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ABSTRACT: - In this research paper, behavioral analysis of spinning mill of Malwa region with scheduling having two 

sub systems with one permanent repairman who serves the online unit as per the given schedule and other specialist 

repairman who is called when there are less than a threshold number of units in one of the sub system using 

Regenerative Point Graphical Technique (RPGT) is discussed for system parameters.  

 

Introduction: - Various Mechanical systems are assembly of a number of units in which each unit is 

important for the system to work efficiently. If a single unit fails, then the whole system fails. Considering the 

importance of individual units in system Kumar, J. & Malik, S. C. [1] have discussed the concept of 

preventive maintenance for a single unit system. Liu., R. [2], Malik, S. C. [3], Nakagawa, T. and Osaki, S. [4] 

have discussed reliability analysis of a one unit system with un-repairable spare units and its applications. 

Goel, P. & Singh J. [5], Gupta, V. K., Singh, J. & Kumar Kuldeep [6], Kumar, S. & Goel, P. [7], Gupta, V. K. 

[8], Chaudhary, Goel & Kumar [9] Sharma & Goel [10], Ritikesh & Goel [11] and Goyal & Goel [12] have 

discussed behavior with perfect and imperfect switch-over of systems using various techniques. In this paper 

availability and behavioral analysis of spinning mill of Malwa region with scheduling having two sub systems 

and one permanent repairman who serves the online unit as per the given schedule and other specialist 

repairman who is called in when there are less than a threshold number ‘t’ of units in one of the sub system 

using Regenerative Point Graphical Technique (RPGT) is discussed for system parameters. There are two 

types of sub systems A and B, in sub system ‘A’ there are ‘m’ online units with ‘n’ (less than m) units in cold 

standby and sub system B have units in series, so it is failed when anyone of its units fail hence the system 

fails. In sub system ‘A’ online units are scheduled for service/ repair one by one and replaced with one of the 

standby units. If number of online units are in the range m < i ≤ t then the system works in reduced capacity 

and further if the number of online units in A are left to a threshold number ‘t’ than a special repairman is 

called for repairing/ serving the failed units. If the number of good units in sub system ‘A’ are less than t then 

the sub system A fails, hence the whole system is failed. Permanent repairman repairs/ serves both type of 

units, but priority in repair is assigned to sub system B. Fuzzy concept is used to determine failure/working 

state of a unit. Taking failure rates exponential, repair rates general & independent and taking into 

consideration various probabilities, a transition diagram of the system is developed to find Primary, Secondary 

& Tertiary circuits and Base state. Problem is solved using RPGT to determine system parameters. System 

behavior is discussed with the help of graphs and tables. Particular cases are taken to study the effect of failure 

and repair rates on system parameters. Profit optimization is also discussed.  

 

Assumptions and Notations: - The following assumptions and notations are taken: - 

1. The System consists of three non-identical units. 

2. No unit can fail further when the system is in failed state. 

3. There is a single repairman for repair of failed units and in reduced states. 

4. The failures rates are exponentially distributed and repair rate are general and are independent and are 

different for different operative units.  

5. Units are of different capacities. 
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6. Repairs are perfect i.e. Repaired unit works as a new one. 

7. The order of priority for repair is unit A> unit B> unit D. 

8. The system is down when any of the units is in failed state or two units are in reduced state. 

9. The system is discussed for steady state conditions. 

10. Failure and repaired are independent. 
 

𝑐𝑦𝑐𝑙𝑒           : A circuit formed through un-failed states. 

m-cycle : A circuit (may be formed through regenerative or non-regenerative / failed state) whose terminals 

are at the regenerative state m.   

m-𝑐𝑦𝑐𝑙𝑒        : A circuit (may be formed through un-failed regenerative or non-regenerative state) whose terminals 

are at the regenerative m state.    

    : 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. 

  : A directed simple failure free path from ξ-state to i-state. 

Vm,m   : Probability factor of the state m reachable from the terminal state m of the  m-cycle. 

V𝑚,𝑚        : Probability factor of the state m reachable from the terminal state m of the  m-𝑐𝑦𝑐𝑙𝑒       . 
Ri (t) :Reliability of the system at time t, given that the system entered the un-failed regenerative state ‘i’ at t = 0.  

