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Abstract

In this paper Profit and Behavior Analysis of Two Unit System with Partial Failure using Regenerative Point Graphical
Technique (RPGT) is discussed. Problem is formulated and solved using RPGT. Repair and Failure are statistically independent.
Expressions for system parameters i.e. availability, number of server visits and busy period of the server are evaluated to study the
profit and behavior of the system for steady state. System behavior is discussed with the help of graphs and tables.
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1. Introduction

Considering the importance of individual units in system Kumar, J. & Malik, S. C. " have discussed the concept of preventive
maintenance for a single unit system. Liu., R. 2], Malik, S. C. ), Nakagawa, T. and Osaki, S. ™ have discussed reliability analysis
of a one unit system with un-repairable spare units and its applications. Goel, P. & Singh J. ], Gupta, P., Singh, J. & Singh, L.P.
[0 Kumar, S. & Goel, P. [, Gupta, V. K. ], Chaudhary, Goel & Kumar ) Sharma & Goel ['%, Ritikesh & Goel "'l and Goyal &
Goel ' have discussed behavior with perfect and imperfect switch-over of systems using various techniques.

In this paper Profit and Behavior Analysis of Two Unit System with Partial Failure using Regenerative Point Graphical
Technique (RPGT) is discussed. Problem is formulated and solved using RPGT. Repair and Failure are statistically independent.
Expressions for system parameters i.e. availability, number of server visits and busy period of the server are evaluated to study the
profit and behavior of the system for steady state. System behavior is discussed with the help of graphs and tables.

In this paper there is two unit model connected in series in which one can work in reduced state after first failure instead of
completely failed. Thus there are two type of failure: Partially failed and completely failed, like in the case of Crushing system in
Sugar industry, packing of different size products in Package industries, Dying industry and many others. The system consists of
two non-identical units ‘A’ & ‘B’ connected in series, in which ‘A’ can work in reduced state after failure. The unit ‘A’ can fail
partially and hence can be in upstate, partially failed state (reduced state) or totally failed state. The system can work with reduced
capacity in a partially failed state. Repairs are perfect i.e. the repair facility never does any damage to the units and a repaired unit
works like a new-one. The system is down if any one of unit is fails completely and nothing can fail further when the system is in
failed state. The distributions of the failure times and repair times are exponential and general respectively and also different for
both unit. They are also assumed to be independent of each other. The system is discussed for steady state conditions. Using the
Regenerative Point Graphical Technique (RPGT) the following system characteristics have been evaluated to study the system
performance.

2. Assumptions and Notations

The following assumptions and notations/symbols are used:

1.  The system consists of two non-identical units ‘A’ & ‘B’ connected in series, in which ‘A’ can work in reduced state after
failure.

2. The unit ‘A’ can fail partially and hence can be in up state, partially failed state (reduced state) or totally failed state. There
is a single repair facility catering to the needs of both the unit upon failure.

3. The distributions of the failure times and repair times are exponential and general respectively and also different for both

unit. They are also assumed to be independent of each other.

Repairs are perfect i.e. the repair facility never does any damage to the units.

A repaired unit works like a new-one.

The system is down if any one of unit is fails completely.

Nothing can fail further when the system is in failed state.

The system is discussed for steady state conditions.

e

pr/pf : Probability/transition probability factor.
cycle  :acircuit formed through un-failed states.
k-cycle : a circuit (may be formed through regenerative or non-regenerative/failed states)
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whose terminals are at the regenerative state k.

k-cycle : a circuit (may be formed through only un-failed regenerative/non-regenerative states) whose terminals are at the
regenerative state k.

S - . .. . . - .
(L' 5 j ) : r-th directed simple path from i-state to j-state; r takes positive integral values for different paths from i-state to j-state.

sff . . . .
(f — i) : a directed simple failure free path from -state to i-state.

Viek :pf of the state k reachable from the terminal state k of the k-cycle.
Vi : pf of the state k reachable from the terminal state k of the k-cycle.
f : fuzziness measure of the j-state.

