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ABSTRACT

The paper deals with reliability analysis of a system composedyof three non-identical units G, P and C.
Initially unit G is in operating state while as unit.P and C are in‘idle state. System failure occurs if either
unit G fails when unit P and C are in idle state or G and P fails when Ciis in<dle state or when all the
units’ Viz. G, P and C fails totally. Single repair facility:is available to repair the failed unit in which unit
G gets priority for repair over P and C and then if unit P-and,C fails, second priority is given to unit P
over C and finally unit C is repaired by,repairman till the system becomes operative. Once the repairman
starts repair of the failed unit, he does nat leave the system till all units are repaired during his stay in the
system as per priority. The failure time distributions, of unit<G, P and C are taken exponential. The
distribution of time toepair of unit-G; P and«C is assumed to be general. After repair a unit becomes as
good as new.

Keywords: Mean sojourn-time, Mean time'to system failure, Availability, Busy Period, Expected number
of Visits, Profit Analysis, Graphieal study ofMedel.

1. INTRODUCTION

The reliability of ‘complex systems has emerged as a thrust area in system planning, design,
development and operational/phase of the system. The manufacturers are highly concerned about
reliability of the systems. To compete with the global market and to achieve higher production
goals, the industrial syStem should remain operative for maximum possible duration which can
be achieved by maintaining system failure at the lowest possible level (i.e. highest system
availability).A detailed behavior analysis of three-unit complex systems and scientific planning
have been discussed by various researchers including Goel, Gupta and Agnihotri [4],Song and
Deng[2], Attahir, Alfa and zhao[8], Gupta Rakesh and Bansal [5] in the field of reliability under
various assumptions. Most of these studies are not based on the real data. However, some
researchers including Kumar [1], Singh, Kochar [6], Gupta, VVarshney and Sharma [3], Singh and
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Sheeba[7], Shakuntla, Bhatia and Sanjay[9] studied some reliability models collecting real data
on failure and repair rates of the units used in such systems. In the present study, the probabilistic
analysis of coloring and designing of glass plant is developed for its stochastic analysis by
personally visiting the Valley Glass Agency situated at Soura of district Srinagar of state J&K.
The proposed glass manufacturing plant consists of three units viz. grinding machine, polishing
machine and compressor for coloring and designing of glass of varying nature. The working of
different units of the system is described as under:
1)  Grinding Machine:

Agrinding machine, often shortened to grinder,is any .of various power tools Or machine
tools used for grinding, which is a type of machining using an abrasive wheel as the cutting tool. It is
a power operated machine tool where glass sheets are“fed against constantly rotating abrasive
wheel to remove thin layer of material from glass shéets. The grinding machine consists of a bed
with a fixture to guide and hold the glass sheetsgand a power-driven grinding wheel spinning at
the required speed. The speed is determined by the wheel’s diameter and manufacturer’s rating.
The grinding head can travel across a fixed glass,sheet orthe‘glass sheet can'be moved while the
grind head stays in a fixed position.

2) Polishing Machine
After grinding the glass sheets,ithey are sent for polishingwusing polishing machine. It is used for
creating smooth and shiny surface leaving a surface with significant specular reflection. The
process of polishing with abrasives starts with coarse ones and graduates to the fine ones. By
repeated abrasion, thesrough glass Sheets are made evensand lustrous which in turn increases the
efficiency of glass.

3) Compressor for coloring and designing.
In order to_provide quality,and presentable colored designed glasses in different varieties to
consumers, compressor has been put to use” Compressor consists of a big air tight tank, 3 phase
electric powenmotor and hand driven pump connected with the tank. Its pressure and speed is
being determined; monitored and'controlled through the small cliff by the driver manually. The
connected hand pressure can be moved through all the corners during the process of coloring and
designing. The compressor gains the air pressure through electric motor and throws the colored
dry sand to the glasses‘as per designs earmarked. By throwing pressure bound sand through the
hand pump to the glasses, the smooth surface of the glasses becomes rough, thus paving the way
for quality designing of glasses.
Using regenerative point technique the following important reliability characteristics of interest
are obtained:

(i) Transition probabilities in transient and steady state

(if) Mean sojourn time

(ili)Mean time to system failure (MTSF).

(iv)Point wise and steady-state availabilities of the system.
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(v) Expected busy period of the repairman during (0, t].
(vi)Expected number of visits for the repair facility.
(vii)  Profit analysis of system.

2. ASSUMPTIONS AND SYSTEM DESCRIPTION

1) The system comprises of three non-identical units G, P and C. Initially unit G is in
operating state while as unit P and C are in idle state.

i) System failure occurs if either unit G fails when unit P.and"C are\in idle state or G and P
fails when C is in idle state or if all the units viz. G,P@and C fails totally.

iii) Single repair facility is available to repair the failed unit,in which unit G gets priority for
repair over P and C and then if unit P and C fails, second priority is givenito.unit’® over C
and finally unit C is repaired by repairman till"the system becomes operative. Once the
repairman starts repair of the failed unit, he does not leave the system till all units are
repaired during his stay in the systep as,per priority.

iv) The failure time distributions of unit-G;P and C are taken exponential.

v) The distribution of time to repair of unit- G,P and C are assumed to be general.

vi) After repair a unit becomes as good as new.