Ai (t)  :Probability of the system in up time at time ‘t’, given that the system entered regenerative state ‘i’ at t = 0. 

Bi (t)  : Reliability that the server is busy for doing a particulars job at time ‘t’; given  that the system entered 

regenerative state ‘i’ at t = 0. 

Vi (t)  : The expected no. of server visits for doing a job in (o,t] given that the system  entered regenerative 

state ‘i’ at t = 0. 

‘,’         : denote derivative 

Wi (t) : Probability that the server is busy doing a particular job at time t without transiting to any other 

regenerative state ‘i’ through one or more non-regenerative states, given that t system entered the 

regenerative state ‘i’ at t = 0. 

  : Mean sojourn time spent in state i, before visiting any other states;  

.  

 : The total un-conditional time spent before transiting to any other regenerative states, given that the 

system entered regenerative state ‘i’ at t=0. 

ni  : Expected waiting time spent while doing a given job, given that the system entered  regenerative state 

‘i’ at t=0;  

ξ : Base state of the system. 

 : Fuzziness measure of the j-state. 

λ1  : Constant failure rate of sub system A to reduced state. 

λ2  : Constant failure rate of sub system A to from 

λ3  : Constant failure rate of sub system B. 

A/𝐴 /a : Unit in full capacity working / reduced state / failed state of units A, similarly for unit B. 

w1,w2  are constant repair rates of permanent repairman and special repairman. 
State Symbol Model 

Regenerative    1 

Reduced   2 

Failed   3,4,5 

      Table 1 
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Taking into consideration the above assumptions and notations the Transition Diagram of the system is 

given in Figure 1 & 2. 

 

Figure-1 

S1 = Am,iB,(0≤i≤n) S2 = AT,0B S3 = aB  S4 = Am,nb  S5 = AT,0b 

Scheduling Figure 

 
Figure - 2 

Determination of Base State: Various Paths from base state ‘i’ to a reachable a state ‘j’ are given in table 2.  
Vertex 1 2 3 4 5 

1 (1,2,1) 

(1,4,1) 

(1,2) (1,2,3) (1,4) (1,2,5) 

2 (2,1) (2,1,2) 

(2,5,2) 

(2,3,2) 

(2,3) (2,1,4) (2,5) 

3 (3,2,1) (3,2) (3,2,3) (3,2,1,4) (3,2,5) 

4 (4,1) (4,1,2) (4,1,2,3) (4,1,4) (4,1,2,5) 

5 (5,2,1) (5,2) (5,2,3) (5,2,1,4) (5,2,5) 

Table 2Primary, Secondary and Tertiary Circuits associated with the system are given in Table 3 

 
Vertex i CL1 CL2 CL3 

1 (1,2,1) 

 

(1,4,1) 

(2,5,2) 

(2,3,2) 

Nil 

Nil 

Nil 

Nil 

2 (2,1,2) 

(2,5,2) 

(2,3,2) 

(1,4,1) 

Nil 

Nil 

Nil 

Nil 

Nil 

3 (3,2,3) (2,1,2) 

(2,5,2) 

(1,4,1) 

Nil 

4 (4,1,4) (1,2,1) (2,5,2) 

(2,3,2) 

5 (5,2,5) (2,1,2) 

(2,3,2) 

(1,4,1) 

Nil 

Table 3 

 

As there are maximum numbers of primary cycles at vertex ‘2’, hence vertex ‘2’ is the base state. 

Primary, Secondary, Tertiary Circuits w.r.t. the Simple Paths (Base-State ‘2’) 
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Vertex j  𝟐
𝑺𝒓
 𝒋 : (P0) 

(P1) (P2) 

1  2
𝑆1
 1 : (2,1) 

(1,4,1) Nil 

2  2
𝑆1
 2 : (2,1,2) 

                (2,3,2) 

                 (2,5,2) 

(1,4,1) 

Nil 

Nil 

Nil 

Nil 

Nil 

3  2
𝑆1
 3 : (2,3) 

Nil Nil 

4  2
𝑆1
 4 : (2,1,4) 

(1,4,1) Nil 

5  2
𝑆1
 5 : (2,5) 

Nil Nil 

Table 4 

Transition Probability and the Mean sojourn times. 
qi,j(t) : Probability density function (p.d.f.) of the first passage time from a  regenerative state ‘i’ to a 

regenerative state ‘j’ or to a failed state ‘j’ without visiting any other regenerative state in (0,t]. 

