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Abstract

In this paper, we have analyzed a two-unit warm standby system with various types of failure and instruction.
There are three types of failures that have been considered: operating unit or the warm standby unit failure,
failure due to common error and the failure due to human error. There is repair faculty available for the repair
of the failed unit. In case the repairman is unable to repair the failed unit, an expert repairman is called for the
repair of the failed unit. Using semi-Markov process and regenerative point technique, various reliability
measures have been derived. Also, the comparison analysis has been drawn graphically.
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Study Of Two-Unit Warm Standby System With Different Failure Modes And Instructions

1. Introduction

A lot of work has been done in the field of
reliability and redundant systems. In this paper, we
are extending the work in redundant systems by
taking a two-unit identical system in warm standby
with three types of failure. The three types of
failure are operating unit failure or the warm
standby unit failure, failure due to common error
and the failure due to human error. There is a repair
faculty available at all times, so that the system can
be taken care of as soon as the failure occurs. Now,
there is a possibility that repairman is unable to
repair the system by himself. In such a case, expert
repairman is called and expert repairman helps via
instruction and if need be, he also repairs the
system himself.

In their analysis of a two-unit warm standby system
with instructions at need, G.S. Mokaddis, Y.M.
Ayed, and H.S. Al-Hajeri (2013) took into account
two repairmen: an expert and an assistant. The
assistant was only called in when the expert
repairman was preoccupied with fixing a
malfunctioning unit, as they regarded the main
repair faculty to be skilled repairmen. The
instructions for fixing the malfunctioning
equipment may or may not be required by the
assistant repairman, and various probabilities were
taken into account. The implications of random
replacement times were taken into account by G.
Levitin, L. Xing, and Y. Dai (2015) when assessing
and optimizing 1-out-of-N warm standby systems.
When components fail to do a mission task within
the allotted mission time, the system is said to have
failed. They also examined the duration required to
transition the wunit from warm standby to
operational. A stochastic model for a two-unit hot
standby database system comprising an operational
(main) unit and a hot standby unit was created by
A. Manocha, G. Taneja, S. Singh, and R.
Rishi (2019). The primary unit acted as the
production unit and stayed in sync with the hot
standby unit via the online transfer of archive redo
logs. The primary unit's data was simultaneously
saved in the hot standby unit. Various scenarios of
the primary database failing were considered. In
order to prevent data loss, a database administrator
(DBA) randomly checked the standby unit to
determine if any redo log files had been modified
or created. The system that Lalji Munda and
Gulshan Taneja (2023) examined consisted of three
units: a warm standby, a cold standby, and an
operating unit. They reasoned that when the main
unit (operational) fails, the cold standby, when
engaged, transforms to warm standby, and vice
versa for warm standby. They computed a number
of performance metrics using the Markov process
and regeneration point technique. They also
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derived cut-off values for the failure rate, activation
rate, revenue cost, and cost per repairman visit in
order to ascertain the system's optimal profit.

2. Description of model and Assumptions:
i. System is made up of two identical units. One unit
is operating and the other is kept as warm standby.

ii. If there is a failure in one unit, the standby unit

will be in operation automatically and the failed
unit will go under repair.

iii. The system is in failed state when both the units

malfunction.

iv. After the repair, the system acts like a new one.
v. The time to failure for each unit is in exponential

distribution and the repair time and instruction
time are in arbitrary distribution.

vi. All the random variables are mutually

independent.

3. Nomenclature
P probability that the repairman repairs system
without instructions
g probability that the repairman fails to repair
system without instructions
Ao constant failure rate of the operative unit
O operative unit
WS warm standby
A1 constant failure rate of the warm standby unit
A, constant failure rate of the system due to
common cause failure
A5 constant failure rate of the system due to human
error
ga(t) p.d.f. of repair time of failed unit by assistant
repairman
ge(t) p.d.f. of repair time of failed unit by expert
repairman
g2 (t)p.d.f. of repair time of failed unit due to
common error
gs(t) p.d.f. of repair time of failed unit due to
human error
G, (t) c.d.f. of repair time of failed unit by assistant
repairman
G.(t) c.d.f. of repair time of failed unit by expert
repairman
G,(t) c.d.f. of repair time of failed unit due to
common error
G5(t) c.d.f. of repair time of failed unit due to
human error
Fuwi failed unit waiting for repair while expert is
giving instructions
Fuwe repair by the repairman is continued from
the previous state while

instructions are still being given
Fura failed unit under repair of assistant
Fre failed unit under repair of expert
Fura failed unit under repair of assistant when
repair is continued from the

