i ——— ——— T — T ——— T ——— . ——— . ——

10,27.31,57,73,85,89,95,97, 115,116, 126,127

Repair facility
Restricted

—— i ————— ——————

Unrestricted

1,20,21,23,24,27,28,31-38,41,45,52,53,55,64
¢5,70,73,79,80,91,92,100,109, 112-114, 119,
120,124, 126,127,129, 133, 139

———————————————— T —— A —— T ——— ————— —— - ——

2,10,13-15,49,54,56,57,60,62,78,81,85~-87,89
90,95,97-99,115,11¢€¢ ,123, 141,142
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PREVENTIVE MAINTENANCE OF STANDBY REDUNDANT SYSTEMS

System improvement through preventive maintenance (PM) is as
0ld as the sayings, “A stitch in time saves nine", or, "Preven-
tion is better than cure". If a unit is characterized by a fai-
lure rate that increases with age, it may be wise to replace it

before it has aged too greatly.

A commonly considered réplacement policy [5] is the policy
based on age (age replacement). Such a policy is in force if a
unit is always replaced at the time of failure or T hours after
its installation, whichever occurs first, where T is a constant.
If T is a random variable then the replacement policy is referred

to as a random age replacement policy.

Preventive maintenance and repair can be done with either

unrestricted or restricted service.

Preventive maintenance (unrestricted service)

Mine and Asakura [€81 presented a 1-out of-n+1:G standby
redundant system with repair and preventive maintenance. The
units have a general failure distribution and negative exponen-
tial repair and inspection times. Also the replacemernt interval
is a random variable with an arbitrary distribution.

Osaki and Asakura [83] analyzed a two unit system assuming

-

that the failure, repair inspection and preventive maintenance
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times are all arbitrary. The Laplace transform of time to first
systen down is derived and the MTTF is obtained from it. It vas
further shown +that wunder suitable conditions the preventive
maintenance policy for the system is effective in the sense that

it increases the NTTF of the systen.

Nakagawa and Osaki ([75] discussed a two identical unit cold
standby system with repair and preventive maintenance. The
laplace transform of the pointwise availabiliiy and steady state
availability are derived by applying a unique modification of the
regeneration point technique under the assumption that all dis-
tributions are arbitrary. A theorem gives the optimum preventive
maintenance time (which is unigue) and a finite solution of the

equation under certain conditions.

Subramanian and Ravichandran [121] arqued that the expression
for the pointwise availability as given in (751 is incorrect and

the correct expression was derived in [121]

Mahmoud [66] considered a warm standby system under the

assumption that the standby unit has a constant failure rate.

Dirickx and Kistner [12] analyzed a l1-out of-n system with
warm standby wunits with a constant failure rate. The repair

times of the failed units are distributed exponentially.

Kapur and Kapoor [U49] considered a two dissimilar unit systen
and derived *he Laplace transform of the first passage time dis-

tribution to system failure, the expected number of system fai-
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lures in a certain +time interval and the probability that the
system fails at time t, using unique modifications of Markov

renewal process.

Srinivasan [ 117] derived the expected time to failure of a
two unit cold standby redundant system with delayed switchover

and with preventive maintenance.

Preventive maintenance (restricted service)

Osaki [88]1 considered a standby redundant model with two
identical units; the failure time of each obeys an arbitrary dis-
tribution and the repair time of each failed unit an arbitrary
distribution. The time to begin preventive maintenance policy
and the preventive maintenance time are also arbitrary but diffe-
rent. Under these conditions the laplace transform of the tirme
distribution to failure and the MTTF are derived by applying the
relationship between Markov renewal process and the signal flow

graphs.

Kapoor and Kapur [47] extended the model in [887 to a case
where the standby unit is warm and its failure time is distri-
buted exponentially. A two unit c¢old standby system subiject to

intermittent availability was also discussed.

Venkatachalam [ 1347 analyzed the availability and reliability
characteristics of a two unit standby redundant system under the

assumption that all the distributions are arbitcary.
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Gopalaﬁ and D'Souza [18] analyzed the availability and reli-
ability of a two idehtical unit system with a cold standby and a
single repair service facility. The repair and the PM time of
the unit are exponentially distributed. The times at which the
operating unit is sent for PM or repair are assumed to be

governed by two (distinct) general distributions.

