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A TWO-UNIT STANDBY SYSTEM WITH REGULAR REPAIRMAN AND
WAITING TIME OF SKILLED REPAIRMAN
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ABSTRACT: The paper deals with a stochastic behavior of a two-identical unit cold standby system model
assuming the two modes of a unit. Two repairmen are considered to repair a failed unit. One is regular repairman
who is always available with the system and other is skilled repairman who is arranged from the outside. The skilled
repairman takes some significant time to reach at the system. As soon as a unit fails, it is attended immediately by
regular repairman, who is able to complete the repair of the failed unit within a specified time limit with probability
p, otherwise with probability q the skilled repairman is intimated to reach at the system in order to complete the
repair of the failed unit. The system model is analyzed by using regenerative point technique in order to

obtainvarious measures of systemeffectiveness.
Keywords: Regenerative point, reliability, MTSF, availability, busy period of repairman, net expected profit.
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1. INTRODUCTION

It is obvious that a unit/system is composed of a number of components/elements and to
achieve high reliability of the unit/system; we have to use high reliable components/elements. In
many cases when it is not possible to produce such type of components/elements, we can
increase the unit/system reliability by incorporating the redundancies of the corresponding

components/elements. The another way to increase the reliability of the system is repair
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maintenance. Various authors [1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] have analyzed the reparable
redundant system models by using the various concepts of repair such as two-phase repair, repair
and post-repair, repair machine failure, poor and good physical conditions of repairman, random
appearance and disappearance of repairman, rest period of repairman, preparation time for repair,
waiting time of repairman, patience time of repairman etc. In most of the studies it is considered
that only one repairman remains busy at a time. V. Goyal and K. Murari [2] analyzed a two-
identical unit standby system model considering two types of repairmen- regular and expert. The
regular repairman is always available with the system whereas expert repairman can be made
available from the outside instantaneously. They further assumed that the failed unit is
immediately attended by the regular repairman and if he is unable to repair it during prescribe
time limit (patience time), the failed unit is attended by the expert repairman who is
instantaneously available. They have assumed that once the expert repairman starts the repair of
a failed unit, he repairs the all the units that fail during his stay at the system and then no failure
unit is attended by the regular repairman. This assumption of Goyal and Murari seems to be

unrealistic.

In present paper we analyze a two-identical unit standby system model considering two
types of repairmen- regular and skilled. Regular repairman is always available with the system
and skilled repairman is arranged from the outside who takes some significant time to reach at
the system.The following economic related measures of system effectiveness have been obtained

by using regenerative point technique-

1. Transition probabilities and mean sojourn times in various states.
ii. Reliability and Mean time to system failure.
iii. Point-wise and steady-state availabilities of the system as well as expected up time of the
system during time interval (0, t).
iv. Expected busy period of each repairmen during time interval (0, t).

V. Net expected profit in time interval (0, t) and in steady-state.
2. MODEL DESCRIPTION AND ASSUMPTIONS

i. The system comprises of two identical units. Initially, one unitis operative and other is kept
into cold standby.
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Each unit of the system has two modes- normal (N) and total failure (F).

ili. Two repairmen are considered to repair a failed unit. One is regular repairman who is

always available with the system and other is skilled repairman who is arranged from the
outside who takes some significant time to reach at the system.

As soon as an unit fails, it is attended immediately by regular repairman who is able to
complete the repair of the failed unit within specified time limit with probability p.
Otherwise, with probability g the skilled repairman is intimated to reach at the system in
order to complete the repair of failed unit. The failed unit waits for skilled repairman till he
arrives at the system.

The skilled repairman completes the repair of the failed unit with certainty.

The failure time distribution of an operating unit, waiting and repair time of skilled
repairman are taken exponential with different parameters whereas the repair time
distribution of regular repairman is taken general.

Each repaired unit works as good as new.

3. NOTATIONS AND STATES OF THE SYSTEM

a) Notations:

E : Setof regenerative states i.e. S,to S, and S,t0 S,

a Constant failure rate of an operating unit.

B Constant repair rate of a skilled repairman.

