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Abstract  

In this paper, emphasizing the real conditions prevailing in production industries, a 

new optimization model is developed in order to optimally schedule preventive 

maintenance and repair activities in a multi-component maintainable 

manufacturing system addressing a novel approach. It is assumed that failures or 

inspections are not only causes of stopping devices but also some other activities 

(non-failure stops) may interrupt the production process. The presented 

mathematical model utilizes these interruptions as opportunities to perform some 

maintenance activities. Failure interaction between components is also considered 

and the rate of failure of each component due to shocks from other components may 

be increased by a certain percentage. In addition to preventive maintenance and 

repairs, in the case of sudden failure of any component, corrective maintenance is 

implemented. Besides, the cost of stopping the system for performing maintenance 

activities is considered dependent on the duration of maintenance execution. Due 

to the complexity of the structure of the proposed model, the Genetic algorithm is 

adapted as the solution approach and its parameters are adjusted by the Taguchi 

method. A numerical example is solved and analyzed. Finally, a comparison 

between the exact method and the developed algorithm is provided to examine its 

efficiency and the impacts of the rise in problem sizes on the performance of the 

algorithm.  
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Introduction  
 

In view of product management, maintenance is as important as production to ensure the 

quality. So, the optimal preventive maintenance schedule is a key tool for keeping and 

improving system availability and safety, as well as production quality. System maintenance 

refers to all actions taken to keep material in a serviceable condition or to restore it to 

serviceability [1]. Therefore, the importance of maintenance planning as a part of improving 

production efficiency and the company's profitability strategy cannot be ignored and preventive 

maintenance is required to reduce downtime and maintain profitability and competitiveness in 

global markets. In production industries, all systems, from the simplest to the most complex, 

require scheduled maintenance to reduce the risk of failure. In other words, maintenance 

planning is a balance between the costs of preventive maintenance/replacement activities and 

the benefits of reducing the overall system failure rate, and the key is to find the best sequence 
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of maintenance activities for each element in the system in each period across the entire 

planning.  In addition, with the development of advanced production technologies, modern 

machines and equipment are increasingly automatic and intelligent to respond to market 

changes and increase product diversity, which in turn has made it more difficult to maintain 

equipment at a desirable level of reliability. Therefore, to ensure the performance of these 

complex machines with high reliability, human safety and environmental  

protection, maintenance policies, and preventive repairs have become more important and 

in this regard, reliability plays an important role [2]. 

On the other hand, competitive conditions in the production and provision of services in the 

present era have led to a rapid response to customer demand as one of the strategic priorities of 

the industry. Consequently, equipment failure will reduce safety and cause acute problems in 

the timely delivery of products to customers. Therefore, reducing operating costs and abrupt 

stops along with increasing reliability are among the major goals in equipment management of 

various industries. 

From an aging point of view, in many manufacturing systems, the use of equipment increases 

the likelihood of failure, which in turn reduces reliability and increases operating costs (such as 

failure costs). So, maintenance management is performed as an important unit in production 

systems to maintain equipment in a suitable condition with the aim of reducing breakdowns and 

reducing operating costs. Maintenance may also be used to increase the likelihood of continued 

operation effectively.  

As our knowledge allows, in all studies that have been done in this field so far, it is assumed 

that the device does not stop until it fails while the only factor that stops the device in the real 

world is not the device failure. In other words, sometimes the machine has no problem 

continuing working, but non-failure stops (stops that are not due to failure) for reasons such as: 

type and continuity of work, finishing raw materials, personnel training, lunch, preparation, 

absence of operator, production of prototypes and testing, final discharge, carrying out projects 

and corrections (remedial and capital) such as painting the factory or changing the design of 

products, re-flooring, going through the furnace cycle (engineering process), preheating, 

emptying the oxide box, etc. They stop the machine and provide a suitable opportunity to 

perform some maintenance activities during these times, which reduces maintenance costs. 