A1/,  : constant failure rate of the unit ‘A’ to a partially failed state/ from partially failed state to a totally failed state.

A : constant failure rate of the unit ‘B’.

g(t)/G(t) : probability density function/cumulative distribution function of the repair-time of the unit ‘A’ from the partially
failed state.

h(t)/H(t): probability density function/cumulative distribution function of the repair-time of the unit ‘A’ from the completely
failed state.

f(t)/F(t) : probability density function/cumulative distribution function of the repair-time of the unit ‘B’.

A/A'/a  :Unit in the operative state/ partially failed state/completely failed state.

B/b : Unit in the operative state/ failed state.

The system can be in any of the following states with respect to the above symbols.

So=ABS; =A'BS,=aB S;=Ab S, =4

States Sy S, 5,53 and S, are regenerative states. The possible transitions between states along with transition time c.d.f.’s are
shown in Fig.1

3. Transition Diagram of the System
Following the above assumptions and notations, the transition diagram of the system are shown in Fig. 1.

Table 1

State Symbol
Regenerative state/point e

Up-state O
Failed state I:I

Degenerated/Reduced state Q

Fig 1.

4. Evaluation of Parameters of the System
The key parameters (under steady state conditions) of the system are evaluated by determining a ‘base-state’ and applying RPGT.
The MTSF is determined w.r.t. the initial state ‘0’ and the other parameters are obtained by using base-state.
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4.1 Determination of base-state

From the transition diagram (Fig. 1), all the paths (P0O) from one regenerative state to the other reachable states are determined and
shown in Table 2. The Primary, Secondary, Tertiary circuits at all vertices are shown in Table 2.

Table 2: Paths from State ‘i’ to the Reachable State ‘j’:PO

i j=0 j=1 j=2 j=3 j=4
{0,1,0}
0 {0,3,0} {0,1} {0,1,2} {0,3} {0,1,4}
{0,1,2,0}
{1,4,1}
{1,0} 10 {1,0,3}
1 {1,0,1 1,2 {14
(120} daony 2 (1203 4
2 {2,0} {2,0,1} {2,0,1,2} {2,0,3} {2,0,1,4}
3 {3,0} {3,0,1} {3,0,1,2} {3,0,3} {3,0,1,4}
{4,1,05 {4,1,0,3}
4 {4,1,2,0} {471} {43!172} {4,1’2’0’3} {4’134}
Table 3: Primary, Secondary, Tertiary circuits at a Vertex
Vertex i (CL1) (CL2) (CL3)
{0,1,0}
0 0,30} ha Nil
{0,1,2,0} ”
{1,4,1}
1 {1,0,1} ig’i’gi Nil
{1’250’1} ’,
{07130}5{05350} 3
2 {2,0,1,2} (141} Nil
3 {3,0,3} {0,1,0} Nil
4 {4,1,4} {1,0,1} Nil

In the transition diagram of Fig. 1, there are three, three, one, one and one primary circuits at the vertices 0,1,2,3 & 4 respectively.
As there are three primary circuits associated each of the vertices 0 & 1.So, any of these can be the base-state of the system. Now,
the distinct secondary circuits along all the simple paths from the vertex ‘0’ to all the vertices is {1,4,1}. Similarly, there are only

one i.e. {0,3,0} secondary circuit along the paths from the vertex ‘1’. Also, there are no tertiary circuits from the vertex ‘0’ and
‘1’. We choose the vertex ‘0’ as a base-state.