4600



Study Of Two-Unit Warm Standby System With Different Failure Modes And Instructions

previous state

Furefailed unit under repair of expert when repair

is continued from the
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previous state
F,w failed unit waiting for repair after getting
instructions
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Fig. 1 (Transition Diagram)

4. Transition probabilities
The transition probabilities are:
dQo1(t) = (Ao + Ay)e~Pothtdatha)igy
dQOZ(t) — Aze—(/10+/11+/12+/13)tdt
ong(t) — 136_(A°+}”1+A2+A3)tdt
dle(t) — Aze—(lo+/12+zl3)tdt
dng(t) — 136—(/10+12+2/13)tdt
dQ14(t) — 136—(lo+/12+213)tdt
dle(t) — Aoe—(/10+12+2/13)tdt
ing)(t) — (Aoe—(/10+/12+213)t©/13€—13t)dt

_ ApA3 [e “Ast

Ao+, + 15

_ e—(/10+/12+2/13)t]dt
dQz(t) = gz (t)dt
dQ3o(t) = gz (t)dt
dQuo(t) = pe~Cothtladlg, (t)dt
dQuy(t) = Ape”GothathlG (D)dt
dQu3(t) = Aze~PothF LG, (t)de
dQue(t) = qe—(lo+lz+l3)t9&it
dQur (t) = Age~PotA2* )G, (H)dt
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dQSY(6) = (Roe~Pot2e*A)i@p) g, (t)dt
— pAO [1
Ao+ Ay + A3
_ e—(Ao+12+l3)t]ga (t)dt
(6) = (Age~ Pttt @p) g, (H)dt
— qu [1
Ao+ Ay + A3
_ e—(Ao+12+l3)t]ga (t)dt
dQeo(t) = e Gothatdal g (t)dt
dQez(t) = Aye~GothathIG (de
dQe3(t) = /133_(1°+12+13)tmdt
dQeo(t) = Aze~othatAiG (H)de
dQS(t) = (Age~Pot2e* )t @1) g, (t)dt
A

(7
dQ4 10

0
Ao+ A+ 25 1
_ e—()lo+12+/13)t]ge(t)dt
dQs1(t) = pga(t)dt
dQg10(t) = qgq(t)dt
dQy01(t) = ge(t)dt
The non-zero elements p;; are as follows:
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_ Ao+4 _ A2 —
Por = 3 4a42;, P02 T Aiaeaea,; PO3 T
N B
Ao+ A1+ A5 +A5"

_ Az _ A3 _
P12 = 3ime2ny; P137 Aiaezn,y P14 T

A3 _ Ao B _ )
Aotip+2iy’ P15 7 Zoia,+2r, P18 T ia,422

0 2 3 0 2 3 0 2 3

P20 = P30 = 1, Pao = Pga(Ao + Az + A3), Paz =
/10+/1—+/1 [1 ga(Ao + 22 + A3)],

P43 = m [1—9a(lo+ 22 +A3)],  DPas =
q9a(Ao + /12 + 3),

P47 = m[l 9a(Ao + 23 + 2A3)], Pz(;? =

P01 g2 (g + Ay + 23)],

AotAz+75
A *
P£71)0 = #;,13 [1—-g5(Qg + 2, +23)],
i
Peo = Je(do + A2 +13), Doz = %T;Aa[l -

ge(Ao + /1%1‘*‘ A3)],
P63 = m[l —9e(Ao + A, +23)],  Deo =

A *
Wﬁ[ —9e(Ag + 2, + 23)],

Py = m[l ge(o + 22+ A3)],  pe1 =

P P10 = 4, P101 = 1
From the transition probabilities, it can be verified
that

Po1 + Doz + Doz = 1 ©
5
P12 + P13 + P14 + P15 = P12 + P13 + P1a T Pqg
=1
P20 = P30 =1
P40 T Paz t Pa3z t Pas t Pa7
7
= P40 T Paz + P43 T Pss + Pé(u)