3. NOTATION AND STATES OF THE SYSTEM

NOTATIONS :
Constant failure rate of unit-G.

Constant fatlure rate of unit-P.
Constant failure rate of unit-C.
Constant actiyation rate of unit-P from idle to operative.
Constant activation rate of unit-C from idle to operative.

Bi(x),g(x]) : Rate of repair and corresponding p.d.f. of repair time of unit-G by
repairman s.t t g(x) = By(x)exp[— [ By (w)du]
By (x).f(x) : Rate of repair and corresponding p.d.f. of repair time of unit-G by
repairman s.t t f(x) = ﬁl(x]exp[— _r; B, (u]du]
Ba(x). (%) - Rate of repair and corresponding p.d.f. of repair time of unit-G by
repairman s.t t I(x) = Bl(x]exp[— f; B [u]du]
P(t) : Probability that the system is in state S; at time t.

Q,(x,t) : Probability that the system is in state S, at epoch t and has
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sojourned in this state for duration between x and X +dx .

Symbols for the states of the system :

Gy : Unit-G is in normal (N) mode and operative.

P,/P. : Unit-P is in normal (N) mode and operative/idle.

Co/C; : Unit-C is in normal (N) mode and operative/idle.

G, : Unit-G is in failure (F) mode and is under repair by repairman

P /P,. : Unit-P is in failure (F) mode and under repair /£ waits for repair
by repairman

C./Cr Unit-C is in failure (F) mode"and under repair /waits for repair
by repairman

With the help of above symbols and keeping in view the‘assumptions, thespossible states S, to

5,5 of the system along with the transitions between thefstates andftransition rates are shown in
transition diagram as given below

3.3. States of the system
The possible states of the systemare:
= [G F:”C:’] 5 = [G P:‘:C']
F,.C;] 5;=06,.5.C]
r E,,C] S5 =
s

[G,
[G

= [G,, B, C;]
(@

oidrr
(G5, F,.C,]
7= [GovP C,]
= [Go. B C, ]
510 = [G.B.hC,] Sus [6,.R,,.C,,]

512 = [ o rJ' ur] 513 y— [Gr'! ::-J'Cur]

ke r.:-J' :l Ei'

The states 50151152;53_.54.!55!5?.!53.!59151|}1512a‘nd Sy are up states while S and 5,4 are

down states. Further, states S;,5,,,5,; and 5;, are non-regenerative states and all other states
are regenerative states.
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TRANSITION DIAGRAM

So

Q : Up state : Down state : Non regenerative point
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4. TRANSITION PROBABILITIES AND SOJOURN TIMES

4.1. Steady state transition probabilities:
The steady state transition probabilities are defined as

Po1 = Qij (oe) .r: Qij (t)
The following expressions for the non-zero elements are obtained

A,
Pul_m Poo =722

P, =
28 ity
En

== Pﬂ == =
= At ta B LA e,

E(ﬂq] 36 [1 —E;(ll)]
1@:(‘12) P4I§ae} = [1 _E;u':]]

A A,

P —_— = P - — 4
IS S8+ A2
‘15

P..=
5% LA A

— A, ——
= By(dy + 45) Prip = m[l_ﬁz('li"'*la]]

| 1‘}

=B (A — (2 + 15) By = [1- 0] - i [ - B+ 29)]

ey

FBEZJ@:(‘A'EJ Fyr ) % ) 3,[1'?’1(f1 )— 1'91(1 ]]

Pa:ii?n} (A 1}. }[[ Ag) =4, ‘81(‘13) "151'91("1 )] Py, = 183 (4 +4,)

Pyip = .AAT}[ ﬁau ‘|‘flj:| Fa,iazﬁ[l_ﬁ;(-ﬂq"'ﬂ':]]

(11}

Pios 1'91(‘13) Plb,l: =1 _Euaj
P12 =1 25 = B2 (4)
Pya1y = [1 - EHJ] Pi3s 1'91[«'1 )
Pygyy = [1 - EIUM)]

Here it can easily be verified that . P,. = 1; for all possible values of i.

j Cij

4.2. MEAN SOJOURN TIME:
The mean sojourn time in state S; denoted by ¥, is defined as the expected time taken by the

system in state S; before transiting to any other state. To obtain mean sojourn time '¥';, in state §;,
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we observe that as long as the system is in state S;, there is no transition from S; to any other
state. If T, denotes the sojourn time in state S; then mean sojourn time '¥; in state S, is:

Y. =E[T,]= [ P(T, = t)dt

Thus

1 1
o=

1 i

1 _ 1 . 1
"'I"rq___

(o, +a) a B g g iy

¥y = i[l - E[rx;]] Yo=W, =% = .r,:c R(t) dt

¥, =

5. MEAN TIME TO SYSTEM FAILURE

Let the random variable T; denotes the time to system failure when'E_»= E; € E and = (t) is the

c.d.f. of the time to system failure for the firSt time whenithe system starts,operation from state
S;. To obtain the expressions of m;(t) for different values of i, the arguments of regenerative

point processes has been used. Taking the Laplaceitransform and solving the resultant set of
equations for A;(s), we have
M, (=)

ﬁ:D(Sj ey (=)