Regarding these stops, it can be said that the work is done in such a way that the system stops 

for non-failure reasons and the duration of these stops is limited. The question is whether 

performing some preventive maintenance activities at these times is cost-effective and increases 

system availability or not. If so, some maintenance activities will be done at these points. In 

fact, by performing preventive maintenance activities at these times, a lower cost is paid due to 

not having the cost of stopping the system completely to perform maintenance activities 

(because no matter what maintenance activity is performed or not, the machine will stop at 

these times) and they are prevented from being performed at inspection points and 

predetermined for maintenance. The duration of access to the system is increased. At the same 

time, it is possible that the reliability of the system has not yet reached a critical state and there 

is no need to perform preventive maintenance activities at the points where non-failure stops 

are performed. Considering the costs of stopping the system and the costs of preventive 

maintenance and emergency breakdowns, it should be decided to what extent the maintenance 

activities should be carried out at inspection points and to what extent in non-failure stops. 

The proposed mathematical model has the ability to be adapted to all production multi-

component systems that can be maintained and repaired. But, its main application is in 

continuous production systems where outlier times can be programmed. Although various 

models have been developed in this field, including dead times in the model definitely adds an 

advantage over other previous models. 
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Review of Literature  
 

Preventive maintenance and replacement optimization models have been proposed since the 

1960s and have been extensively developed to find preventive maintenance schedules in a 

variety of systems. Since Barlow and Hunter [3] introduced the partial repair model, much effort 

has been put into the maintenance schedule. In the following, a number of well-known problem 

models are briefly stated.  

Models focusing on a manufacturing system with one component have been extensively 

studied [4-5]. These types of models are less considered in today's world because of the 

increasing complexity and diversity of production systems. So, more attention has been paid to 

preventive maintenance on multi-component systems [6]. Some noticeable studies are reviewed 

in the following. 

Deteriorating manufacturing systems have been studied in terms of maintenance decisions 

in many ways [7-11]. But Malik [12] introduced the development factor in maintenance 

scheduling in such systems, and since then a variety of models have been developed in such a 

way. Nakagawa [13] proposed two analytical models to find the optimal preventive 

maintenance schedule, assuming that the failure rate is incremental throughout. He considered 

the average cost of failure and also the costs of preventive maintenance and replacement costs, 

assuming that preventive maintenance activities reduce the effective age. Lane et al. [14] 

combined both models proposed by Nakagawa and proposed a hybrid model considering the 

effects of each PM activity and in terms of both immediate effects and long-lasting effects for 

reuse of the equipment. The authors presented two models with respect to the concepts of 

maintainability and non-maintainability of failure models. 

Dependence between components can be categorized into three types: economic 

dependence, structural dependence and failure dependence. Economic dependence between 

components means that simultaneous maintenance and repair of components as a group reduces 

costs compared to maintenance and repair of each component individually [15-16]. There is 

structural dependence in systems where several components together structurally form a 

subsystem. As a result, some defective components in the subsystem must be stopped and 

disassembled before being repaired or replaced. Structural dependence is in fact an 

interdependence in the performance of maintenance activities between components [17]. 

Various studies include a structural dependence [18-20]. Also, if there is a failure dependence 

between the components, the failure of some components affects the failure of other 

components [21-24]. Zhang, Fouladirad & Barros [25] consider a two-component system with 

failure interactions. Failure of the first component either causes a random amount of damage to 

the other component, or it results in failure of the other component with a certain probability. 

Three preventive maintenance policies are analyzed numerically. 

Aspects of research innovation can be enumerated in the following cases: 

 As our knowledge allow, in previous works a common assumption is that the device will 

not be stopped until it breaks down or an inspection occurs, however in the real world they 

are not the only factors that stop the device. Sometimes non-failure reasons stop the system. 

Some examples of these reasons are continuity of work, staff training, time for having 

meals, preparation, production of prototypes and testing, final evacuation projects and 

corrections including re-flooring, preheating, oxide box emptying, etc. Considering these 

types of stops provides a good opportunity for implementing some maintenance activities 

during these times. 

 Another innovation is that the cost of stopping the system depends on the duration of the 

stop. So far, in all research works in this field, a fixed cost has been considered for shutting 

down the system for maintenance activities. But in fact, with the shutdown of the system 
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and lack of access to the system, a cost per unit of time is imposed due to unmet demand, 

production waste, and so on. 