+ PA(L,71)0 =1
Peo + P62 T P63 + Ps9 = Pso T Pe2 + Ps3 + Pgi)
=1

Pg1+Pgio=pP+tq=1, pp1=1

5. Mean Sojourn Time
If T denotes mean sojourn time in state O, then

1
llo—fP(T>t)dt—m , M1 =
1

y Uy = fooo Gz(t)dt, Uz = fooo G3(t)dt,

At A 27,
— 1-g5(Ag+Az+13) — 1-gs(Ao+A,+13)
Ha Agthgtis 6 At Ayt

s = Jy Gadt, po = [y Ge(Odt
The unconditional mean time taken by the system
to transit to any regenerative state i when it is
counted from the epoch of entrance into that state
is, mathematically, stated as

o) d
= fo tdQ;;(t) = _quﬂs:o
S Moq + Moy + Moz = o
Mmyp + M3 + Mgy +Mys = 4
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Myo + My + My3 + My + My,

= Trt4()) + mzl,z) + My3 + Mye
7 7
tmy + My 0= Uy

Mgy + Mgy + M3 + m69

= Mgg + Mgy + Mgz + mgl)

5
m12 + m13 + m14_ + mgg) - k1

6. Mean time to system failure
To determine the MTSF of the system, we regard
the failed states of the system as absorbing. By
probabilistic arguments, we have

$o(6) = Qo2(t) + Qo3(t) + Qo1 () P4 (1)
$1(t) = Q12(t) + Q13(t) + Q15(2)

+Q14(t) @ pa(t)
P4(t) = Quz(t) + Qu3(t) + Qur (2)
+ Qa0(t) @ po(t)
+ Que(t) O pg(t)
P6(t) = Qo2(t) + Qa3 (t) + Qoo (t) + Qe (1) &

$o(t)
Now the MTSF, given that the system started at the
beginning of state 0 is
1—-¢5"(s
R et THO)
s—>0 S
_ to+Porfus + Pralps + Pagpiel}

1 = Po1P14(P40 + PasPe0)

7. Availability Analysis
M;(t) denotes the probability that the system
starting in up regenerative state is up at time t
without passing through any regenerative state.
Thus, we have
M, (t) — e—(10+11+12+l3)t, Ml(t) =
e=Gota4225)t  pp (1) = = (otAatAEG (7)
M6(t) — e—(lo+lz+l3)tm
Taking Laplace transform of the above equations
and solving them for s — 0, we get
Mo(0) = po,  M;(0) = 1y,
Mg(0) = ue
Using the arguments of the theory of regenerative
processes, the availability A;(t) is seen to satisfy
A (t) = My(t) + qo1(£)OA (1)

+ qo2()©A, (t)

+ qo3(£)©A;5(t)
A1 (1) = M (1) + q12(0)©A,(E) + q13()©A3(t)

+ q14 (D) ©A4(D)

+ q53 () OAg (1)

A () = QZO(t)©AO(t)
A3(t) = q30(t)O4, (1)

M;(0) = uy,
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Ay(t) = Mu(t) + qao(H)©A(E)

+ q42(£)©A, (1)

+ q43()©A;(t)

+ 446 (£)©A4 (1)

+ 47 (DOA (£)

+ qé(t,?o ()©A(t)
Ag(t) = Mg(t) + qeo(t)©A( ()

+ q62(£)©A, (1)

+ qe3()©A;(t)

+ 5 (DOA (1)
Ag(t) = qg1(1)©A; (1) + qg,10(t)©A10(t)
A10(0) = G101 (D)OA(D)
The steady state availability of the system is given
by A, = !91_1:% sAy(s) = Z—i

Where N = uo [P14P46P81 -

9 5
P14P46Pé1) —P14Pi_71)o + Pig)Ps,lo] + po1liy +

P1aitts + Dactie}]
5
and D1 = o [1 ~Prg) — Pua {Pg) + PAE,71)0 +

p%pgi)}] + Po1é1 + Po1 P12tz + P13ps +

P14{Pazllz + Dazis + Pas Dotz + Destiz)}] +

Doz2tz t+ Dazlz + Pac P2tz + Pe3tiz) +
(5) (7) @)