Where,
Ny (s)= {QHM (s) [1 - fj:a (s) @35 (s)'% @:4 () @46 (5]] + QNM (s) [@:3 (s) QNEE. (s) + @24 (s) @46 (5]]}

(1- 0010805 ) (1 — Grif(9) 10,7 () ) (1 — 0512 () P125(5) — G545 ()13 5(5) )
—Gf(s) Gz (5)' 2 e (5) Fs,10 (8) G307 (5) ) (1 — Fs,12(5) @125 () — Fs.13(5) 15,5 (5) )
Z055). [( 05, () + 028(8) G510 () P10 (5) ) @12 () B 5 (5) + (1 = G5 10 () Bso,5(5))
Q5o ()3 R1G02 () Qogls) L Oss(5) Fs,10 () P11 (5) (1 — G110 (5)@1o(5) ) +
+ (057 () T @) .10 ()0107(9) ) ( Cr10(5) Fr041(5) + Br,12(5) P11 ()
(1= 0512()0128(5) — B5.15()B135(5) ) + [(Fs7 (5) + () 05,10(5)10.7(5) )
r12(8) Grz5() + s (5) (1 = G510 (0107 ()] (@502 () @11 (5) + P15 (5)
G511 (D))
Dy(s) = (1025 ()0a:(5) = 0o (02 () { (1 — Fs () Bs (5)) (1 — @710 ()01, (5))
(1= 512(5) G125 () — Fo13 () F1s.5(5) ) — (s (5) + s () P10 (5) 10,7 (5) )
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ﬁ?s. (=) (1 - @9,12 (=) @12,9(53 - @9.13 (Ejﬁla,a (5:]) - QH'}E (s) [@?,1: (=) @12,9(5:]

(@5? (s) + @55 (s)@s,10 (5) @10,?(5j) + {1 — @710 (Sj'@m,r(sj) Q55 ()1}
On taking = — 0 and using the relation ﬁij (s) = B; ,we have
Ni(0) _
D,(0)
Thus N, (0) = D, (0) showing that 7,(0) = 1. Hence m,(t) is a proper.cdf.
Therefore, mean time to system failure when the initial state is¢8; Is given by

d#,le) D, {0)-N,(0)

ds lg=g D, (o)

ﬁl}(':':] =

E(T) =
where,
D'y(0) = N'"1(0) = {(1 — Pyg Pyy — Pyy Pyy) Wy Ppy ¥y + Pyy Poy Fyt Pyy Poy s}

{(1 - Fsspss)(l - P?,mpm,?) [1 — Pg15Pe s — Pgy3 P13,9) P75 (Psr+Pgg
Pg10P107) [1 — P515Py55 — Poyg F13,=.=-) & Pog [P712P125 [P5?+P53Ps,mpm,?) +
[1 - P?,iupiﬂ,?)PEE-] }+ Py Pos (¥ = Pep#:) [1 —B512P155 — 'P'},iapiﬂ,?)
[1 - P?,mpm,?) + [(P5?+Pssps,mpm,?)q’? + (Ps?P?,1u+PssPs,m) !’um]
[1 - 'P'},lz PlZ,‘E‘" - 'P'},lﬂ Plﬂ,'}] + [:q;'} + iiTJrl!i F'},lﬂ )[Fm: Pl!,'} [P5?+P58FS,1I} Pl[!l,?) +
[1 - P?,ll} PlD,?)PE‘}] + iFl! {[P‘},li PE‘}[]' i 'P'.-',llilI Fll},?) + P?,u [P5?+P58PS,1DF1EI,?)
(1 7 Fs.13 Plﬂ,'})}
Dlmj = (1 — Py3Pyri= P24P4:]{(1 - Psspssj [1 - P?,mpm,?) [1 - P9,12 Plz,'} - P9,13 Plﬂ,'})
y P?E.[:FE.?P?,m‘l'PEBPB,lD)(l Y P?r,lzpu,a - P9,13 PlE,E‘) — Py [[P5?+P53Ps,mpm,?)
P?,lﬂ F 2.9 + [1 - P?,ll} FlD,?)PE-E“']}

Now on putting the values of ;"¢ and P;'s in above equations, the required equation is given as:

D'liﬂ) —N' 1(':'] N {[[:"11 + '1: + ‘xzj - ’12 J@;(‘A’lj - 11 Eu:j] (’11 + “1] ’11 ‘12 "13
taydy A Ay Tagdy [1 - 1@;(5{1)]3’23’3 + r5‘51*11[1 - 31(123]411413} (A + 2, +ay) — 44

*11[1 - f?;(ii + '1:]] EEH@J] (411 + *1::] - E;(ali + *13:] [41: + "11[1 - EIU*:]] E:ua)] [(“11 + *1::]

—4, [1 - E;ul + A:JJEHJ - *11[1 - J@;(*h + -’lzj] EH;]] (11 + Aaj - f?;(il + A:j [42
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+A1[1— BL(A)] B (A] As[1— B (A, + A3)] By (A) (A + A,) + A5 [(Ay + A3) — A, B, (45)

(1= B2y + 2] 1 O + 1)} + asery { [ + 22 + 290+ 4 [1 - BL (]| [y +25) — 24

[1—B,(3 + A3) B (A)] [ (g + 29) — A,[1— By (A4 + 4,)]B5(A) — A,[1— B3 (A4 + 2,)]