Gopalan and D'souza [19]) extended the analysis in 181 to
two dissimilar units and where the pdf's of tﬂe time to failure,
the time to send to PM, repair time, and PM time are all diffe-
rent and arbitrarily distributed. Similar results were obtained
by Subramanian [ 122] using the concept of imbedded regenerative

stochastic processes.

Gopalan and Venkatachalam [22] considered a 1-out of-n:G
standby redundant system with (n-1) cold standbys and subject to
repair and PM. The pdf's of times to failure and PM are arbi-

¢rary vhile the repair and PM rates are constant.

Gopalan and Saxena [25] analyzed a two unit cold standby sys-
tem with 1-server subiject to PM under the assumption that the
service facility is taken up for PM immediately after completion
of the rth repair ( r>1 ) and the pdf's of the time to failure of

+ke unit, the repair time and the time for PM are all arbitrary.

Gopalan and Saxena [ 2¢7] extended the analysis in 2571 to a
situation where the service facility waits for PM after the com-

pletion of the rth repair and waiting follows an arbitrary dis-

-

tribution.
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Kapoor and Kapur (477 analyzed a 2-unit warm standby redun-

dant system with delay.

Subramanian and Natarajan (130) discussed an n-identical unit
warm standby redundant system with r repair facilities and PM
undér the assumption that the failure time of the unit on line is
arbitrary and all other times are distributed negative exponen-

tially.

Table 4 shows the classification of references on preventive

maintenance standby redundant systems.



Table 4. Classification of references based on PM of systems

System configuration References
Preventive 4,12,18,19,22,25,26,29,39,46,47,50,51,66,
maintenance €8,75,7¢,82,83,88,117,118,121,122,130,134

Reﬁair facilities :
Onrestricted 4,12,50,51,¢8,75,76,82,83,88,117,118,121

. ———— . — . ———————————— . — ——— . — — . — ——— ——— ————— — —————

Restricted 18,19,22,25,26,29,46,47,66,122,130,134

Cold standby 4,18,19,22,2¢,29,4¢,47,50,51,€8,75,7¢,82,
83,117, 121, 122

—— e ———— . D T S D A S T S S . S S — — ———— — — —— ——— ——— — -

Warm standby 12,47,66,118,130,134

Component type :
Identical 12,18,22,25,26,29,46,47,51,66,68,75,76,
83,88,117,118,121,130,134

Dissimilar 4,19,50,82,122

Two unit 4,18,19,25,2¢ ,4¢ ,47,50,51,€6€,75,7€,82,83,
88,117,118, 121,122,134

i —— i —— ———— T — T ——————— T ——— T —— —————— " —

n-unit 12,22,29,130

Distribution of time to PM :
Oniform distribution 12,22,29,130

Arbitrary 4,18,19,22,25,2¢,29,4¢,47,50,¢¢,75,88,
118,121, 122,134

Distribution of PM time :
Fx ponential 18,22,50,51,75,117,122,130

e —————— i —— T — ———————— ———————— — i ————— . ——" . ——

Arbitrary 4,19,25,26,29,46,47,88,118, 134

47
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PRIORITY STANDBY REDUNDANT SYSTEHNS

In many industrial processes the provision of spare machines
is necessary for very high reliability. The reliability of a
system with standby uwnits is further increased if failed units
are repaired. Most analyses assume that each unit can perform
the desired system function with the same reliability. However
vhen system cost and complexity are large, the system might well
have different units. Each unit is individually capable of per-
forming the same nominal system function, but with different
degrees of reliability and desirability. An example of +this
situation is a system consisting of three devices, viz, an elec-
trical device, a battery operated device and a purely mechanical
device. The reliability of such a system can be greatly improved
by assigning priorities to the wunits for their operating and

repair schedules.