A Constant rate of arrived of a skilled repairman.
G(').9(") Cdf and pdf of repair time of aregular repairman within specified limit.
p=(1-q) : The probability that the regular repairman is able to repair of a failed unit

during his prescribe limit.
q;() - Pdf of transition time from state s; toS;.
p;j - Steady state probability that the system transits from state s;to S;.
y; . Mean sojourn time in states,

n . Mean repair time of totally failed unit= '[th(t)
0
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*~ . Symbols for Laplace and Laplace-Stieltjes transforms.

b) Symbols for the states of the systems:

N,,N; : Unitisinnormal (N) mode and operative/standby.
F.,F, : Unit is in total failure (F) mode and under repair for regular/skilled
repairman.
Fu Fue - Unitisin total failure mode and waiting for regular/skilled repairman.
A,NA : Skilled repairman is available/not available.
TRANSITION DIAGRAM
S, a S,
Fr1'NO Frl 'FW1
PGO)
PGO) aGO) aGO)
S S, a Sg aG() S,
B No,Ng E,2No [ Foao By Fo2Fez
M o LM NA
A A A
p
F NO = [ Fr2 ’ Frl qG() F FWZ
A A A
Sy PG I Se Sg
B
O : Up State I:l: Failed State L] Regenerative Point X Non-regenerative Point
Fig.1

Using these symbols and keeping in view the assumptions stated in section-2, the
possible states of the system are shown in transition diagram (Fig. 1). The epochs of transitions

into the states s, from s, S, from S, and s, from S, are non-regenerative while all the other

entrance epochs into the states are regenerative.

4. TRANSITION PROBABILITIES

Let X(t) be the state of the system at epoch t, then {X(t);t>0} constitutes a continuous

parametric Markov-Chain with state space E. The transition probability matrix of the embedded
Markov-Chain is
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Poo Po1 Po2 Poa Pos Pos Po7 Pos
P10 pﬁ) P12 P14 pg) Pis P17 Pis
P2o P21 P22 P24 P2s Pos P27 Pos
b_ Pa4o P41 P42 P44 Pa4s Pss Pa7 Pus
pg%l) pt('ﬁ'l’s) Pso + pg(;,l) p(si) p(sg,l,s) Pse Ps7 pg68)
pgslg pgslf) pgslz) Pea pglés) Pes Pe7 Pes
P70 P71 P72 P74 P75 Pze P77 Prs
| Pso Ps1 Ps2 Ps4 Pss Pse Pgz Pss |
With non-zero elements-
Pu=1,  Pu=pG(a), Pp=0G(a), pf=pL-G(a), pd=a{1-G(a)}
A o B o =
= = = y = f = G 7\.
P24 (k+a)' Pos (l+a)’ Pao (OL+B) Pas (OL+B) Pso =P ( )
- Ao~ - Ao~ -
b =a6(1). 6 =606 o - {6m)-6 )
(61) _ pAB = = =
plSY — A—B)G ()= (A —a)G(B)+(B-a)G (1
e (PG ) ()5 (3-)5(0)
(61 grB = = =
pleh — A—B)G(a)=(A—a)G(B)+(B-a)G (A
52 (K—a)(K—B)(B—OC){( ) ( ) ( ) ( ) ( ) ( )}

(61113)_L -G(a _[)7\,—(1 -G +LB A
R e e G T e Ll e ey Ll

(613) _ aqrp & () - gia A N qo &
Pss _—(x—a)(g_a){l G (o)} —(%—B)(B—a){l G(p)} —(x—a)(x_ﬁ){l G(n)}

P =pG(B). P =0G(P). b= (6(a)-6(B)} ol =T (G (c)-G(B)

i =5 2o p-Gle)—afi-6B)]. Pl =52 [B-G (o)}~ i-G(B)]]

Prg =1, Pgs =1 (1-25)
The other elements of t. p. m. will be zero.
It can be easily verified that

3 3
Po1 =P7g =Pgs =1, Pg + P12 + pgl) + pgs) =1, Pos +Pos =1
6 6 6,1 6,1 6,1,3 6,1,3
Pao +Pas =1, Pz + P57 + P +plg) + P + Y +pletY +plet =1
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Pos + Pss + Py + D3 +Pb;) +ple” =1 (26-31)