(Poztz2 + Do3ki3) [1 — P18 ~ P14 {p41 + P40 T
5
p%pgi)}] + Po1 [p14(€2 + Da6l3) + pis)lls +

(P14Pi_71)o + Pg)l’s,w) #10]

8. Busy period analysis
Busy period analysis of the assistant repairman:
Using probabilistic arguments, we have
Bg (1) = qo1()OBY (8) + o2 (1)©OB3 (t)
+ qo3()©B3 (1)
B (t) = q12(t)©BZ (t) + q13(£)©B5 ()
+ 414 (1) OB (t)
+ q5p (HOBE ()
B3 (t) = q20(t)OBg (t)
B3 (t) = q30(t)OBg (t)
By (8) = Wy (t) + qao()OBg ()
+ 457 (OB (1)
+ q42(t)©BZ (1)
+ q43(t)©BZ (1)
+ q46()©BZ (1)
+ qA(L,71)o(t)©Bf0(t)

BE(t) = qeo(DOBE(E) + 5 (OB (L)
+ q62(t)OB (1)
+ q63(t)OBS (1)
B§(t) = Wg(t) + qg1(1)©BE(t)
+ 8,10 (1) OB, (1)
Bfo(t) = G101 (£)OB{ ()
Where W, (t) = /10+/1—12+/13 [20 + (A, +

Ag)e” Mot At AN G (1) and Wy(t) = Gu(b)
Eur. Chem. Bull. 2022, 11(Regular Issue 12), 4599-4607
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Taking Laplace transform of the above equations
and taking s — 0, we will get

Wy (0) = &, Wg(0) = pg

In steady-state solution, the total fraction of time
under which system is under repair of assistant
repairman is given by B¢ = lsi_r)%ng* = %

1
Where N, = po4 (prZ + pfg)ug) and D, is same
as above.

Busy period analysis of the expert repairman:
Using probabilistic arguments, we have
B3 (t) = qo1(1)©BI(t) + qo2(t)©B3 (t)

+ qo3(t)©B3 ()
Bi(t) = Wi(t) + q12(0)©B3 (t)

+ q13(£)©B5(¢)

+ q14(t)©BZ (t)

+ 45 (DOBS (1)
B3 () = W,(¢) + q20()©BG(¢)
B3 (t) = W5(t) + q30(t)©Bg (t)
B(6) = qao(OBE(L) + 457 (DOBE (1)

+ q42(0)OB3 (t)

+ q43()OB5 (t)

+ q46(t)©BE (t)

+ {2 (OB (6)
Bg(t) = We(t) + qeo(1)OB;(¢)

+ g5 (OB (t)

+ q62(t)©B3 (t)

+ q63(t)©B3 ()
Bg(t) = qg1(t)©BT(t) + qg,10(t)OBf,(t)
Bfo(t) = Wyo(t) + G101 (£)OBF (t)
Where Wy(t) = e~ Gotdat245)t 4
[Age”Po+h2t2h)t@1], Wy (t) = G, (1), Ws(t) =
G3 (t) ’ -
W6(t) — e—(lo+lz+l3)tGe (t) 4+
[Age~ Mot At @1]G, (1) , Wio(t) = G ()
Taking Laplace transform of the above equations
and taking s — 0, we will get
wi0)=2¢& , W;(0) = u,
We (0) = &3, Wip(0) = 0
In steady-state solution, the total fraction of time
for which expert repairman is busy is given by
Where N3 = po1[§1 + D12ty + Diapis +

P1a{Daztlz + Daztis + Das Dotz + Pestiz)}] +
@]

(Pozkz + Postis) [1 - P14P§71) — P14P410 ~
pf? - P14P46P8)] + Po1P14Pa6S3 T

7 5
Po1H10 (P14P£,1)0 + P§8)P8,10)

And D, is same as above.

