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ABSTRACT - Present paper investigates a two-unit cold standby system with three accidental effects. On the failure of a unit, a
repairman comes to repair it. During its repair, an accident may take place which may or may not affect the repairman. If it affects, it
may be minor or major. Two models have been discussed. In Model 1, it is assumed that when the repairman gets minor injury with an
accident, he goes for treatment/rest for some time. After recovery, he comes back and resumes the repair. If major injury takes place,
another repairman is called to complete the repair. In Model 2, it is assumed that whenever minor or major accident takes place, another
repairman is called. In both the models, it is assumed that after accident the rest of the repair is done with more attention so that no
further accident takes place. Various measures of the system effectiveness are obtained by making use of semi-Markov processes and

regenerative point technique. Study through graphs is also made.

INTRODUCTION

Almost all the authors in the literature of the reliability have
discussed two-unit systems with the assumption, that no harm
takes place with the repairman while repairing a failed unit.
However, there may be situations when the repairman may meet
with an accident while repairing a failed unit. Bhatia, Taneja and
Kumar (1999) studied a two-unit system with the concept of
accident wherein it is assumed that if an accident takes place, it
harms the repairman in the sense that he remains no more able
to repair the unit. Then another repairman is called. However,
there may be situations when an accident takes place and it may
or may not affect the repairman. If it affects, it may be major or
minor.

The system is analysed by making use of semi-Markov process
and regenerative point technique. Various measures of system
effectiveness such as mean time to system failure (MTSF),
steady state availability, expected busy period of the repair
facility, expected number of visits by the repairmen, expected
number of major/minor accidents and expected profit earned by
the system are obtained. Graphs are plotted for a particular case.
Comparative study between the models is also made through
graphs.
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continuing from previous state after the
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continuing from previous state after accident.
failed unit under repair by another repairman
whenever repair is continuing from previous
state.

probability that a repairman completes the
repair of the unit without meeting with an
accident.

probability that accident takes places which
does not affect the repairman i.e. = (1-a)py,
where p; is the probability that accident does
not affect the repairman.

probability that accident occurs and it is minor
i.e. = (1 — a)py, where p; is the probability that
accident is minor.

probability that accident occurs and it is major
i.e. = (1 — a)ps, where p3 is the probability
that accident is major

failure rate of operative unit

p.d.f. and c.d.f. of repair time for Model i ; i =
1,2

MODEL 1

NOTATIONS

@) operative unit

cs cold standby unit

Fr failed unit under repair before accident.

Fra failed unit under repair after accident.

Fr, failed unit under repair of another repairman
after the accident

Fw failed unit waiting for repair

Fwa failed unit waiting for repair after the
occurrence of an accident

FR failed unit under repair when repair is
continuing from previous state.

FWa failed unit waiting for repair when repair is

In this model, it is assumed that when the repairman gets minor
injury due to an accident, he goes for treatment/rest for some
time. After recovery, he comes back and resumes the repair. If
major injury takes place, another repairman is called to complete
the repair. The state transition diagram for this model is shown
asin Fig. 1
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TRANSITION PROBABILITIES AND MEAN
SOJOURN TIMES
The epochs of entry into states 0, 1, 2, 3, 4, 9, 10 and 11
regeneration points and thus these are regenerative states. States
5,6,7,8,9, 10 and 11 are down states.