By(A)] Aydg + [[A; + 2, [1— BL ()] B D][1 = B, (A + 45205 = [A4]1—
Ba(A + A3)]

+(Ay+ 234 [1— B (A)] [1— BL(A:)] 4,4,] [+ 1) — A [1<By(A, + 2)]B(A,) — 4,

[1— Ba(dy + 4] B (A1 + 2,25 [, [1 5500+ 1,)] ¥ 04,[1 = B (Ay +4,)] [1— By (A)]

A TR + 24 [1 = By ()] By (A1) A[1 — Bo (A 4] Ba (M) + 45 [(Ay + A3) — Ay By (Ay)

[1— By (A + 4] + 2,25 [1 — By IlAads 1 — Ba(Ay +122)] [(Ay + A3) — 4, By (43)

[1— By (A + A A2 [1 — B, (A, R[4, + A, [0 B (A)] By (4] [y + A2) — A4 By (4,)
[1 - E;uq +"12)]] ]’

51(':':] =

[(“11 = fx:j — 4, E[AJ =y E(i:]] Ay Ay, (111 + ai] {[(ii + 4, + a::] - iiﬁz(i:]]
[ul + Aaj - ’11[1 _ E;Exll + Aa)]ﬁzuaj] [ ("11 + Azj - *’12 [1 - Eg(jq + A:)]E;uﬂ - 111

[1 - Ba(y + 2] BG@D] (35 +2) — B (A + A3) [A2+ 24[1- By (4] By (33)] [(A, +4,)
—4, [1 - E;ul + ‘;I’E:]]E;(‘llj - *11[1 - E;ui + -’1::]] EEA:]] (11 + Aaj - E;(il + *1::] [4;

+24[1— Bi(A)] By ()] Aa[1— Bo(Ay + 23)] Ba(A) (Ay + A5) + A5 [(Ay + A3) — Ay By (A)
[1 - Eziii +*13:]:| ] (411 + *12:]}
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6. AVAILABILITY ANALYSIS

We define A;(t) as the probability that the system is up at epoch ‘t> when it initially starts from
regenerative state S;. It is also called pointwise availability of the system. To obtain recurrence
relations among different point wise availabilities 4;(t), we use the simple probabilistic
arguments. Taking the Laplace transform and solving the resultant set of equations for A;(s), we
have:

N, (s)

Ap(s) = D, (2)

where

N () = (M5 + a5 M) [(1— a3aais) (1— aseqifhe asx(assPuifass )| MOmSSeass)
Gin (M5 +q35,M3) + a5, (a5:+a3:058 ) M5} {1 — a5eqse (B di1125211)

} [:1 — G112 q::,n)}{[l 1112 qiz,n)

[1 - q;,l: qiz,a - q;,ia qia,e) - [:q;,uq;:,n 5 q;,lﬂ qia,n) q:m: q;:,e} — qas

[1 — 41112 q;z,n} @35[1 — 4710910, ?}[1 ~ Gy 12, 11) +dze é:,liﬂﬁlﬂgqu

(1 — 4710 q;u,?) + (45? % qEBqB;I}} )[(qnufhél&qi 5+ ;r;‘} )(1 ~ 1112 q;:,n)"'

(Q? 1nq|1;11}jqi" 11Tt q;rl;l:ls)qu: f125)0] B892 (1 — q3:a2:) [{(M: + q2M;)

[1 — 4710 ‘?iu,?) [1 — G111 q;z,n) + [M; + q;,mM;u) (‘?5? + qEBqB;E‘}&)

[1 — 41112912, 11)} {[1 — 45138125 — q;,laq;a,e)[l — 41112 ‘?iz,n) — Q11129125

(1011} (10}
(@802 03201 + 9313 04a0)} + {I Gselsy; (1 - a3104507) + (qs? + qzas; 3)

5108
[1 — G710 Q;},?) G7s (fi’s? + géadas :

fig1) (138
(‘1’? 1@‘1’1[:.1*'$ * Q11128711 8)]{(1 — Q3120525 — 93139135)(1 — 4i1120%201) —

(q;n G211 714513 q;a,n) 9111291251 T {q;E[l —q7, mq;u,?}[l ~ 41112912, 11) +
(10,11} (100« (11} (12}«
458 9812 $q19[1 Q;,luq;u,?) + (fi’m’ + q5s9g7 )[(‘Inuqlg 129125 + 7 )
(11} (12}
(1 —qi1120520) + (ﬂhm Q10,42 91211 T 47, 113)':?;1,12 q12s1 (45124 911129513913,11)

1[:- 11}
Mi 4} +{a35(1— 05100507) (1 — @501205211 ) + i Gas - Qi2s(1

(10) 11) 1;} (11)
(G’s? T qselgr 3)[(‘5.’?1&@'1&1“3‘?;" 3)[:1 Qi11293211) T EG’?mqlu 1201211 +

'1&:'* ® & & ® ®
711 )+ ai1129125131] [1 J11,12 %:,11)(‘”9 + qg3 M5 )] (1)

- q;mq;w) +
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)
D,(s) = (1 - q51910) [(1 — q3:03) (1 — a36a%) — @325 + a2:a23”) ] [{(1— g55955)