5. MEAN SOJOURN TIMES

The mean sojourn time ; in state S; is defined as the expected time taken by the
system in state S; before transiting into any other state. If random variable U; denotes the

sojourn time in state S, then
0

Therefore, its values for various regenerative states are as follows:

. 1 _ {1—@(0()} B 1 B 1
‘Vo—ay Wl_Ta Wz_—(a+k)’ W4_(0L+|3)
_ =601 _i-G() 1 1
Vs ” , Ve = 5 : V7= Vg :B (32-39)

6. ANALYSIS OF CHARACTERISTICS

a) Reliability of the system and MTSF

Let R;(t) be the probability that the system is operative during (0, t) given that at t=0
system starts fromS; e E. To obtain it we assume the failed statesS;, Sq, S;andS, as absorbing.
By simple probabilistic arguments, the value of R (t) in terms of its Laplace Transform (L.T.) is

given by

Ry (5) -~ (s) (40)

N, (S) = Zg + 00y Z; +Ugu0inZ5 +Ug:012054 25
D; (s) =1—05;0010 — 61012054040
and

Z/(i=0,1,2,4)arethe L. T. of

Z, (t):e—ott' Zl(t):e—até(t)’ Z, (t):e_((“'}”)t’ Z4(t)=e—(a+[3)t
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Taking the Inverse Laplace Transform of (40), one can get the reliability of the system when it

starts from state s, .

The MTSF is given by
E(To)szo(t)dt:”nng(S)zNl/Dl (41)
0 s—

Where,
N; =Wo + Wy +ProWo +PraPogWa

Dy =1-P1g —P12P24P 40
b) Availability Analysis
Let A;(t)be the probability that the system is operative at epoch t, when it initially starts

froms, e E. Using the regenerative point technique and the tools of L. T., one can obtain the

value Ay (t) interms of its L.T. Ag(s).

The steady-state availability of the system is given by

A= !i_r)rasAB (s)=N,/D, (42)
Where,

(6.13) (6.1

N, = [(l_ pﬁ) )<(1_ Pss ){1_ Pass (pe4 + Peg ) - p24p46p5512)} - (psz + Ps; )){pz4p4ep(elés)
+Pzs (1 Pug (Pos + Pes)} ~Pas Py + P + P& ) (P + PP ) = (cpes + PEY
13

{pAG Pe1 ) (p57 + p(si) + pf;? ) + pgﬁ'm) (1— Pas (Psas + Pgs ))} ~P24Pss <pgi’l’3) (p12 pg’f) - pg)pélz))

427 bz (1-PE) + P (P + P15 )}ﬂwo | (1= PE )= Pas (P + Pic)
~P24Pas pglz)} - (psz + pg;l) ) {p24 Pas pgés) +P2s (1_ Pas (Pes + Pes ))} ~Pas (p57 + péi) + pé?)
(e -+ pllpzs) v + (1 Pas (Pos + Pis)){Prz (1= P2 ) + 2 (g + SV )}

PP+ + P ) (PraPle” ~ P ) [ +| P fpua (1) P (P + 12

+(par + P + P2 ) (PecPas + P2 ) [ +| P2 + PrcPis — Pas (Pos + Pes)(PrcPes + P2 )
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13) , (Q)H"B{(}‘_B)Wl_(}‘_“)\l’e+(B_°‘)‘V5}}+( p

: 3)
+p24p46(p12p65 + P15 Pez (X—OL)(X_B)(B_OL) [3—0c)

[pz4p45 {p12 (1— pgg’lﬁ) ) + pg) (psz + pgg,l) )} + Pys (p57 + pg;i) + pgg) )(p12p25 + pg) )}(\Vl ~Vs)
and

D, = (1P (1~ P2 ) {1 Puo (Pos + Poo )~ PasPicPd | (Pez + P5” ) {PacpicPls

+0ys5 (1_ Pas (Pes + Peg ))} —Pss (p57 + pgi) + pgg) )(p(elé3) + pgslz)pzs )> - (p12p25 + pg))

(613)

+Ps; &

(1— Pas (p64 + Pes ))} —P24Pss <p£—,i'l’3) (plzpsé (? G

9 ) pe)

