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Abstract 

Abstract: Reliability optimization problem has a wide application in engineering area. One of 

the most important problems in reliability is redundancy allocation problem (RAP). In this 

research, we worked on a RAP with repairable components and k-out-of-n sub-systems 

structure. The objective function was to maximize system reliability under cost and weight 

constraints. The aim was determining optimal components number of each subsystem, 

including the optimal number of repairmen allocated to each subsystem. Because this model 

belongs to Np. Hard problem, we used genetic algorithm (GA) for solving the presented 

model and response surface methodology (RSM) was used for tuning of algorithm 

parameters. Also for calculating the reliability of each subsystem (and system reliability) we 

used a simulation method. Finally, a numerical example was solved to test the algorithm 

performance. 
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1- Introduction 

The aims of reliability systems are to find 

a better way for increasing the life cycle of 

components and systems. One of the most 

famous models in reliability is redundancy 

allocation problem (RAP) that tries to 

increase the system reliability by 

paralleling some components to each 

subsystem. 

Fyffe et al. [8] were the first researchers 

who presented RAP. The object of their 

model was maximizing the system 

reliability under cost and weight 

constraints. They solved their model by 

dynamic programming. Nakagawa and 

Miyazaki [13] presented a nonlinear 

problem for reliability optimization model. 

Ha. C, and Kuo [10] formulated RAP with 

similar subsystems as a non-convex 

integer programming. Tillman et al. [16] 

reviewed 144 studies that made on 

reliability problems with different 

redundancy models and presented common 

reliability-redundancy method. In 1992, 

Chern [3] proved that RAP belongs to Np. 

Hard problem because of its calculation 

time. Many heuristic and meta-heuristic 

methods were used for solving this 

problem at that time. The heuristic 

methods that were presented by Sharma 

and Venkateswarn [15], Aggarwal [2], 

Aggarwal et al. [1], Gopal et al. [9] and 

Nakagawa and Nakashima [14] were very 

similar to each other. Nakagawa and 

Nakashima [14] compared the 

performance of NN, GAGI, and MSV 

heuristic algorithms used for solving 

general RAP. Ida et al. [12] and Yokota et 

al. [17] were the first researchers who 

solved RAP with series-parallel 

configuration and different failure modes 

with genetic algorithm (GA). Coit and 

Smith [7] presented the mathematical 

model of RAP for maximizing system 

reliability under uncertainty of components 

reliability and Coit, D.W. and Smith [4] 

solved this problem using GA. Coit, D.W., 

and Smith [5] made some changes on 

objective function of this model and 

solved the new model with GA. 

In this study, we present a RAP with 

series-parallel configuration and k-out-of-n 

sub-systems. The components are 

repairable and each repairman is only able 

to repair the components of a specific 

subsystem. The objective function is to 

maximize system reliability and the system 

variables are number and type of each 

subsystem components and repairman. The 

paper is divided into five parts. The second 

part is problem definition. Third part deals 

with solving methodologies. A numerical 

example is presented in part four and the 

final part is conclusion and further studies. 
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2- Problem definition 

In this paper, we present a single-objective 

RAP. The objective function of the 

problem is maximizing system reliability 

under cost and weight constraint. The 

subsystems are serially connected and the 

components in each subsystem are parallel. 

The configuration of subsystem is k-out-

of-n. The components are repairable and 

each repairman can only work on the 

components of the allocated subsystem. 

The aim of model is determining the 

number and type of components in each 

subsystem, including the number of 

repairmen allocated to each subsystem. 

Because calculating the total repair time of 

the components in each subsystem in 

addition to the reliability of the system is 

very complex, we used a simulation 

method for calculating them. 
 

2-1- Model assumptions 

Some basic assumptions of model were as 

follows: 
 

 The system is series-parallel, 

 Components have constant failure rate 

(CFR), 

 The number of the subsystem is 

deterministic, 

 For each subsystem, different 

component types are available, 

 The components are different based on 

cost and operation rate,  

 The components are repairable, 

 It is possible to allocate different 

component types for each subsystem. 
 

2-2- Nomenclatures 
 :tR  System reliability at time t, 

:s  Number of subsystems, 

:i  Subsystems index, si ,,2,1  , 

:ik  
Minimum number of components 

in subsystem i , 

:iv  
Maximum number of 

components in subsystem i , 

:j  Component type index, 4,3,2,1j  

:ijn  
Number of component type j  

that allocated to subsystem i , 

:ijw  
Weight of component type j  that 

allocated to subsystem i , 

:W  Upper bound of system weight, 

:1ijc  
Price of component type j  that 

allocated to subsystem i , 

:2ic  
Price of recruitment each 

repairman for subsystem i , 

:3ic  
The time dependent repair cost of 

components that allocated to 

subsystem i , 

:C  Upper bound of system cost, 

:im  
Number of repairman recruitment 

for repairing components of 

subsystem i , 
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:it  
Total repairing time of 

component in subsystem i , 

:t  Mission time of system. 
 

2-3- Mathematical model 

The mathematical model is as follows: 

   



s

i
i tRtRMax

1

  1  

:.tS   2  





4

1i
iiji vnk   3  

Wnw
s

i j
ijij  

 1

4

1
.   4  

  Ctcmcnc
s

i
iiii

s

i j
ijij   

  1
32

1

4

1
1 ...   5  

 

3- Solving method 

We used simulation method for 

determining the total repair time of the 

components in each subsystem and 

calculating reliability of each subsystem as 

well as whole system, and a general GA 

for determining the optimal system 

parameters. 
 

3-1- Genetic algorithm 

Genetic algorithm (GA) is one of the most 

applicable algorithms for solving RAP. 