(Fwa,Fw)
Q Good state
D Down state
L4 Generative point
Fig. 1.1

The transition probabilities are
dQ,, (t)=Ae™dt

dQ,, (t)=ae™g, (t)dt
dQyy (t)=a[re™ g1]g, (1)
dQ,, (t)=bh,e™ g, (t)dt

dQ,(t)=b,e™g, )
dQ,, (t)=b,e™ g, (t)dt
dQ,(t)=nre™ )dt

dQy (t) = b[xe*” 1]g, (t)dt

dQi% (t)=b,[re™ o 1]g, (t)dt
de(t) [Xe*“ 1]g, (t)dt

dQ, (t)=e" g, (t)dt
dQ () =2e™ G, (t)dt
dQfy (1) =[re™ o1] g, (t)dt

dQye (t) =w(t)dt
dQy, (t) =g, (t)dt

The non zero elements pj; of the transition probability matrix for
the system are found out as Py = Isif?,qii (s)-

Mean sojourn times (111) in regenerative state i are

1 1-g; (A 1-g, (x
Hozx’ My = }t( )’ 2 = }i( )= 4
1-w (A <
Hg 7»( )’ “9:!; Gz(t)dtzun

W(t)dt

The unconditional mean time taken by the system to transit for
any regenerative state j, when it is counted from epoch of
entrance into the state is mathematically stated as

m; = jtinj(t) =—lim qij'(s)

s—0
Thus,
My = Ky
My + My, + My + My, +Myg =y
5 5 5 5

mlO + m12 + m13 + m14 + m](.Q) + mg.l)o + m](.].) + m](.,l)l = kl

(6) _
My + My =K,

My, + My =y =My + My,
Mg + My =g
ms, + m39 Ky =My,

My + m41 = kz =Mg =My,

k2 = _g; (O)i

MEAN TIME TO SYSTEM FAILURE

where

K =g (0) =" (0)

To determine the MTSF of the system, we regard the failed
states of the system as absorbing. By probabilistic arguments,
we have

9o (1) = Qu: (1)(s)
91 (1) = Qs (1) (s)

+Qu3 (t)
9, (1) =Qx (t)(s

¢ (1)

9o (1) + Q2 () ()4, (1)

$) 03 (1) +Qua (1)(5) s (1) +Qus ()
(

(
)¢o t)+Q26( )
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s (t) =Qy, (t)(s)¢2 (t)+ Qq (t)
4 (t) =Qy (t)(s)¢0 (t) +Qu (t)

Taking Laplace Stieltjes transform of these equations and
solving them for ¢y (s), The mean time to system failure
(MTSF) when the system starts from state O is

im % () N

540 S D

where
N=p,+p,+u, (plz + P13Ps; + Pag )+ H3Pis
and
D=1- PraPao =Py —

P12P2 — P13P2oPs;

AVAILABILITY ANALYSIS
Using the arguments of the theory of regenerative process, the

availability Ai(t) is seen to satisfy the following recursive
relations:

Ao (1) =M, ( )+q01(t)©A1(t)

A (1) =M, (t)+ay (t)©Ao (t)+0 (t)©A2 (t)
+q13(t)©A3(t)+q14 (t)©A4 (t)
+5 (1) o As (1)+0% (1) o Auw (1)
+qgi)1(t)©An(t)+qgi)(t)©A1(t)

A, (1) =M, (1) + 05 (1) g A (1) +05 (1) o A (1)

A (1) =M, (1) +05 (1) o A, (1) +05 (1) g A (1)

Ay (1) =M, (1)+Qu (1) o Ao (1) +0i (1) g AL (1)

A (1) =q9,1(t)©A1(t)

Ay (1) =q10,9(t)©A9(t)

Ay (1) =0, (D) g A(t)

where

M, (t)=e™ M, (t)=e™G,(t)

M, (t)=e™ G, (t), M,(t)=e™ W(t)

M, (t)=e™ G, (t)

Taking Laplace transform of these equations and solving them

for A;(0) the steady state availability of the system is given by

Ao

A, =limA; (s )=%
1

s—0

where
N, =, |:1_ p13p(2?p32 - pﬁ) - p(zel)plz - p14p5tsl) - pﬁ)l]
+U U, (plz + Py + P13Ps2 ) + 1Py

and
D, = Ho [P1o + P1aPao + Pr2Pao + PisPooPs |

+k1 + kz (1_ pﬁ) —Pio ) + ka (p13 + pﬁ)o)
The other measures of the system effectiveness have been

obtained in the similar fashion;
The total fraction of time for which the system is under repair.