{p46p2311‘3) (p57 + P54 + Psg

+p (P (1~ )+ P (P + P )}ﬂwo +| (1= P ) {1 Pas (Pos + Pro)

—p24p46pgz)} - (psz + pg;l) ){p24p46p£315’3) +Pa2s (1_ Pas (Pes + Pes ))} ~Ps (p57 + pgi) + pgg))

(e + PiZzs ) |+ [ (L Pas (o + Pes) P (1 PE™ ) P2 (g + PES” )|
P P+ + P ) (PraPle” ~ 0 ) [ +| Pae fpua (1P P (P + 5
+{(pg + P2+ P ) (Puapas + P2 ) [ + (14207 + P )| P (pocple” + PP

(6.L3)

pg) + P12P25 —Pas (p64 + Pes )(p12p25 + pg? )] N+ Py (1+ Pea )|:p24 {plz (1_ Pss )

+p§? (p52 + p(sg’l) )} + (p57 + p(si) + pges) )(plZ Pos + pg? )} n (43)

The expected up (operative) time of the systemduring (0, t) is given by

t

Hup (t)ZIAO(u)dU (44)
0
So that
typ () =Ag (s)/s (45)

c) Busy Period Analysis

Let B{(t)and Bj(t) be the respective probabilities that the regular and skilled repairmen

are busy in the repair of a totally failed unitat epoch t, when the system initially starts operation
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from state s, € E . Using the regenerative point technique and the tools of L. T., one can obtain the

values of above two probabilities in terms of their L.T. i.e. B{"(s) and B;"(s).

The steady state results for the above two probabilities are given by

B} =1imsB{ (s) = Na/D, (46)
Similarly,
B = Iirrgng* (s)=N,/D, (47)
s—>

Where,

N3 =n [(1— pgg'l's)){l— Pas (Pss +Peg) p24p4ep(612)} - (psz + p(sgl) ){p24p46p2515§3)

+P2s (l_ Pa6 (Pos + Pes ))} ~Pas (p57 + pg—,i) + pgg) )(pglés) + pgslz)pzs)

(13)

+p§2) + P12P25 T P24Pss (p12p6153 + pg)p(elz) ) —Pas (p64 + p68)(p12p25 + p§§,))

+P24P46 {p12 (1— pges,l,s) ) + pg) (psz + pgez,l) )} +Pas (p57 + pgi) + pgeg) )(p12p25 + pg) )}

Na =| Paspas (Prapls” PP )+ (Props + L2 ) (L Puo (Pos + Pas )} | (n = )+ Pus [P

{plz (1— pgg,l,s) ) + pg? (psz + pgg,l) )} + (p57 + pgi) + pé? )(p12p25 + pg) )}(n ~Ve)
and D, is same as expressed by equation (28).

The expected busy period of regular and skilled repairmen in repair of a totally failed unit

during time interval (0,t) are respectively given by

up (1) = [ B (u)du and up (1) = [ B (u)du (48-49)
0 0
So that,
ug (s) =By (s)/s and u(s) =B (s)/s (50-51)

7. COST BENEFIT ANALYSIS

We are now in the position to obtain the profit function by considering mean up time of
the system during (0, t), expected busy period of regular and skilled repairmen in repair of a

totally failed unit during (0, t).
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Let us suppose

K, =revenue per-unit time by the system when it is operative.

K, =cost per-unit time when the regular repairman is busy in repair of a totallyfailed unit.

K, =cost per-unit time when the skilled repairman is busy in repair ofa totally failed unit.
Now, the net expected profit incurred in time interval (0, t) is given by-

Po(t)= Kokup (1) = Kapp (1) — Koy () (52)
The expected profit per-unit time in steady state is

Py = lim Py (t)/t = lims?P; (s)
=KAo —KiBj — KBy (53)

8. CASE STUDIES

The system model has wide applicability for various form of p.d.f.s of repair time of a
regular repairman. As an illustration, we consider the following two cases to obtain the measures

of system effectiveness obtained in earlier sections.

Case 1:When the repair time of a regular repairman followslInverse Gaussian distribution

with p.d.f. as given below-

~(t-0)*/20%t t>p

1
t)=——>e
g(t) J2nt??
The Laplace Transform of above density function and Laplace Stieltjes Transform of

corresponding c.d.f.’s is given by-
. (S) & (S) _ e{l— (1+250 )}/e

Hereé(s) is the Laplace Stieltjes Transform of the c.d.f. G(t)corresponding to the p.d.f.

