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ABSTRACT 
 
The paper deals with the profit analysis of three non-identical units A, B, and C in which either Unit 
A or one of the units B and C should work for the successful functioning of the system. Two types of 
repairman are available in the system viz. Ordinary and Expert repairman. The expert repairman is 
called only when the system breaks down. Unit A gets priority for repair and is repaired by expert 
repairman while as Unit B and C is repaired by ordinary repairman if the system doesn’t fail totally. 
The failure time distribution of unit-A, B and C are taken as exponential. The distribution of time to 
repair of units is assumed to be general. 
 

 
Keywords: Mean sojourn time; availability analysis; expected number of visits by regular and expert 

repairman; profit analysis of system. 
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1. INTRODUCTION 
 

Several studies on profit analysis of repairable 
redundant system model have been done in the 
past. Recently Wu-Lin Chen analyzed system 
reliability analysis of retrial machine repair 
systems and a single server of working 
breakdown and recovery policy [1]. Navas et al. 
discussed reliability analysis in railway 
repairable systems [2]. However, Yusuf and 
Bala investigated Stochastic modeling of a two 
unit parallel system under two types of failures 
[3]. Mahmoud, and Moshref worked on a two unit 
cold standby system considering hardware, 
human error failures and preventive 
maintenance [4]. Gupta et.al studied two unit 
standby system with correlated failure and repair 
times [5]. Further, Kumar and Kadyan worked on 
Profit analysis of a system of non-identical units 
with degradation and replacement [6]. Sureria, 
and Anand put forth the concept of cost benefit 
analysis of a computer system with priority to 
software replacement over hardware repair [7]. 
In most of the case, the authors assume the 
independent lifetimes of the units in analyzing 
the redundant system models. But, in many 
realistic situations, we observe that the rate of 
failure of an operating unit increases if its 
redundant unit working in parallel has already 
failed. This type of situations is visualized in 
many cases. So keeping the above fact in view, 
the aim of a present paper is to analyze a three 
non-identical unit complex system arranged in 
such a way that the system failure occurs only if 
either unit-A or both the units B and C fail totally. 
 

2. ASSUMPTIONS AND SYSTEM 
DESCRIPTION 
 

 The system comprises of three non-
identical units A, B and C in which either 
Unit A or one of the units B and C should 
work for the successful functioning of the 
system.  

 There are two types of repairman available 
in the system: ordinary and expert 
repairman. The expert repairman is called 
only when a system breaks down. 

 Two types of repair facility are available to 
repair failed unit in which A gets priority for 
repair and is repaired by expert and B and 
C are repaired by ordinary repairman if the 
system doesn’t fail totally. 

 The failure time distributions of unit-A, B 
and C are taken exponential while as 
repair time distribution is assumed to be 
general. 

3. NOTATIONS 
 

 � :     Failure rate of unit-A. 

 
��  :  Constant failure rate of unit-B when unit-

C is good 

 
�� :  Constant failure rate of unit-C when unit-

B is good. 
��:   Constant failure rate of unit-B when unit-C 

has failed. 
��:   Constant failure rate of unit-C when unit-B 

has failed. 
 �(.)  :  Repair distribution of unit-B and C by 

regular repairman. 
  μ(.)  : Distribution of repair of unit-A, B and C 

by expert repairman 
   � �  :   Mean sojourn time in state S�. 

 
��,��,��/ �� ,�� ,��  : Unit-A, B,C is in operative 

and normal (N) mode  / good. 
 
��,��/�� ,��  

: Unit-B,C is in failure (F) mode and 
under repair / waits for repair by regular 
repairman.by regular repairman. 
 
��,��,��   : Unit-A, B, C is in failure (F) mode 
and under repair / waits for  repair by   expert 
repairman. 

 

 
 
The possible states of the system are: 
 

 �� =  [��,�� ,��]     �� =  [��,��,��] 
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 �� =  [��,�� ,��]     �� =  ���,�� ,�� �     

 

 �� =  ��� ,��,�� �    �� =  ��� ,�� ,���    

 

 �� =  ���,�� ,�� �    �� =  ���,�� ,�� �    

 
The states  �� , �� ��� ��   are up states while  
 �� ,��, ��, �� ���  ��  are down states.  Initially, 
all the states are in the operating condition and 
the system failure occurs if either unit A fails or 
both B and C fails completely. Upon failure of 
system unit A gets priority over B and C.  
Further, all the seven states are regenerative 
states. 
 