Two repair disciplines are often used in practice, viz,

1Y Head of line : This is 'first come, first served', i.e., the
units are repaired serially in the order of arrival for repair.
2) Preemptive resume : The unit with higher priority is taken in
repair irmediately by suspending the repair of the lower priority
unit. When the lower priority unit is taken up in the repair

facility, the repair starts from the point it left earlier.

Osaki 1881 discussed a 2-unit standby priority redundant

system under the assumption that the failure times and the repair
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times of the priority unit (p-unit) follow an arbitrary
distribution. The ordinary unit (o-unit) when it operates has a
constant failure rate and no repair facility. Preemptive resume

repair is followed.

Osaki [851 extended the analysis in [80] to a situation

wvhere the failure times of both p-unit and o-unit follow arbi-

trary distributions.

Subramanian and Ravichandran [128] considered a two unit
priority redundant system under the assumption that the failure
rate 0of the o-unit is constant but the failure and repair time

distributions of p-unit are arbitrary.

Arora [ 4] discussed a two unit cold standby system with pri-
ority when the repair time for the o-unit is distributed exponen-
tially but the failure time and repair time of the p-unit and the

failure time of the o-unit are distributed arbitrarily.

Buzacott {81 analyzed a two unit priority standby systen
whern both priority and ordinary units are considered to have gen-
eral failure time and repair time distributions. Both preemptive

resume and head of line repair disciplines are considered.

Subramanian and PRavichandran [1251 considered the systen
discussed in [8) with the additional assumption that the failure

rate of the p-unit and the o-unit while in standby or on line are

constants.
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redundant

system when the priority unit has a finite repair capability.

Table 5 shows _classification of references on

standby redundant systems.

Table 5 . Classification of references on priority
standby redundant systenms.

Classification References

Priority standby 3,4,8,57,77,85,125,128
redundant systems

—

Repair discipline type
Head of line 4,8,85

——— . e e

Preemptive resume 3,4,8,77,125,128

—g—

priority
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OPTIMIZATION IN STANDBY REDUNDANCY

In studying the use of redundancy to increase the reliabil-
ity of various systems, we encounter the problem of not only
guaranteeing certain minimum reliability standards, but also of
designing the systems so as to effect this reliability criterion
as economically as possible, with the least total expenditure on

standby units for the system as a whole.

In practice such expenditures may be numerical measures of
various characteristics of the system such as its cost, weight or
size. The seléction of the characteristics is determined by the
concrete form of the system and its intent. It is usually possi-
ble to distinguish one most important characteristic, which in

the case of space systems will most probably be weight.

In the literature, techniques such as integer programming,
lagrange multipliers, pseudo-Boolean programming and steepest

descent are applied to determine the optimal number of standby

units.

Table 6 shows the classification of references based the
formulation of optimization problem. Table 7 shows the classifi-
cation of references based on the optimization techniques

employed to solve the problem.



Table 6. Formulation of optimization problenms

| Formulation of problem

References

} Optimum redundancy allocation,
maximization of system reliability
jsubject to cost constraints. -

7,42, 104,105, 131,
137, 138

“cost" pinimization problems
subject to system reliability
constraint '

43,44

Table 7. Optimization technigues employed

Miscellaneous

Optimization technique References
Integer programming 43,69,131
Dynamic programming 96
Lagrange multipliers and 7.67
the Kuhn-Tucker conditions
Pseudo-Boolean programming 44

| Method of steepest descent 58

42,71,72,104, 105,
137,138

52
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ABSTRACT

The technique of rédundancy is often used in practice
vhen it becomes necessary to improve the reliability of a
system beyond that obtained with simpler technigues such as
simplifying, selecting better parts etc. In parallel
redundancy all the elements of the system are active and
func<ioning simultaneously. Iin standby redundancy, One or
more units will be operating while the other units are
standing by. The provision of standby spares 1is necessary
for systems which are required to operate continuousiy over
long periods of time. Systens used on space vehicles, such
as pover plants and iife sapport systems, are promninent
exanples. The reliability of system with standby redundancy
is increased <further if units which have failed can be

repaired.

This report is a review of the literature related +to
standby redundancy. The literature from early 1950's to 1982

is categorized and reviewved.