(1 - 43109507 )(1 — 4111295211) — @35 (qé;r + qgsqégﬁg} (1-qi11293211) }

{[1 — 43129125 — 9513 q;a,a)[l — 41112 q;z,n) - [‘?;,12 d1211 + 9313 q;a,n)q;m:

(10,117
G125} — Qas [1_ 91112 q;:,n) {q§5[1 - q;,mfﬂu,?)[l — q1112 q;:,n) +4qz 512 ’

Qi25(1 — 45.109407) + (QE? + qgsqéimj[(q;mqiﬁ;q;:ﬁ + ‘i’;;ﬂ*)[l —@i11291211)

(11}« (12D«
+ ( 471091012 91211 T 9711 )‘?EL 12912.5]3] (2)

The steady state Availability will be given by

Ay =lim,,_Ay(t) =lim_, s A5(s) = N,(0)/D,(0)

On substituting values of P, ;s and ¥, s, we get

N, (0)=

ey B (AD{[ 4, + A4 [1 - B1(2)] ] [ 050 44 [1 8564, + A5)] Bi(As)1] B (A) A4,

Ay + 22) Dy = 25) + [ A5[1 = By + 29)] + 24 [T= (A + 21— Br(A)]] 2.2, —
Ag)+

‘11‘12 [J@:uaj - J@:u:j] ]E;[‘ll:]‘ll‘lz (*11 + ‘12]11@‘;(‘11 == A::]J@;ulj + {[*11[(’12 - ’13] -
A, By(23) —

Ag Eu:j] [(*11 + *13:] - *‘11[1 - 1@:(“11 L AEJ]E(A’EJJ + [‘12 (*12 - *‘13) + A4, [Euaj - EIHQ]]

[2:[1- B s @) [1 - B Gu) (g + A9)[1— B (4] - A4[1 - B2(A; +23)]] (A, + 1)

oy + 22) B2 (1) + (AR B (s + 2]+ 24 [1 - B (s + 2] [1- By (R)]] B2(2y)

[[('11 +*12 + *13:] - ,11;[_?:[,12:] ][(31 +~13) - Alﬁilaj [1_ E(il +*13:]:| ] (*’12 _'13) -
By(Ay + 23)

(22 = 39) + 242, (B (35) = Bz (A)]| Gy + AT} Aoy [1— B (A + (122 [1 - B5 Ay + 2,)]
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21 [1 =By + 2)][1 = By A B (A B AD[[(Ay + 2, + A3) — 4,8, (2) J[(A, + A5) — 44

Euaj [1 - E;(‘;Ll + ’13]]] ('12 - -’13] - E;(‘;Ll + ’13] [’12 U’: - -’13] + ’11’12 [E;ua:] - EIH:]H
(A1 + 4301} 4245}
®)

and
D3(0) =

aya, B, ({2, + 44[1 = By O] ] [(y + A5) = 24 [1 5850 + 2)] B (4)]] B2 (A1) 242

[“’11—'— *'1:] [*12 - *'13] + [*’13[1_ E;(fh +'13:]] +*’11[1 _E‘;(*h"' Aaj][l g E[AEJ])[AZ (*12 -
Ag) +

*’11*'12 [f?:(la) - E(l:]] ]E;ulj*lrlz (*11 + ‘12)]3;[:‘11 y *12:]3;(*11) 1 {[*11[(*12 - *13:] -
APy (25) +

Aaﬁzuzj] [1 - E;U»l]] [(-’11 + Aaj - ’11[1 - E;(fh + '13]] Eua)] + (*’12 (l: - Aaj + *11*1:
[81(23) = By (AP [1 — B2 (24 3 29 | [T = 8621 (18, ()] + (A4 + 23)[1 - B, ()] -
1= By + At 2084 2B () &[22 [1 — Bz (g + 2)][1 - B ()] + 44

[1 - E;(«ll N '12]][1 - EI(%]]]EE(AJ [[(*11 + '12 + Aaj - ﬂm@:(l:] ][(’11 + Aaj - *11 Eu’a]

[1 - f?;(«ll + '13]]] ("1: - ’13] = E;(‘;Ll + *’13] [’1: (iz - ’13] + *’11"12 [Euaj - EIH:]]] ufl +
A3)1}

Aydyhy [ By(wdu + {[A,[ (A, — A3) — A, By (A3) — A5 By (A)][(Ay + A5) — 2,[1—
By (A + A3)]

Br(s) + 2202 = 25) + 4412, (%) = Bi (2] | (a1 - Br (2 + 29)][1 — B ()] +
["11_'— “13:]
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[1— Bo(A)] = A4 [1 = Bo (A, + A1 + A Bs (A + 2,0, (A) + [A; [1— Bo (A4 + 4.)] +
‘11 [1 - 1@;(11 + -’lzj] [1 - EIEAEJ]]E;(AJ[[(% + '1: + Aaj - ilfﬁ_?:(l:] ][[:"11 + Aaj - A1E(Aaj

[1 - J@:u1 +'13j]:| (‘12 - ’13] - J@;(‘A’l + ’13] [’12 U’: - ’13] + ’11‘12 [Euaj —E(A:]]] U’l + ‘13]]
}

Aads[1— Ba(AD]+ {[42[1 — Ba(Ay + 4] + 4, [1 — By 4.)][1 +6: (1)]B,(ADB (4]