B, = lim[s B ()] - 1

D,
where
N, =k, +k, (1_ P1o —Pfl))
and D, is already specified.

In steady state, the number of visit per unit time is given by

v, N

1
where Ny = pyg + Py, + PL2: + Puabao + P1oPo + P1sPooPn
and D, is already specified.

EXPECTED NUMBER OF MAJOR ACCIDENTS

We define MJj(t) as the expected number of major
accidents in (0, t] given that the system initially starts from
regenerative state i. By probabilistic arguments, we have the
following recursive relations:

Jo(t)onl( )( )M‘] ( )

MJ, (t) = Qo () (s)MJ, (1) +Qp, (1)() MI, (1)
+Qus (1) ()M (1) + Qu () (5) [1+ MJ, )]
+Qf7 (t)(s)MJy(t )+Q110( )(s)MI, (1)
+QI (1) (5)[1+ My, (1) ]+ QL (1) (s) M, (1)
MJ, (t) = Qp (£)(5)MJ, (1) + Q% (1) (s) M, (1)
MU, (1) = Q, () (s)MJ, (1) + QL) (1)(s) M, (1)
MJ, (t) = Qq (£)(5)MJ, (1) + Q% (1) (s)MJ, (1)
MJ, (1) = Qq, (1)(s) M, (1)

MJn(t)sz( )( )MJl(t)
Taking Laplace-Stieltjes transform of these equations and
solving them for M’ (s).

In steady state, the number of major accidents per unit time is
given by

-t M)

tow t
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—Ilm[s MJy (s )Jz';—i

s—0
where

N, =py+ p](.i)l
and D, is already specified.

EXPECTED NUMBER OF MINOR ACCIDENTS

We define MN;(t) as the expected number of minor accidents in
(0, t], given that the system initially starts from regenerative
state i. By probabilistic arguments, we have the following
recursive relations:

N () = Qu: (t)(s) MN ()
MN, (t) = Qyo (t)(s)MN, (t) + Qs (1) (s) MN, (1)
+Qys (1) (s)(1+ MN, (1))
N, (t)+Qi5' (1)(5)MN (t)
+Qi% (1)(s) (1+ MNy (1))
+Qf (t)(s)MNu( ) +QY (t)(s) (1)

Q
+Qé? t
Q

MNn(t)lem )( )MNl(t)
Taking Laplace-Stieltjes transform of above equations and
solving them for MN{’ (s).

In steady state, the number of minor accidents per unit time is
given by

where
N, =p, +p"
5 p13 pl,lO
and D, is already specified.

COST-BENEFIT ANALYSIS

In Steady state, the profit is given by

P, =C,A,-CB,-C,V,-C,MN, -C,MJ,

where

C, = revenue per unit uptime of the system.

C, = cost per unit time for which the system is under repair
C, = cost per visit by the repairman

C3 = cost per minor accident
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C,4 = cost per major accident.

GRAPHICAL STUDY

Let us assume that the repair rate and waiting rate are
exponentially distributed as under:

g, ()=0e™,  w(t)=pe™
g (t)=ye™

The behaviour of the MTSF and the profit with respect
to failure rate () for different values of repair rate (o) is

shown as in Figs. 1.3 and 1.4 respectively. It is clear from the
graphs that as failure rate increases, the values of the MTSF and
the profit both decrease but increase with increase in repair rate

(@)

Figs. 1.5 and 1.6 show the behaviour of the MTSF and the profit
respectively with respect to probability that accident does not
take place (a) for variation in waiting rate ([3) It is interpreted

from the graphs that the values of the MTSF and the profit
increase with increase in probability (a) and also with increase
in waiting rate.