Table 4: Primary, Secondary, Tertiary Circuits w.r.t. the Simple Paths (Base-State ‘0’)

Vertex j (03}): o) ®1) ®) | @3
1 (0 3 1):{0.13 (14,1} Nil Nil
2 (0 3 2):40.1.2} (14,1} Nil Nil
3 (0 3 3):40.3} Nil Nil Nil
4 (0 3 4):40.1.4) (14,1} Nil Nil

4.2 Transition Probabilities and the Mean Sojourn Times

Table 5: Transition Probabilities

q;;(t) pij = q;;(0)
A
Go,(t) = A=At Po1~= A+
2 —(AHAE 2
Qo3(t) = e~ *+h) Pos =T
CI1,o(t) - g(t)e—(l+12)t pl;loz: g (/1 + AZ)
G2 (t) = e~ ARG (1) P2 = (1— g (A + 1)}
G1,4(t) = 2e~ ARG (1) Pra=r—{1—g"(A+ 1))
2
g2,0(t) =h(D) P20 =h"(0)
q30() = () P30 = f7(0)
Gan(®) = (&) Ps1 = f7(0)

It can be easily verified that;

Po1 + Doz =1:P10+ P12t P1a=1020=R"(0)=1;p30=f"(0) = 1;ps1 =f"(0) =1
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Table 6: Mean Sojourn Times

Ri(t) i = R;(10).
Ro(t) = e~A+aut Ho = m
_ —g* 1+
R0 = () iy = —h"(0)
Ry(t) = E(t) pz =—=f"(0)
R,(t) =F(t) ta =—=f"(0)

4.3 Evaluation of Parameters

The mean time to system failure and all the key parameters of the system (under steady state conditions) are evaluated, by
applying Regenerative Point Graphical Technique (RPGT) and using ‘0’ as the base-state of the system as under:

The transition probability factors of all the reachable states from the base state ‘0’ are:

(o 1, 0) (0,1,2,0)] _ _ (01) _ pos (0,1,2) _ Po1P1,.2

Voo = [(0 3,0) + 2+ 222 = 1 Vou = 1 = oo i
(0,14) _ Po1P1,
Vos =1(0,3) =pg3 Vo = =Dt

1-Ly 1-P14
Where, 1 —L; =1 —{1,41} =1 —p1 4041 =1 — P14

(a). Availability of the system: From Fig. 1, the regenerative states, at which the system is available are: j = 0,1 and the
regenerative states are i =0 to 4, for *&” =0’

r(§— JjHj &1 11
Ag= [Zf.sr {%}] [ler {%T,%}] =2 Ve - fi 1] + [Zi Vei - 1d]

= [Vo,o Jo-to + Vo -f1-ﬂ1] + [Vo,oﬂtl) + Vo1t + Vool + Voaus + Vo,4ll},]

= [fotto™ f1 ]+ [#o f;';#% + pmplz#z + Dotz + +2e 1p14#}1]
- 1v + Dy
Where,
No = [fortot 152 fi ia] Do = [ué + o+ SRR )+ po gyl + 2 ui]
Ag=N; + D, =[(1- pr,a)ttot PosM1]; (fj =1 V])

Dy = [(1- p1,4)(Ho+Po3H3)* Po1(y + Doty + Pratta) (1] = 15 V )

(b). Busy period of the Server: From Fig. 1, the regenerative states where Server is busy while doing repairs are: j = 1,2,3,4; the
regenerative states are i=0to4, for ‘&’ =0’

pr(§=) pr(e3)}ut )] .
[ZJ sr {Hklif{l Vi, kl}}] [ler {Hk 1V kg }}] =[Z; Ve mi] = [Zi Ve mi]

= [VO,l M1+ Voo m2+Vosns + V0,4-774] - [Vo,o.“é + Vo1 + Vool + Vozus + V0,4.uzﬂ

_ Po,1 Do,1P1,2 P0,1P1,4 . 1 Po,1 1 Po 1P1,2
=[— mtTo— L + Posls +——=Mu] +[Up +——u1 + #2 + Po3ts
1-p1,4 1-p1,4 1-p1,4
+ PoaPi4 Po,1P1,4 1]
1-p1,
= Nyo +~ Dy