[y + Ay + 25) — A48y (A) |[(Ay + 25) — Ay B @) o B (A, = A 1(A, — A5 =
B2y + 23)

[’12 U’: - ’13] + ‘11’12 [Euaj - 1@:(*1::]]] (-’11 + 13]]}-’1213}

7. BUSY PERIOD ANALYSIS FOR REGULARREPAIRMAN

We define B,(t) as the probability that theéwegular repairman is busy in the repair of the failed
unit when the systemginitially starts from state"S; € Exldsing probabilistic arguments, taking the
Laplace transformd@nd,solving the resultant set of equations for B;(s), we have

By(s) = N3 (s)i{By(s)

where

)]
N (s)ETaRE; [(1— a5, — a5dass) — gk (ahs+a3aass”) | + a6 (1 - a5ea)

(i1
G242 5T oy (q;a T Gasd s )(Z;‘ +a3:Zg)+} [{(1 — q2eq5:) (1 ~ 41112 4;2,11)

(1 —q710 q;n,?) — Grs (G’E? + qgsqgﬁ*} [:1 — Q1112 q;:,n)}{[l — 1112 ﬂ:,n)

[1 - qg,l: fﬂz,a — qg,ia fﬂa,e) - [:qg,ufi’;:,n + fi’;,la fﬂa,n) fﬂm: fﬂ:,e} — g3
(10,110
[1 — g1112 q;:,n) {q§5[1 - q;,mfﬂu,?)[l —q1112 q;:,n) + 455 9517 gqu
(1) 11} (12}
(1 —a7109507) + (‘i’g? T Gsze; 3)[(‘1’;,15‘?19,12*‘3';2,9 T4 8)(1 ~ Q111295211 )%

(11} (12)
(051095050 Qizas + Grny )ain12@i2s]}] + 402035(1 — @568 [{ @S2

[1 — 4710 ‘?iu,?) [1 — 41112 q;z,n) + [Z; + q;mzfu) (qé; + qgsqéimg}
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(1 — q1112 q;:,n)} {[1 — 43129125 — 9313913, 9)[1 — G111z q;:,n) —q11129125
(10,11}
[q;u 91241 T 513913, 11)} +{I fi’s.s'?s 12 3'?13; 11 [1 - q;,mq;c-,?) + (g5, +
(10 11} (12}
qsadsr 3]{‘?? 1091012 91211 + 911129711 8}]] {(1— 45120125 — 95139135)

(1 — G1112 E::,n) _(‘?;,1: 91211 + 4513 q;a,n) Q11129125) + {‘?SE[l —4q7, mq;u,?)

(10.11) (100
(1~ qi11295211) + s Qg1 912 s(1—a510007) + (qs? T qssg; $)

11)= (12}« [l (12}«
[(fi’?mﬂhc- 12125 T Gxg }[1 Qi11201211) + (q? 1010108101 T 9711 )qile

1011}3[1

q125]}] [[:q'}i"qi" 1119513913 11)}311 +{I fi’ssqs iz q;,mq;u,?) +(gz7 +

(10 11} (12}
qEBqB? sj(q?mqm 1; + qn,r'q? 11 $)]{[1 y qg,u q;z,a = q;,lﬂ qia,a)[l = q:m: q;:,n)

_[q;u qf: 1t q;,la q;a,n) q;m: q;:,e} T £q;5(1 - q;,mq;a ?)(1 - ‘i’im: q;: 11) +

(10,11) o)« ik 1 (12}«
458 9512 $ql:,l?e[l — 4710910, ?) + (‘1’5? T q5sg- )[(q?ll}qll} 10af%s + a4g J

(11) (12}
(1 - ai11205211) + (q?m Gy0,2 Tiz.11 RH 113)qiL1" a325 10 [(@512+ 4511295130 83.11)

Zipr+ {q§5[1 - fi’;,mq;u?)(l 41112912, 11) s qsmiﬂgqiatl

10) 11 (12)
(%?"‘f&'ssqsy 3)[(%1&@'1&1“3‘?1"9"' Qr

- q? mq;c- ?) +

(11}
)[:1 = @i11205201) + (G’?mfhu 1201211 +

'1&:'* ® 2 ® ® ®
711 )+ a1112912511] [1 911,12 ‘i’lz,n)(z?‘l' q'},lElzlﬁ)]

D.(s) = D,(s) is same as in availability@nalysis which is given by (2)

In the steady state, the prebability that'the regular repairman will be busy is given by
By = lim, . By(t) = iy, s By(s)i= N5(0)/D;(0)

On substituting values of P, siahd ¥;'s , We get

N3(0) = ay e f5(A,){[4;[1— BYAD] [(4 + A3) — A,[1— B, (A, + 45)] By (4:)]] B2 ()44,

Ay + 22) Oy — 25) Fs17 By Ay +23)] + 24 [1— Bo (g + 29)][1— Br(A)]] [2.(, -
Ag)+

’11’12 [J@:ua] - EIU':]] ]E;[‘ll:u'l‘l! (*11 + lg]]ﬁg(ll + "12:]1@;(‘11] + {[*11[(’12 - Aaj -
A58, (A) +
AEE‘I[A:]] [1 - f?;[ii]] [(11 + *13] - *11[1 - f?;(ii + '13:]] Eua]] + (*1: (»1: - *13] + 411*1:

[EI(AEJ - f?:(l:)])[li[l _E;ui + *13:]][1 _Ezu:a:]][l - f?;(lij] + (411+ Aaj[l_ E;(ah)] -
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(1= Ba(Ay + 2D[1(A + 1083y + A5)B2(Ay) + [A, [1 — Ba (A, + )] [1 - B (4] + 44
[1 - E;(«ll + '12]][1 - EI(A:]]]E;(AJ [[(*11 + '12 + Aaj - ﬂm@:(l:] ][(’11 + Aaj - *11 Eu’a]

[1 - E;(‘ll + '13]]] ("12 - Aaj - E;ul + Aaj [’12 u: - Aaj + *’11"12 [Euaj - EIU*:]]] ufl +
A3)1}

AyArhy [ By(wdu + {[A,[ (A, — A3) — A, B; (A3) — A3 BIEAD][(4, + 45) — 2,[1—
Ba(A + A3)]

Br(s) + 2202 = 25) + 442, (%) — B (28] | (A:[1 385 (2, + 29[ (2] +
(“11 + “13:]

[1— B (A)] = A4 [1 = Ba(hy + 2D + A2)Ba (Mg 22,0 B (A [A, [1— Ba (A4 + A,)] +

‘11 [1 - E;(fh + -’lzj] [1 - E:EAEJ]]E;(M[[(% + '1: + Aaj » iﬁ:(ﬂq) ][[:"11 + Aaj - A1E(Aaj

[1— B2y + 2018 — 20) — B2 (A3) 2. (1) 25) + 42, [B; (3) — B1 (3] (s + 25)]
}

ApAg[LABRA)] + ([A, [T=85(4, + A0+ A4 [1 — Bs (A, + A)][1 — B, (4,)]B,(2,)B.(4,)]

[y + 25 + A0 By (A6 + A3) — Ay By (As)[1— B, (Ay + 2)]1(A, — A3) —
Ba(A, + 43)

(32002 = 25) + A58 (30) — By (A)]] Ay + 25T} 2224
and D4(0) = D;(0) is same as in the case of availability given by (4)

8. EXPECTED NUMBER OF VISITS BY REGULAR REPAIRMAN

Let us define V;(t) as the expected number of visits by regular repairman during the time interval
(0,t] when the system initially starts from regenerative state 5,. Using probabilistic arguments,
taking the Laplace transform and solving the resultant set of equations for ¥, (s), we get

87
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N ()

f}u (5:] = D.(5)

where

Ny(s) = (a5 [(1— a5:05) (1—a5eass) —as(asstasaais” )] + aa(ase+ass)
(1- qé‘aﬂ?éa)} [{(1 - qgsqgs.:] [1 - fi’;j,,lz fi’f:,n}[l - fi’;,mfiqu,?} — g
(fi’;? + QEBQQD}‘*) [1 — q11,12 fﬂ:,n)}{[l —di112 Q';:,n) (1— 45120125 —
95139133) — [qg,iz G121 T qg,ia‘i’ia,n) G11,12912,5) Q;EU =111 q;z,n)

(10,147
{qéE[l — Q710 q;w)[l — G111z q;z,n) + g P gqiz,a[l | q;,mq;u,?) +

(1a) (11) (12)
(qg? + q559s; 3)[(‘?;,1[:. Q10129125 + 475 8)[1 — Qe 91241 s 4ias

(11) (12)
(051095050 @izas + dran )11+ a52q38(1 — 83eass) (dBeBaa+a5e) (1— Giveo
d1211) [[:1 — 45129125 — q;,iaﬂa,e)[l ~ 41112 q;:,n) - [‘i’;,iz Fiogr] + 9513 q;a,n}
fﬁm: fﬂz,r}]
D,(s) = D,(s) is same as in availability analysis given by (2)
In steady state, number of visits per unit time is given by

o Rt Ny(0)
o (0) = lim — ~ Di(0)

Substituting values of ;s and ¥/ 5in N; (@) and Da(8)we get,
N,(0) =
@13y E;uﬂ [(*11 + 430 "11[1 - E;(":Ll + -’laj] Eu’a]] E;ulj Eul +4;) Euﬂ A1AyAs
[-’11 it *1: + Aaj (*11 % 11:] m: - '13]
and D, (03=2D;(0) is same as availability analysis which is given by (4)

9. PROFIT ANALYSIS
The expected uptime, downrtime of the system and busy period of the repairman in (0, t] is given
as:
e () = [ Ag(u)du
Han [tj =1- I"Lup (t:]
i, = [} Bo(wdu

So that
1ep (5) = A5 (s)/s
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M3, () = 1/5% — pip(s)

up(s) = By(s)/s

The expected profits incurred in (0, t] = expected total revenue in (0, t] - expected total repair
in (0, t] — expected cost of visits by repairman in (0, t]

Therefore, profit analysis of the system can be written as:

P, = KgAy —K By — KV

K, = Revenue per unit up time of the system,

K, = Cost per unit time for which the repair is busy,

K, = Cost per unit visits by the repairman.