4. TRANSITION PROBABILITIES 
 

The various transition probabilities using simple 
calculations, ���(�)= �[���� = �,���� − �� ≤

�|��= �  are obtained. Taking the limit as �→∞, 
steady state probabilities is obtained as 
 

  ��� =
��

�������
          ��� =

��

�������
       

 

 ��� =
�

�������
      ��� = ��(� + ��)     

   

 ��� =
��

����
[1 − ��(� + ��)]                                     

��� =
�

����
[1 − ��(� + ��)] 

 
��� = ��(� + ��)                                                        

��� =
��

����
[1 − ��(� + ��)] 

 

��� =
�

����
[1 − ��(� + ��)]     

                                   
 ��� =  ���  =  ��� = ��� =  ��� =  1     

                                                               
From these probabilities, the following condition 
holds: 
 

��� + ��� + ��� = 1;  
��� + ��� + ��� = 1;  
��� + ��� + ��� = 1;                 
��� = ��� = ��� = ��� = ��� = 1                                                                              

 

5. MEAN SOJOURN TIME 
 

The mean sojourn time � � in state  �� is  

defined as � � = �[��]= ∫ �(�� > �)��
∞

�
 are 

calculated 
 

� � = ∫ ��(�������)� �� 
∞

�
  =

�

(����� ��)
   

Ψ� = ∫ e�(����)��̅(�)dt 
∞

�
  =

�

(����)
[1 −

 ��(� + ��)]  
 

Ψ� =  ∫ e�(����)��̅(�)dt 
∞

�
 =

�

 (����)
[1 −

 ��(� + ��)]  

Ψ� = Ψ� = Ψ� = ∫ �̅(�) dt 
∞

�
    

 

Ψ� = Ψ� = ∫ �̅(�) dt 
∞

�
  

 

6. AVAILABILITY ANALYSIS  
 
Simple probabilistic techniques are used to find 
recurrence relations among availabilities. The 
availability of the system in a steady state will be 
given by 
  

�� = lim�→∞ ��(�)  

= lim
�→�

� ��
∗ (�) = ��(0)/��

′ (0) 

 
Where 
 

��(0) = [(1 − ���) (1 − ���)− ��� 
  ���]� � + [���(1 − ���)+  ������] � � 
+[���(1 − ���)+  ������]� �  
 

 ��
′ (0) = [(1 − ���)(1 − ���) −  ��� 

���](� � + ���� �)+ [���(1 − ���)+ 
������]�� + [���(1 − ���)+ ������] 
� � + [ ������(1 − ���)+ ���������] 
�� + [������(1 − ���)+ ���������] 
   � � + [������(1 − ���)+  ���������]      
 � � + [���������+ ������(1 − ���)]� � 

 

And the mean up time during (0, t] is 
 

��� =  ∫ ��(�)��
�

�
 

 

7. BUSY PERIOD ANALYSIS FOR 
REGULAR REPAIRMAN 

 
Using simple probabilistic technique and solving 
the equations, the busy period of repairman in a 
steady state is given by 
 

 �� = lim�→∞ ��(�)=    lim�→� ���
∗(�)=

��(�)

��
′ (�)

        

                                       
��(0) =  [���(1 − ���)+ ������]�� +
[���(1 − ���)+    ������]� � 

 

and expected duration in (0,t] 
 

and ��
′ (0) is same as in the case of availability. 

 

���(�) = ∫ ��(�)��
�

�
 , so that    ���

∗ = ��
∗ �⁄   
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8. BUSY PERIOD ANALYSIS FOR 
EXPERT REPAIRMAN 

 

Using simple probabilistic technique and solving 
the equations, the busy period analysis of expert 
repairman in a steady state is given by 
 

��
� = lim

�→∞
��

�∗(�) 

 

=  ����→� ���
�∗(�) =

��(�)

��
′ (�)

 

 

Where 
 

��(0) =  ���[(1 − ���)(1 − ���)− ������]� � +
[������(1 − ���)+ ���������]�� + [������(1 −
�16+�01�14�25]� 5+[�01�161−�27+ 
���������]� � + [������(1 − ���)+  
���������]� �  

               
and ��

′ (0) is same as in the case of availability  
 

and the expected duration  in (0,t] is given as  
 

���(�) = ∫ ��
�(�)��

�

�
  

 