Graph between the MTSF versus probability that accident does
not affect the repairman (p,) for different values of repair rate
(y)is shown as in Fig. 1.7. It can be seen from the graph that

the MTSF remains same irrespective of the values of p;.
However, it increases with the increase in repair rate (y). The

reason behind the value of the MTSF remaining constant with
respect to p; is that the operation time is not affected whether
the accident harms the repairman or not.

Fig. 1.8 shows the behaviour of the profit with respect to
probability (p,) for different values of repair rate (y) It is clear

from the graph that profit increases with the increase in p; and
also with the increase in y . The profit increases with increase in

p: because if the accident does not harm the repairman then no
other repairman is called and hence number of visits does not
increase as a result of which cost decreases with the increase in
p:. That is why the profit increases with increase in p;.
MODEL 2

In this model, another repairman is called immediately
whenever an accident affects the repairman, no matter whether it
is minor or major. The state transition diagram for the model is
shown as in Fig. 1.2
Transition Probabilities and Mean Sojourn Times

The transition probabilities are

dQ,, (t)=Ae Mdt
dQ,, (t)=ae™g,(t)dt
dQly (t)=a[re™ g1]dt

(
dQi7 (t)=b,[re™ o 1]g, (t)dt
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( bg)[Xe’“ ©1}gl (t)dt
b,e g, (t)dt
( 2er e’ g, (t)dt
G (0ot
e g, (t)dt
t)=[re™ o1]g, (t)dt

dQg (
dQ, (t)=2e™ G, (t)dt
dQs, (t) =e™ 9> (t)dt

dQg, (t) =0, (t)dt

(Fra,o0) (Fra,Fw)
bigi(t)

(0,c8) 4 (FR,Fw)

T (batb3)g: (1)

(Fry,0) (FR,,Fw) (Fry,Fw)
Q Good state
Down state
Py Regenerative point
Fig. 1.2

The non-zero elements pj; of the transition probability matrix for
the system are found out as p; = limg;(s).
S

The mean sojourn time in state i, its value for various states are
obtained by using the formula.

wy = [Pr[T, > t]dt-
0

Hence,

M7 =Hg :IGz(t) dt
0

The unconditional mean time taken by the system to transit for
any regenerative state j, when it (time) is counted from the
epoch of entrance into the state i, is mathematically states as

m; = Itd Q;(t)
0
Thus

My, =K,

My + My, + My + My =1y

My, + My, + My + m](.].) + m§7) + m18 - _91 ( ) k1 (SaY)
My, +Mys =y

My, + m(zsl) = _g; (0) =
Mg, + m(ael) =k,

Mgy + Mg = Ly

m,, =mg =k,

k, (say)

MEAN TIME TO SYSTEM FAILURE

o (1)(s) (1)

10 (1)(8)o (1) + Qs (1) (8) 92 (1)
+Qu3 (1) (3) s (1) +Qua (1)

9, (1) = Qz (1)(5) o (1) + Qzs (1)

95 (1) = Qao (t)(8) b (1) + Qa5 (1)

Taking Laplace-Stieltjes transform of above equations and
solving them for ¢ (s) .
The MTSF when the system starts from state 0, is

1-d (s
T, i ) ()N
s—0 S D
where
N =g + 1y + 1Py, + Pishls
and

=1- (plo +P12P2 + Pi3sPso )
AVAILABILITY ANALYSIS

Using the arguments of the theory of regenerative processes, the
availability Ai(t) is seen to satisfy the following recursive
relations:

A, (t) =M, (t)+q01(t)©A1(t)
A (t) =M, (t)+0ay, (t)©A0 (t)+0y (t)©A3 (t)
+q§‘7‘) (t)©A7 (t)+qg) (t)©A8 (t)
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A, (1) =M, (1) + 05 (1) g Ao (1) +05) (1) o As (1)
Aq (1) =My (1) + 0z (1) o Ao (1) +05 (1) o AL (1)
A, (1) =q71(t)©A1(t)
Ag(t)= qgl(t)©A1(t)