10. GRAPHICAL STUDY OF THE SYSTEM MODEL

The behavior of MTSF, Availability and Profit analysis of the systemis studied graphically in
this section. To plot their graphs, the repair time distributions‘ef units A and B are also assumed
to be distributed exponentially with repair rate“@as #4.¥, and y; respectively. The graphs of
MTSF, availability and that of profit are depicted with respect to the different parameters. It is
observed that the MTSF, Availability and the profit analysis ofdhe system decreases uniformly

as the failure rates of the system increases irrespective of the other fixed parameters. However,
we note that MTSF, Availability ‘and the“profit,analysis increases with increasing repair rates.
Hence, it can be coneluded that the expected life of the system can be increased by decreasing
failure rate and inCreasing repair rate @f the unit which in turn will improve the reliability and
hence the effectiveness ofithe system.

In Fig 2, we plot MTSFW.rt. A, andfixed values of parameters 4,43, ¥1.% ¥ @q.a5. It is
observed that, MTSF of the system decreases w.r.t. 4, irrespective of the other parameters so we

conclude that expected life of the System increases with decreasing failure rate of unit. In Fig. 3,
it is observed that MiT SF of theisystem increases w.r.t. ¥y irrespective of the other parameters so

that we conclude that expected life of the system increases with increasing repair rate. In Fig.4,
we plot Profit w.r.t. Ay and fixed values of parametersd,, Az, ¥1. %2 ¥a @y, o, ky ke, koo It is

observed that Profit of the system decreases w.r.t. 4, irrespective of the other parameters so we

conclude that expected life of the system increases with decreasing failure rate of unit. In Fig 5,
we plot Profit w.rt. ¥; and fixed values of parameters 1,45, 45, ¥2 ¥ @y, c.kg, Ky, ky It is

observed that Profit of the system increases w.r.t. ¥; irrespective of the other parameters so we
conclude that expected life of the system increases with increasing repair rate of unit.
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BEHAVIOUR OF MTSF W.R.T. 4, FOR DIFFERENT VALUES OF 44,45, ¥1.¥%:, 13 @, @;

5.5

Ay =035 A4, = 0.28, 7, = 0.04y, =
— ;= 0.05,@, = 0.78,@, = 0.45

Ay =0.22, 4; = 0.38, ¥, = 0.07.3, = 0.05,
- ¥a = 0.03, @y = 0.68,m; =0.55

A = 0.27, Ay = 0.34, 15 = 0.087, = 0.06,

0.09,

Fig.2
BEHAVIOUR OFMTSF W.R.T. ; 'FOR DIFFERENT VALUES OF 4,45, 43,75 ¥,

445

— A;=0.35 4; = 0.28, ; = 0.44,3; = 0.09,
Y2 = 0.05,a; = 0.78,@; = 0.45
- A4 =0.22 4, =0.38 4; = 0.17.y; = 0.05
¥a = 0.03,a; = 0.68,; = 0.55
A = 0.27, A, = 0.34, d; = 0.58.), = 0.06.

w — MMNd w. — N RAE w_ — N BN

1
0.7 0.8 0.9

Fig.3
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BEHAVIOUR OF PROFIT W.R.T. 4; FOR DIFFERENT VALUES OF
flzﬂlsr'l’i,rh o ¥a, 0y, g, Ko by, e

700

— Ay =0.30, 4; = 0.55, 3, = 0.04,3; = 0.07, 3y = 0.02
@y = 0.97.@; = 0.23, k= 1000.k,; = 500,k, = 300.
— A1, =0.62 4; =0.47, ¥, = 0.07.3; = 0.05 y; = 0.03,
B @y = 0.67.a; = 0.33, k= 900k, = 200,k, = 100,
T A, =0.55 A; = 0.34 ¥, = 0.05,%; = 0.09, y; = 0.02

. —MAAE - —NMAT ko —BMNE. —1Ann ko — 5N
| | |

| |
0.2 0.3 0.4 0.5 0.6
A

1
Fig. 4
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BEHAVIOUR OF PROFIT W.R.T. 3, FOR DIFFERENT VALUES OF
A A Az Vs, Vs @05, kg, Ky kg

800
790
780
770
760
750
740 A, =014, 4, =017, 4; = 0.12,y; = 0.05, 35 = 0.08
@ = 0.37,@; = 0.23, ky = 1000, ky = 150,k, = 300,
730- A, =0.14, 4; =0.19, 4; = 0.14,);, = 0.05, 35 = 0.09,

@y = 0.27.@; = 0.20, ko = 900, k, = 100,ky = 200
720V A, =0.20, 4, =0.22, d; = 0.1Zy; = 0.07, y3 = 0.05

L T . noAan T Ara T ara T A

710 ! | ! ! ! !
0. 0.4 0.5 0.6 0.7 0.8 0.9

71
Fig.5

11. CONCLUDING REMARKS

It is observed that the MTSF decreases uniformly as the failure rates of the system increases
irrespective of the yother fixedwparameters. However, we note that MTSF increases with
increasing repair rates.,Thus, we can conclude that the expected life of the system can be
increased by increasing repair rate of the unit. Also, it is seen that profit analysis of the system
decreases as failure rate increases irrespective of the other parameters and increases with
increasing repair rate of the unit. Hence, it can be concluded that the expected life of the system
can be increased by decreasing failure rate and increasing repair rate of the unit which in turn
will improve the reliability and hence the effectiveness of the system.
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