 

pi,j : Steady state transition probability from a regenerative state ‘i’  to a regenerative state ‘j’ without 

visiting any other regenerative state. pi,j = ; where  denotes Laplace transformation. 

 

Transition Probabilities 

qi,j(t) 

 

Pij = qi,j*(0) 

𝑞1,2= 𝜆1𝑒
− 𝜆1+𝜆3 𝑡  

𝑞1,4= 𝜆3𝑒
− 𝜆1+𝜆3 𝑡  

𝑝1,2= λ1/(λ1+λ3) 

𝑝1,4= λ3/(λ1+λ3) 

𝑞2,1= (𝑤1+𝑤2)𝑒
− 𝑤1+𝑤2+𝜆2+𝜆3 𝑡  

𝑞2,3= 𝜆2𝑒
− 𝑤1+𝑤2+𝜆2+𝜆3 𝑡  

𝑞2,5= 𝜆3𝑒
− 𝑤1+𝑤2+𝜆2+𝜆3 𝑡  

𝑝2,1= (w1+ w2)/(w1+w2+λ2+λ3) 

𝑝2,3= λ2/(w1+w2+λ2+λ3) 

𝑝2,5= λ3/(w1+w2+λ2+λ3) 

𝑞3,2= (𝑤1+𝑤2)𝑒
− 𝑤1+𝑤2 𝑡  𝑝3,2= 1 

𝑞4,1 = 𝑤3𝑒
−𝑤3𝑡  𝑝4,1 = 1 

𝑞5,2 = 𝑤3𝑒
−𝑤3𝑡  𝑝5,2 = 1 

Table 5 

Mean Sojourn Times 

Ri(t) µi=Ri*(0) 

𝑅1
 𝑡 

= 𝑒− 𝜆1+𝜆3 𝑡  µ1 = 1/(λ1+λ3) 

𝑅2
 𝑡 

= 𝑒− 𝑤1+𝑤2+𝜆2+𝜆3 𝑡  µ2 = 1/(w1+w2+λ2+λ3) 

𝑅3
 𝑡 

= 𝑒− 𝑤1+𝑤2 𝑡  µ3 = 1/(w1+w2) 

𝑅4
 𝑡 

= 𝑒− 𝑤3𝑡  µ4 = 1/w3 

𝑅5
 𝑡 

= 𝑒− 𝑤3𝑡  µ5 = 1/w3 

Table 6 
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Various Transition Probability are  

V2,1 = (2,1)/[1-(1,4,1)]  = p2,1/(1-p1,4p4,1)  = p2,1/(1-p1,4) 

V2,2 = 1 (Verified) 

V2,3 = (2,3)    = p2,3  = p2,3 

V2,4 = (2,1,4)/[1-(1,4,1)]  = p2,1p1,4/(1-p1,4p4,1)  = p2,1p1,4/(1-p1,4) 

V2,5 = (2,5)   = p2,5  

V1,1 = 1 (Verified) 

V1,2 = (1,2)/[1-(2,5,2)][1-(2,3,2)] = p1,2/(1-p2,5p5,2)(1-p2,3p3,2) = p1,2/(1-p2,5)(1-p2,3) 

V1,3 = (1,2,3)/[1-(2,5,2)][1-(2,3,3)]   

= p1,2p2,3/(1-p2,5p5,2)(1-p2,3p3,2) = p1,2 p2,3/(1-p2,5)(1-p2,3) 

V1,4 = (1,4)     = p1,4 

V1,5 = (1,2,5)/[1-(2,5,2)][1-(2,3,2)]    

= p1,2p2,5/(1-p2,5p5,2)(1-p2,3p3,2) = p1,2 p2,5/(1-p2,5)(1-p2,3) 

MTSF(T0): The regenerative un-failed states to which the system can transit(initial state ‘0’),  before entering 

any failed state are: ‘i’ = 1,2 taking ‘ξ’ = ‘0’. 