M, (t)=e™ M, (t)=e"G,(t)

M,(t)=e™G,(t), M;(t)=e7G,(t)

Now taking Laplace-Stieltjes transform of above equations and
solving them for A{(s)

The steady state availability is given by

. . N

A, =lims A (s)=—

0 s—0 0( ) D1
where

N, =, (1_ pﬁ) - plzp(zsl) - p13p(361) - Pg) - pﬁ) ) U U, (plz + p13)
and

Dy = 1o (Pio + PuaPio + PisPao) + Ky + Ky Pz + g + P15 + 15 )
The total fraction of the time for which the system is under
repair is given by

B, = ISLrTJ(S B, (s))z N,

1
where N, =k, +k; (p12 TP+ pg) + pg))

and D, is already specified.
The number of visits per unit time of the expert repairman is
given by

. - N
Vo =lim s\ (s)==3

1
where N, =1- pﬁ) - pﬁ) - plzp(zsl) + P1sPso
and D, is already specified.

EXPECTED NUMBER OF MAJOR/MINOR ACCIDENTS

MA, (1) = do: (1) (s) MA, (1)
MA (1) = o (£)(S) MA, (1) + 0y, (1) () MA, (1)
+Q13 (t)(s)[1+ MA ( )]

) (S)MA, (1)
o(t)+q(§3(t

+qi) (t

(s
(s

)(s)M ()
)(s)MA, (t)

MA, (1) = Gg, (1) (S)MA, (1)
Taking Laplace-Stieltjes transform of these equations and
solving them for MA{ (s).

In steady state,
MA, =lim sMA] (s) = N,
s—0 D1
where

N, =p;+ pg)
and D, is already specified.

COST-BENEFIT ANALYSIS

In steady state, the profit of the system is given by
P,=C,A,-C,B,—-C,V,-C,MA,

where

Co= revenue per unit uptime of the system.

C,=  the cost per unit time for which the repairman is
engaged in repairing the system under repair

C,=  the cost per visit by the repairman

C; = the average cost per major/minor accident
GRAPHICAL STUDY

Let us assume that the repair times follow exponential
distribution i.e.

0. (t)=ae™, g,(t)=y e
The behaviour of the MTSF and the profit with respect to failure
rate (i) for different values of repair rate () is shown as in

Figs. 1.9 and 1.10 respectively. It is clear from the graphs that as
failure rate increases, the value of MTSF and the profit both
decrease but increase with increase in repair rate (a) .

Graph between the MTSF versus probability that accident does
not affect the repair (p,) for different values of repair rate (y) is

shown as in Fig. 1.11. It can be seen from the graph that the
MTSF remains same irrespective of the values of p;. However,
it increases with the increase in repair rate (y). The reason

behind the value of the MTSF remaining constant with respect
to p; is that the operation time is not affected whether the
accident harms the repairman or not since if the accident does
not harm the repairman, the same repairman does the rest of the
repair and if the accident harms the repairman, another
repairman comes to do the rest of the repair.

Fig. 1.12 shows the behaviour of the profit with respect to
probability (p,) for different values of repair rate (y) It is clear

from the graph that the profit increases with the increase in p;
and also with the increase in y. The profit increase with

increase in p; because if the accident does not harm the
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repairman then no other repairman is called and hence number
of visits does not increase as a result of which cost decreases
with the increase in p;. That is why the profit increases with
increase in py.

COMPARISON BETWEEN MODEL 1 AND MODEL 2

We can observe from fig. 1.7 and 1.11 that the MTSF in case of
Model 1 is greater than that of Model 2, whatever the value of
waiting rate (B) is. Hence, if cost factor is not taken into

account then Model 1 is better than Model 2.