In view of above we have the following changesin results (2-5), (10-23), (33), and (36-
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{17 (1+2a62)} /e |

Pio =pe
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The values of n will be as follows-
n=0

Case I1: When the repair time of a regular repairman follows exponential distribution
with p.d.f.s as follows-

g(t)=6e™
The Laplace Transform of above density function is as given below.

9°(s)=G(s)=0/(s+0)

Here G(s)is the Laplace-Stieltjes Transform of the c.d.f. G(t)corresponding to the p.d.f.
9(t).

In view of above the changed values of transition probabilities, mean sojourn times

andthe value of n are given below-

p§§)=q{1—%}, p52=pe%, Psf%%’

péi)=p(xfﬁ){efﬁ—efx] pg?zq(xﬁg){eis_eix}
o83 _ (x_a)(ﬁ%)(g—a){(k_ﬁ)efa —(x—a)eT%ﬂB—a)e%}
e (o el T M G e

P :(x—j?(%—a)[l_efa}(x—g)k(ol;—a)[l_eiﬁy(%—s;(i—ﬁ){l_em

o619 QAP {1_ 0 }_ g [1— 0 } qoB [1_ 0 }
® (-a)B-a) 8+ral (A-B)B-a) 6+B] (A-a)R-B) 6+A
6 _ 6 o _ B G
Pes =P g Pos =915 Peo p(B—a){OJra ew}

W_q_B 6 6 w)__ P B G P
pez_q(B—a){eﬁLoc 9+B}’ Pt (B—oc){ﬁ{l 9+oc} a{l 9+BH
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:l{l_ } _1[1_L} R P
A | Vs Tl e Ve T8 o+

9. GRAPHICAL REPRESENTATION AND CONCLUSIONS

The curves for MTSF and profit function are drawn for two particular cases | and Il in
respect of different parameters. In case-l, when repair time of regular repairman follows
Inverse GaussianDistribution, Figs. 2 and 3 depict the variations in MTSF and profit function
with respect to failure parameter of an operating unito for different value of waiting time of
skilled repairman 2 and repair time of a regular repairman 6. We may clearly observe from
Fig.2 that MTSF decreases uniformly as the values of o increase. It also reveals that MTSF

increases with the increase in A and decreases with the increase ino.

Similarly, Fig. 3, reveals the variation in profit with respect to o for varying values of A
and 6 when the values of other parameters are kept fix as p=5, K,=300, K;=200 and K,=300.
From this Figure it is clearly observed from dotted curves that system is profitable only if o is
less than 0.235, 0.242 and 0.255 for A =0.02, 0.04 and 0.06respectively for fixed value of 6=5
and from smooth curves we conclude that system is profitable only if o is less than 0.14, 0.145
and 0.15 for 1 =0.02, 0.04 and 0.06 respectively for fixed value of 6=8.

In case-11, when repair time of regular repairman follows exponential distribution,
Figs. 4 and 5 depict the variations in MTSF and profit function with respect to failure parameter
o for different values of A and 6. We may clearly reveal from Fig.4 that MTSF decreases as the
values of o increase. It is also pointed out that MTSF increases with the increase in A and

increases with the increase in 9.

Similarly, Fig. 5, shows the variation in profit with respect to a for varying values of A

and 6 when the values of other parameters are kept fix as p=5, K,=400, K;=150 and K,=300.

From Fig. 4 it is observed from dotted curves that system is profitable only if o is less than 0.12,
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0.122 and 0.13 for 2 =0.1, 0.2 and 0.3respectively for fixed value of 6=0.075 and from smooth
curves we conclude that system is profitable only if o is less than 0.205, 0.21 and 0.23 for A
=0.1, 0.2 and 0.3 respectively for fixed value of 6=0.125.
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Behavior of MTSF for particular case-1 with respect to a, . and 0
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Behavior of MTSF for particular case-2 with respect to a, A and 0
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Behavior of profit for particular case-2 with respect to a, A and 6
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