 MTSF (T0) =    
 𝑝𝑟 𝜉

𝑠𝑟 (𝑠𝑓𝑓 )
        𝑖  𝜇𝑖

Π𝑚1≠𝜉
 1−𝑉𝑚1𝑚1           

 𝑖,𝑠𝑟   ÷  1−   
 𝑝𝑟  𝜉

𝑠𝑟 (𝑠𝑓𝑓 )
        𝜉  

Π𝑚2≠𝜉
 1−𝑉𝑚2𝑚2           

 𝑠𝑟   

T0 = (V1,1μ1+V1,2μ2)/[1-(1,2,1)] = (V1,1μ1+V1,2μ2)/(1-p1,2p2,1) 

Availability of the System (A0): The regenerative states at which the system is available are ‘j’ = 1,2 and the 

regenerative states are ‘i’ = 1 to 5 taking ‘ξ’ = ‘2’ the total fraction of time for which the system is available is 

given by  

A0=    
 𝑝𝑟  𝜉𝑠𝑟 𝑗   𝑓𝑗 ,𝜇𝑗

Π𝑚1≠𝜉
 1−𝑉𝑚1𝑚1           

 𝑗 ,𝑠𝑟   ÷    
 𝑝𝑟  𝜉𝑠𝑟 𝑖  𝜇 𝑖

1

Π𝑚2≠𝜉
 1−𝑉𝑚2𝑚2           

 𝑖 ,𝑠𝑟                                        

A0 =   𝑉𝜉 ,𝑗𝑗 ,𝑓𝑗 , 𝜇𝑗   ÷   𝑉𝜉 ,𝑖𝑖 ,𝑓𝑗 , 𝜇𝑖
1   

= (V2,1μ1+V2,2μ2)/(V2,1μ1+V2,2μ2+V2,3μ3+V2,4μ4+V2,5μ5) 

Busy Period of Special Server (B0): The regenerative states where the special server is busy is ‘j’ = 2, 3 and 

regenerative states are ‘i’ = 1 to 5, taking ξ = ‘2’, the total fraction of time for which special server remains 

busy is    

B0=    
 𝑝𝑟  𝜉𝑠𝑟 𝑗   ,𝑛𝑗

Π𝑚1≠𝜉
 1−𝑉𝑚1𝑚1           

 𝑗 ,𝑠𝑟   ÷    
 𝑝𝑟  𝜉𝑠𝑟 𝑖  𝜇 𝑖

1

Π𝑚2≠𝜉
 1−𝑉𝑚2𝑚2           

 𝑖 ,𝑠𝑟                                        

B0 =   𝑉𝜉 ,𝑗𝑗 ,𝑛𝑗   ÷   𝑉𝜉 ,𝑖𝑖 , 𝜇𝑖
1  

= (V2,2μ2+V2,3μ3)/ (V2,1μ1+V2,2μ2+V2,3μ3+V2,4μ4+V2,5μ5) 

Expected Fractional Number of Inspections by Special Repairman (V0): The regenerative states where the 

repair man do this job j = 2,3  Taking ‘ξ’ = ‘2’, the proportional number of visit by special repair man is given 

by 

V0=    
 𝑝𝑟  𝜉𝑠𝑟 𝑗   

Π𝑘1≠𝜉
 1−𝑉𝑘1𝑘1

         
 𝑗 ,𝑠𝑟   ÷    

 𝑝𝑟  𝜉𝑠𝑟 𝑖  𝜇 𝑖
1

Π𝑘2≠𝜉
 1−𝑉𝑘2𝑘2

         
 𝑖,𝑠𝑟                                        

V0 =   𝑉𝜉 ,𝑗𝑗   ÷   𝑉𝜉 ,𝑖𝑖 , 𝜇𝑖
1   

= (V2,2μ2+V2,3μ3)/(V2,1μ1+V2,2μ2+V2,3μ3+V2,4μ4+V2,5μ5)  

Particular Cases: - 

Taking  λ1 = λ2 = λ3 = λ, w1 = w2 = w, we have   
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V2,1 = (p2,1/1-p1,4)  = (2w/λ+w) 