9. EXPECTED NUMBER OF VISITS BY 
REGULAR REPAIRMAN 

 
Simple probabilistic techniques are used and 
solving the equations, the number of visits per 
unit time in a steady state is given by 
 

��(0) = lim�→�
��(�)

�
=

��(�)

��
� (�)

      

                                                                          
Where  
 

��(0) =   (��� + ���)[(1 − ���)(1 − ���)−
�25�14+[ �01 1−�27+�02          
 ���](1 − ���)+ [���(1 − ���)+ ���    
���](1 − ���)  

 

Now the expected visits by the regular repairman 
in (0,t] 
 

���(�) = ∫ ��(�)��
�

�
  

 

10. EXPECTED NUMBER OF VISITS BY 
EXPERT REPAIRMAN 

 

Using the definition of ��
�(�) , the recursive 

relations among ��
�(�) can be easily developed. 

 

Number of visits in steady state by repairman, is 
given by 
 

��(0) = lim�→�
��(�)

�
=

��(�)

��
� (�)

     

 

Where, 
 

��(0) =  ���[(1 − ���)(1 − ���)− ������]+
 ���[(1 − ���)+ ������] 
(1 −  ���)+  [���(1 − ���)+  ������]  
(1 −  ���)  

 

��
� (0) is same as availability analysis 

 
Now the expected number of visits by the expert 
repairman in (0,t] 
 

���(�) = ∫ ��
�(�)��

�

�
  

 

11. PROFIT ANALYSIS 
 

Therefore, profit analysis of the system can be 
given as: 
 

P� = K�A� − K�B� − K���
� − K�V� − K���

� 
 

Where, K�,K�,K�,K�,K� =  Cost associated per 
unit time for which regular and expert repairman 
is available, busy and visits of repairman in 
system respectively. 
 

Table 1. Effect of �� and fixed parameters ��, �, ��, �� ��� ��  on availability 
 

�� Availability 
�� = �.��,� = �.��., 
�� = �.��,�� = �.��,  
�� = �.��,   

�� = �.��,� = �.��, 
�� = �.��,�� = �.��,  
�� = �.��,    

�� = �.��,� = �.��, 
�� = �.��,�� = �.��,  
�� = �.��,   

0.1 0.732143 0.718196 0.693035 
0.2 0.729272 0.715739 0.690012 
0.3 0.726475 0.713335 0.687058 
0.4 0.723747 0.710984 0.684187 
0.5 0.721086 0.708683 0.681395 
0.6 0.718491 0.706431 0.67868 
0.7 0.715958 0.704227 0.676037 
0.8 0.713486 0.702068 0.673466 
0.9 0.711071 0.699954 0.670962 
1.0 0.708713 0.697882 0.668522 
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Table 2. Effect of �� and fixed parameters ��, ��,�,��,��on availability 
 

�� Availability 
�� = �.��,�� = �.��,  
� = �.��,�� = �.��,  
�� = �.��,   

�� = �.�� ,�� = �.��,  
� = �.��,�� = �.��,  
�� = �.��,   

�� = �.��,�� = �.��,  
� = �.��,�� = �.��,  
�� = �.��,  

0.1 0.724638 0.757576 0.746269 
0.2 0.72606 0.758407 0.747547 
0.3 0.727356 0.759165 0.748686 
0.4 0.728454 0.759815 0.749642 
0.5 0.729333 0.760343 0.750407 
0.6 0.730004 0.760754 0.750998 
0.7 0.730493 0.761062 0.751442 
0.8 0.730831 0.761283 0.751765 
0.9 0.731052 0.761436 0.751995 
1.0 0.731181 0.761536 0.752152 

 
Table 3. Effect of �� and fixed parameters ��,�,��,��,��,��,��,��,��,�� on profit 

 

�� Profit 
�� = �.��,� = �.��, 
�� = �.��,�� = �.��,  

�� = �.��,�� = ���� 
�� = ���,�� = ���,  
�� = ���,�� = ���  

�� = �.��,� = �.��, 
�� = �.��,�� = �.��,  

�� = �.��,�� = ��� 
�� = ���,�� = ���,  
�� = ���,�� = ���  

�� = �.��,� = �.��, 
�� = �.��,�� = �.��,  

�� = �.��,�� = ��� 
�� = ���,�� = ���,  
�� = ���,�� = ���  

0.1 485.549 528.069 567.779 
0.2 426.797 466.676 503.385 
0.3 369.586 406.694 440.064 
0.4 313.828 348.052 377.774 
0.5 259.454 290.692 316.481 
0.6 206.402 234.566 256.157 
0.7 154.621 179.63 196.777 
0.8 104.06 125.843 138.316 
0.9 54.6748 73.1687 80.7533 
1.0 6.42292 21.5704 24.0666 