W3 (0) = us,
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9. Expected number of visits by expert
repairman

Using probabilistic arguments, we have the
following relations for expert visits i.e. V;(t):

Vo(®) = Qo1 (OS[1 + V1(8)]
+ Qo2 (OO [1+ V(1]
+ Qs (O E[1 + V3(1)]
Vi(t) = Qi2() OV, (t) + Q13() OV5(t)
+ QO OVL(Y)
+ Q13 (OO V(1)
V2(t) = Q20(0) OV, (1)
V3(t) = Q30(1) OV, (1)
Va(®) = Quo(OEVo(6) + Q57 O S[1 + V(6)]
+ QO O[1 + V()]
+ QO O[1 + V()]
+ Qe () O[1 + Vs ()]
+ Qz(;,71)o(t)@[1 + V1o(D)]
V() = Qeo(®S[1 + V(D] + ey (D EV, (1)

11. Graphical AJHEQ%Q)@VZ )
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Vs(t) = Qg1 (DS [1+ V1(D)] + Qg 10() O[1
+ V1o(D)]
Vio(t) = Q101(&) @V, (1)
In steady-state, the number of visits per unit time is
given by takings —» 0 and t - o
. V(D) . Kk Ny
Vo = lim === Slirg[sVO )] = >

t—>oo
Where Ny = 1= puy (p{? + 070 + Pashly) —

pi? — Po1P14P40 T Po1 [pg) +Pp1g t+ P14P46P60]
And D, is same as above.

10. Cost-Benefit analysis
The expected total profit in steady state is given by
P, = CoAo — C;BE — C,BE — C3V,
Where C, is total revenue per unit time of the
system.

C; is cost per unit time for which the
assistant repairman is busy.

C, is cost per unit time for which the expert
repairman is busy.

C5 is cost per visit of the expert repairman.

+ Q63 () OV3(1)
0.9 a, =0.06
'i N 1
0.8 ‘%\\\_
\\%\ a,; =0.05

0.7 + "\
- \-\._\,:\ a, = 0.06, 1, = 0.05, 6 =0.02
_ > ",
- 0.6 T NN
— OSSN
= g o ® =0.03,p=0. =0.3 =
;-; 0.5 4+ »,\\:\\‘\\\ Ul > P 77 q > P1 %)
— e
< 04T R T,
= i g
< NN

03 + s

i i, O
L T
0.2 i e
— e
0.1 + B
-
° o1 0.02 0.03 0.04 0.05 0.06 0.07 0.08

FAILURE RATE (o)
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Fig. 2: AVAILABILITY VS. FAILURE RATE (1,) FOR DIFFERENT VALUES OF REPAIR RATE
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Fig. 3: MTSF Vs. REPAIR RATE (a;) FOR DIFFERENT VALUES OF FAILURE RATE (4,) AND
CORRELATION CO-EFFICIENT (p,)
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Fig. 4: MTSF Vs. CORRELATION CO-EFFICIENT (p;) FOR DIFFERENT VALUES OF p,
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Fig. 5: PROFIT Vs. REPAIR RATE (a;) FOR DIFFERENT VALUES OF FAILURE RATE (4,)
AND CORRELATION CO-EFFICIENT (p,)

12. Conclusion

Fig. 2 shows that the behavior of availability with
respect to failure rate (1,). It gets decrease with
increase in the values of failure rate.

Fig. 3 shows the behavior of MTSF with respect to
repair rate (a,) for different values of failure rate
(4,) and correlation coefficient (p,). It gets
increases with increase in the values of repair rate
(atq). It is lower for higher values of failure rate (4,)
but it is higher for higher values of correlation
coefficient (pq).

Fig. 4 reveals the pattern of MTSF with respect to
correlation coefficient (p,) for different values of
(py). It is observed that the MTSF gets increase
with increase in the values of correlation coefficient
(p1) and it is higher for higher values of (p,)

Fig. 5 reveals the pattern of the profit with respect
to repair rate () for different values of failure rate
(4,) and correlation coefficient (p,). It is clear from
the graph that the profit increases with increase in
the value of repair rate («;) and it is lower for
higher value of repair rate (a;) but higher for the
higher values of correlation coefficient (p;).

Eur. Chem. Bull. 2022, 11(Regular Issue 12), 4599-4607
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