V2,2 = 1  

V2,3 = λ/2(λ+w)    = p2,3   

V2,4 = p2,1p1,4/(1-p1,4)  = (w/λ+w)/(1-1/2) = (2w/λ+w) 

V2,5 = p2,5   = λ/2(λ+w) 

p2,1 = (w/λ+w), p2,3 =  p2,5 = λ/2(λ+w),  p1,2 = p1,4 = 1/2, 

p3,2 = p4,1 = p5,2 = 1, µ1 = 1/2λ,  

µ2 = 1/(2w+2λ), µ3 = (1/2w), µ4 = µ5 = (1/w) 

V1,2 = (1/2)/{1-λ/2(λ+w)}{1-λ/2(λ+w)} = (1/2)/{(λ+2w)/2(λ+w)}{(λ+2w)/2(λ+w)} 

= (1/2){4(λ+w)
2
/(2w+λ)

2
} = 2(λ+w)

2
/(2w+λ)

2
 

MTSF (T0) = [(1/2λ)+1/2(w+λ){2(λ+w)
2
/(2w+λ)

2
}]/{1-[1/2)(w/λ+w)]} 

= {(1/2λ)+[(λ+w)/(2w+λ)
2
]/[2(λ+w)/(2λ+w)] 

MTSF Table 

T0 w = 0.6 w = 0.7 w = 0.8 

λ = 0.1 9.47 9.52 9.56 

λ = 0.2 4.65 4.66 4.68 

λ = 0.3 3.090 3.095 3.096 

Table 7 

 

MTSF Graph 

 

From the table and graph we see that increasing the repair rate do not have significant effect on MTSF 

whereas increase in failure rate decreases MTSF. 

Availability of the System (A0)  

A0 = [(2w+λ)/2λ(λ+w)]/D 

Where D = (8w
2
+20λw+6λ

2
)/8λw(λ+w) 

 

Availability of the System Table 

A0 w = 0.6 w = 0.7 w = 0.8 

λ = 0.1 0.75 0.78 0.80 

λ = 0.2 0.60 0.64 0.67 

λ = 0.3 0.51 0.55 0.58 

Table 8 
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Availability of the System Graph 

 

From the table and graph we see that increasing the repair rate does not have significant effect on availability 

whereas increase in failure rate decreases availability. 

 

Busy Period of the Server = [1/2(λ+w)+λ/2(λ+w)(1/2w)]/D 

= [(2w+λ)/4w(λ+w)]/D 

Busy Period of the Server Table 

B0 w = 0.6 w = 0.7 w = 0.8 

λ = 0.1 0.06 0.055 0.05 

λ = 0.2 0.101 0.092 0.084 

λ = 0.3 0.128 0.117 0.109 

Table 9 

 

Busy Period of the Server Graph 

 

From the table and graph show the corresponding changes. 

Expected Number of Server’s Visits (V0): - 

V0 = (3λ+2w)/2D(λ+w) 

Expected Number of Server’s Visits Table 

V0 w = 0.6 w = 0.7 w = 0.8 

λ = 0.1 0.086 0.088 0.089 

λ = 0.2 0.156 0.161 0.164 

λ = 0.3 0.215 0.223 0.229 

Table 10 
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Expected Number of Server’s Visits Graph 

 

 

Conclusion: From above tables and graph, we see that the result obtained using Regenerative Point Graphical 

Technique is same as obtained by using Regenerative Point Technique and other techniques. As fixing the 

failure rates is beyond the level of managements, so by fixing the optimum values of system parameters 

managements may be appraised of repair rates of various units to obtain optimum values at optimum 

cost/profit. Using Regenerative Point Graphical Technique, we obtained the results very easily and quickly 

without writing any state equations and without any cumbersome procedures, long calculations and 

simplifications. Regenerative Point Graphical Technique is applied to study the behavior and profit analysis of 

various process industries like soap, soft drink and dairy plant, paper industry, soap industry etc. It is hoped 

that the Regenerative Point Graphical Technique for the analysis of the system will be very helpful to the 

managements, manufactures and the personal engaged in reliability engineering and working for the behavior 

and profit analysis of stochastic systems. 
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