 

Table 4. Effect of �� and fixed parameters ��,��,�,��,��,��,��,��,��,��on profit 
 

�� Profit 
�� = �.��,�� = �.��, 
� = �.��,�� = �.��,  

�� = �.��,�� = ���� 
�� = ���,�� = ���,  
�� = ���,�� = ���  

�� = �.��,�� = �.��, 
� = �.��,�� = �.��,  

�� = �.��,�� = ��� 
�� = ���,�� = ���,  
�� = ���,�� = ���    

�� = �.��,�� = �.��, 
� = �.��,�� = �.��,  

�� = �.��,�� = ��� 
�� = ���,�� = ���,  
�� = ���,�� = ���  

0.1 3.96394 36.25 6.55174 
0.2 172.844 180.677 112.459 
0.3 264.886 260.275 177.319 
0.4 316.422 304.823 217.228 
0.5 345.256 329.426 241.494 
0.6 361.255 342.648 255.975 
0.7 370.024 349.445 264.423 
0.8 374.74 352.672 269.229 
0.9 377.204 353.964 271.891 
1.0 378.431 354.246 273.333 

 

12. STUDY OF SYSTEM BEHAVIOUR 
 
The behavior of availability and profit analysis of 
the system is studied. 

13. CONCLUSION 
 
In Table 1, Availability w.r.t. �� and fixed values 
of a parameter ��, �, ��, ��,�� is studied. Also 
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in Table 3, Profit w.r.t. ��  and fixed values of 
parameters  ��,�, ��,��,��,��,��, ��,��, ��  is 
calculated and in both cases, it is analyzed that 
Availability and Profit analysis of the system 
decreases w.r.t. ��  (failure rate) keeping other 
parameters fixed. In Table 2, Availability �� w.r.t. 
and fixed values of parameter��,��,�,��,��  is 
computed. Also, In Table 4, Profit w.r.t. ��  and 
fixed values of a parameter 
��,��,�,��,��,��,��,��,��,��  is studied and It 
is seen that Availability and Profit analysis of the 
system increases w.r.t. �� (Repair rate) keeping 
other parameters fixed. Therefore, it can be 
concluded that expected life of the system 
increases with decreasing the failure rate of a 
unit in failure mode (��) and increases with an 
increasing repair rate of a unit in repair mode 
(��) which in turn increases system reliability. 

 
COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 

 
REFERENCES  
 
1. Wu-Lin Chen. System reliability analysis of 

retrial machine repair systems with warm 
standbys and a single server of working 
breakdown and recovery policy. The 

International Council on System 
Engineering. 2018;21:59-69. 

2. Navas MA, Sancho C, Jose Carpio. 
Reliability analysis in railway repairable 
systems. International Journal of Quality & 
Reliability Management. 2017;34(8):1373-
1398. 

3. Yusuf I, Bala SI. Stochastic modeling of a 
two unit parallel system under two types of 
failures. International Journal of Latest 
trends in Mathematics. 2012;2:44-53. 

4. Mahmoud MAW, Moshref ME. On a two 
unit cold standby system considering 
hardware, human error failures and 
preventive maintenance. Mathematics and 
Computer Modeling. 2010;51:736-745. 

5. Gupta M. Mahi, Sharma V. A two 
component two unit standby system with 
correlated failure and repair times. Journal 
of Statistical Management System. 
2008;77-90. 

6. Kumar J, Kadyan MS. Profit analysis of a 
system of non-identical units with 
degradation and replacement. International 
Journal of Computer Application. 
2012;40(3):19-25. 

7. Sureria JK, Malik SC, Anand J. Cost 
benefit analysis of a computer system with 
priority to software replacement over 
hardware repair. Applied Mathematical 
Sciences. 2012;6(75):3723-3734. 

_________________________________________________________________________________ 
© 2019 Bashir et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://www.sdiarticle3.com/review-history/48630 
 