However, if cost factor is taken into consideration then either of
the models may be better than the other depending upon the
value of waiting rate (B). Fig. 1.13 depicts the difference of

profits (P, — P,) with respect to cost per visit (C,) for different
values of waiting rate ([3) The difference P, — P, increases with

the increase in C, since profit (P;) increases more rapidly than
profit (P,) with the increase in C,. This is because the number of
visits in Model 1 is lesser than that in case of Model 2. We
further conclude the following from Fig. 1.13.

Q) P, — P, increases as the waiting rate () increases.

(i) If B =5 P;—P,<0o0r = 0accordingas C,<750r >
75. So, for this case Model 1 is better than Model 2 if
C, < 75. Both the models are equally good if C, = 75.

(iii) If B =10, P, —P,<0or = 0according as C, < 69 or
> 69. So, for this case Model 1 is better than Model 2
if C, > 69 whereas Model 2 is better than Model 1 if C,
< 69. Both the models are equally good if C, = 69.

(iv) If B =20,P;—P,<0or = according as C, < 61 or >
61. So, for this case Model 1 is better than Model 2 if
C, > 61 whereas Model 2 is better than Model 1 if C, <
61. Both the models are equally good if C, = 61.

MTSF Versus FAILURE RATE (1) FOR DIFFERENT VALUES OF
REPAIR RATE (o)

90 —e—a=1
80 a2 b,=0.1, b=0.2, by=0.2, a=0.5, B=5, v=1,

MTSF
o
<]

0.1 0.15 0.2 0.25 03 0.35 0.4
Failure Rate (»)

Figure 1.3

PROFIT Versus FAILURE RATE (1) FOR DIFFERENT VALUES OF REPAIR

MTSF

Profit

RATE (a)

1050

1000 b;=0.1, b=0.2, b3=0.2, a=0.5, B=5, y=1,
Co=1000, C,=50, C,=25, C5=10, C,=30

950

900

850

Profit

800

750

700

650

600

01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 09 095
Failure rate (1)

Figure 1.4

MTSF Versus PROBABILITY (a) FOR DIFFERENT VALUES OF
WAITING RATE (B)

37

3es | |7*B=5
b,=0.2, b,=0.2, 4=0.8, 0=2, y=1
36

3.55

35

345
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335
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0.1 0.130.150.18 0.2 023 0.25 0.28 0.3 0.33 0.350.38 0.4 0.43 0.45 0.43 0.5 0.53 0.55 0.58 0.6
Probability (a)

Figure 1.5

PROFIT Versus PROBABILITY (a) FOR DIFFERENT VALUES OF
WAITING RATE (p)

770
765 £.20.2. b,=0.2, A=0.8, a=2, =1,
C-=1000, C;=50, C,=25, C=10, C,=30
760
755

750

745

740

735
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0.3 0.325 035 0375 04 0425 045 0475 05 0525 055 0575 06

Probability (a)

Figure 1.6
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MTSF versus PROBABILITY (p,) FOR DIFFERENT VALUES OF
REPAIR RATE (y)

Profit

55

5
45

4 v a=0.5, p,=0.2, =0.8, ¢=2, p=5

—-—y2
—a—y=

35
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Probability (py)
Figure 1.7
PROFIT versus PROBABILITY (p,) FOR DIFFERENT VALUES OF
REPAIR RATE (y)
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Figure 1.8

MTSF versus FAILURE RATE () FOR DIFFERENT VALUES OF
REPAIR RATE(a)
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Figure 1.9
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PROFIT versus FAILURE RATE (1) FOR DIFFERENT VALUES OF REPAIR
RATE(a)
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MTSF versus PROBABILITY(p,) FOR DIFFERENT VALUES OF
REPAIR RATE (y)
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Figure 1.11

PROFIT versus PROBABILITY(p,) FOR DIFFERENT VALUES OF
REPAIR RATE (y)
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DIFFERENCE OF PROFITS (P,-P,) versus COST PER VISIT (C,) FOR
DIFFERENT VALUES OF WAITING RATE (B)
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