Where, Ny = [:Lp';’h“‘ 2oz M2 T Postls —10 1:1 “14]
By =Ny, + Dy
o1 = [(1- P1,a)Po3t3T Po1 (U1 + P12z + Pralta) (N = Uj V)
D1 = [(1- p1,4)(UotPo,3H3)T Po.1 (U1 + P12z + P1.ala)]i( #}1' =u;Vvj
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(c). E.N.S.V.: From Fig. 1, the regenerative states where the Server visits(afresh) for repairs of the system are: j = 1,3; the

regenerative states are: i = 0 to 4, for ‘¢’ =0’

r(é— r(&—=i 1
[Z] Sy {%}] [Zzsr {szz]#{l—g}kzk}}] = [Z] Vg,j ] - [Zl Vg,i -ﬂi]

=Wor+Vo3) + [Vo,o#(l) + Vot + Voouz + Vosul + V0,4ﬂzlt]

_r_Po1 |, Po1 1 Do,1P1,2 p0,1P1,4 1
[1_1,1'4 +Posl = [ﬂo t LT Mz +Poshs + 1-pis M4]
Vo = NOZ - Dl

Noz = [(1- P1,4)Po3t Po1 ]

Dy = [(1- p1,4) (ot Po,3H3)F Do (U1 + D12H2 + Prabta)i( #11' = Uj LA

5. Particular Case

Let us take; g(t)=ae=%, h(t)=Be~Pt, f(t) = we™**

We have, Po1 = 357, Pos = gy PLo = iy Pre = T iy P T T i,
-1 -1 =1 -t E -1,-1

yP2,0= L, P30= L, Pa1 = 1, Ko™ 7y 1™ g, M2~ B’ H3= 7 Ua™

6. Profit Function of the System
The Profit analysis of the system can be done by using the profit function:
PO = Cl'AO - Cz.Bo - C3.V0

Particularly C; =10, C; = C3=1,A=0.1, 1, = 0.005, = 0.80, w = 0.80
Po = C1A0-C2Bo-C3Vy

Table 7
A ¢ 0=080 | =085 | =090 | =095 | a=1.00
A=0.005 | 9.8465 9.8469 9.8472 9.8475 9.8478
A=0.006 | 9.8448 9.8453 9.8457 9.8461 9.8464
A=0.007 | 9.8432 9.8437 9.8442 9.8446 9.8450
A=0.008 | 9.8414 9.8420 9.8426 9.8431 9.8435
A=0.009 | 9.8397 9.8404 9.8410 0.8415 0.8420
A=0.01 0.8380 9.8388 9.8394 9.8400 9.8406

12

10

=]

[

k=

%]

| ma=080
ma=085
| "o =090
®a=095
' Wa=100

O { - - - r - .

A=0.005 A=0.006 A=0.007 A=0.008 A=0.009 A=0.01

Fig 2
7. Analytical Discussion
The following tables, graphs, and conclusions are obtained for:
A=0.01; 2,=0.005; w = B = 0.80.
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7.1 Availability (4,) vs. Repair Rate (a):
The Availability of the system is calculated for different values of the Failure Rate (1) by taking 4; = 0.005, 0.006, 0.007, 0.008,
0.009 and 0.01 and for different values of the repair rate () by taking a = 0.80, 0.85, 0.90, 0.95 and 1.0. The data so obtained are

shown in Table 7 and graphically in Fig. 8.

Table 8
A4 Ap (a=0.80) | Ag (a=0.85) | Ay (a=0.90) | Ay (@=0.95) | Ay (a=1.0)
0.005 0.987616 0.987619 0.987621 0.987622 0.987624
0.006 0.987609 0.987611 0.987614 0.9876216 0.987618
0.007 0.987601 0.987604 0.987607 0.987610 0.987612
0.008 0.987594 0.987597 0.987601 0.987604 0.987606
0.009 0.987586 0.987590 0.987594 0.987597 0.987600
0.01 0.987579 0.987583 0.987587 0.987591 0.987594

Table 8 shows the behavior of the Availability (Ao) vs. the Repair Rate (a) of the Unit of the System for different values of the
Failure Rate (1,). It is concluded that Availability increases with increase in the values of the Repair Rate ().

9. Conclusion
From the table and graph for profit function we see that for a unit cost there is a profit of almost five time the cost, it increases
with the increase of repair rates and decreases with the increase in failure rates, which should be so practically.
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