This algorithm was presented by Holland 

[11], in 1992. The pseudocode of this 

algorithm presented in Figure 1. 

 

 

 
Fig 1. Pseudocode of GA 
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3-1-1. Chromosome 

The chromosome used for illustrating the 

solution of the presented model is 

presented in Figure 2. 
 

3-1-2. Algorithm operators 

We used crossover, mutation operators for 

creating new generation and elitism to 

have good solutions in new generation. 
 

3-1-3. Crossover operator 

For crossover operator, we select two 

parents and then generate an integer 

number between 1 and s. Next, we change 

the first part of the first parent with the 

second part of second parent and the 

second part of the first parent with the first 

part of second parent as shown in Figure 3. 

 

 
Figure 2. Chromosome of the problem 

 

 
Figure 3. Crossover operator 
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3-1-4. Mutation operator 

For mutation operator, we select one 

parent and then generate an integer number 

between 1 and s. Then, we change the first 

part of the parent with the second part as 

shown in Figure 4. 

 

 

 

 
Figure 4. Mutation operator 

 

 

 

3-1-5. Penalty function 

For evaluation of each chromosome, we 

consider a fitness function, which 

considers the reliability of each 

chromosome. After generating initial 

chromosomes, crossover, and mutation 

operator, the new chromosomes may be 

infeasible. For avoiding infeasible 

selection of chromosomes, we consider a 

penalty function for fitness function. The 

penalty function presented in Equations  6  

to  8  are as follows: 
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3-2- Simulation method 

For calculating fitness function of each 

created chromosomes, we used a 

simulation method. The flowchart of the 

event is presented in Figures 4 and 5. 
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Fig 4. Component failure diagram of simulation 

 

  
Figure 5. Component Repair diagram of simulation 

 

3-3- Parameter tuning 

We used response surface methodology 

(RSM), for algorithm parameter tuning. 

The algorithm parameters are population 

size ( nPop ), crossover operator probability 

( cP ), mutation operator probability ( mP ), 

and algorithm iteration ( MaxIt). The 

boundaries and optimum values of the 

algorithm parameters are presented in 

Table 1. 

Component failure

Is any working conponent?

System finishing 
working Is any idle repairman?

Adding one unit to queue of 
components waiting to allocate to 

repairman

Allocating a repairman to filed 
component

Subtracting one unit from available 
repairman

Repair of one component

Adding one unit to working components

Is any failed component in que?

Adding one unit to idles 
repairman Allocating one component to repairman

Subtracting one unit from idle repairmans
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Table 1. The boundaries and optimum values of algorithm parameters 

 Optimal value Upper value Lower value 
nPop  50 100 100 

cP  0.4 0.7 0.63 

mP  0.1 0.3 0.1 

MaxIt 100 200 200 

 

4- Numerical example 

For illustrating the performance of the 

presented algorithm, we solve a numerical 

example. This example has been already 

solved by Coit [7]. The parameters of 

examples are presented in Table 2. The 

other parameters are )6( max n , 220W , 

500C  and 100t . The values of 2ic  and 

3ic  are calculated in Equations  09  and 

 10 . 

 

 

 Choice 1 (j=1) Choice 2 (j=2) Choice 3 (j=3) Choice 4 (j=4) 
i 1i 1ic 1iw 2i 2ic 2iw 3i 3ic 3iw 4i 4ic 4iw 

1 0.005320 1 3 0.000726 1 4 0.00499 2 2 0.008180 2 5 

2 0.008180 2 8 0.000619 1 10 0.00431 1 9 - - - 

3 0.013300 2 7 0.011000 3 5 0.01240 1 6 0.004660 4 4 

4 0.007410 3 5 0.012400 4 6 0.00683 5 4 - - - 

5 0.006190 2 4 0.004310 2 3 0.00818 3 5 - - - 

6 0.004360 3 5 0.005670 3 4 0.00268 2 5 0.000408 2 4 

7 0.010500 4 7 0.004660 4 8 0.00394 5 9 - - - 

8 0.015000 3 4 0.001050 5 7 0.01050 6 6 - - - 

9 0.002680 2 8 0.000101 3 9 0.000408 4 7 0.000943 3 8 

10 0.014100 4 6 0.006830 4 5 0.001050 5 6 - - - 

11 0.003940 3 5 0.003550 4 6 0.003140 5 6 - - - 

12 0.002360 2 4 0.007690 3 5 0.013300 4 6 0.011000 5 7 

13 0.002150 2 5 0.004360 3 5 0.006650 2 6 - - - 

14 0.011000 4 6 0.008340 4 7 0.003550 5 6 0.004360 6 9 
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We solved the presented example with GA 

using simulation methods and the optimal 

solution for this example with 20 times 

running the algorithm is presented in 

Figure 6. The total cost and weight of the 

problem are 9375.499C  and 219W  and 

the optimal system reliability is 

  9963.0100 R . 
 

5- Conclusion and further studies 

In this paper we presented a RAP with 

series-parallel configuration and k-out-of-n 

subsystems. The components are 

repairable and each repairman is only able 

to repair the components of specific 

subsystem. The objective function is 

maximizing system reliability and the 

system variables are number and type of 

each subsystem components and 

repairman. We used simulation method for 

calculating system reliability and GA for 

solving the numerical example. As we 

expected, the reliability of the system is 

greater than the reliability of the system 

with non-repairable components. 

For further studies different assumptions 

can be considered. For example, complex 

configuration can be considered for 

subsystems. Also different meta-heuristic 

algorithms can be used for solving the 

presented model to compare their results 

with the results of this algorithm. 

 

 
Figure 6. The optimal chromosome of problem 
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