 Considering the failure dependence between components is another innovation of this 

research. Thus, the failure of each component due to shock to other components may 

increase their failure rate by a percentage. To the best of our knowledge, this type of failure 

dependency has not been implemented for more than two components before. 

 Adapting an efficient meta-heuristic algorithm to solve the proposed model in a 

computationally reasonable time and adjusting its parameters by the Taguchi method. 

 

Problem Description 
 

The problem considered in this paper is to optimize the preventive maintenance schedule for a 

multi-component repairable system using a mathematical model based on the concept of aging 

and impact factors. For achieving this purpose, the planning horizon is divided into equal 

intervals and at the end of each period, decisions related to the type of maintenance activity 

(service, repair, replacement or do-nothing) are made according to the impact of each activity 

on the reliability of each component. So, the overall cost is minimized and the required 

reliability is met.  

The assumptions considered in this research are: 

 Instead of using calendar age, the effective age attitude is used. 

 The system at the beginning of the horizon is a new, repairable and maintainable system 

with a series structure. 

 The learning process is ignored, so the component failure rate is incremental. 

 Each component in the system has an increasing rate of occurrence of failure (ROCOF) and 

the failure of each component follows the non-homogeneous poisson process (NHPP). 

 System failure is only due to aging of the elements and sudden failure due to reasons such 

as operator error is not considered. 

 The planning horizon is finite and does not change with maintenance activities. 

 Development factors, duration of maintenance activities, required system reliability, cost 

parameters and parameters related to the component life distribution function are already 

known and available. 

 There are different types of maintenance activities, each of them has a different effect on 

life expectancy but all of them rejuvenate the system and consequently reduce its failure 

rate. 

 The impact of various maintenance activities on the effective age of the elements is 

determined only by the development factor. 

 In addition to PM activities, in the event of a sudden breakdown, maintenance and repair 

are performed. 

 Dependence of component failure is one-way; this means that between two components, 

only one is effective and the other is effective, and the opposite does not happen. 

In each period, it is assumed that one of the following activities is performed for each 

component: 

 

a. Maintenance service (MS) 

 

Some general MS activities include lubrication, cleaning of dust and rust, tightening of loose 

parts, adjusting and injecting consumables. These types of activities can adjust the subsystem 

to a better condition and place more emphasis on maintaining the system under normal 

operating conditions. 
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b. Maintenance Repair (MR) 

 

It generally involves simple replacement or repair activities that rehabilitate the subsystem to 

achieve a better state than MS. It is mainly used for components that are not easy to prepare 

and purchase. It includes repairing and replacing a few simple parts such as springs, nuts, belts, 

complete implementation of the engine for repair, strengthening the engineering structure, and 

disassembly and reassembly of repaired components. Doing this type of activitiy puts 

components puts in a position between "good as before" and "bad as before". 

 

c. Replacement (RP) 

 

This type of activity is the replacement of a worn subsystem with a new subsystem, which 

prevents a breakdown and a serious problem. This activity is done for key components to 

prevent serious damage. In addition, components on which other maintenance activities have 

been performed several times and cannot be used may be performed on this type of activity. 

Using some relations from [26-27], the problem is modeled. There is a new system with N 

series structured components. It is also assumed that each component in the system has an 

increasing failure rate with the function 𝜐𝑖(𝑡), where t refers to the time (t>0). The failure of 

each component follows the Non-homogeneous Poisson Process (NHPP) and is expressed as 

follows: 

 
𝜐𝑖(𝑡) = 𝜆𝑖 . 𝛽𝑖 . 𝑡

𝛽𝑖−1    𝑓𝑜𝑟      𝑖 = 1,… , 𝑁 (1) 

 

Where 𝜆𝑖 and 𝛽𝑖 are the shape and the scale parameters of component i. 

Aging increases the failure rate of components and on the other hand, the occurrence of 

failure of one component causes a shock to specific components and as a result causes a sudden 

increase in their failure rate. So we have: 

 

𝜐́𝑖(𝑡) = ∑𝜐𝑖(𝑡|𝑁𝑙(𝑡) = 𝑛) ×

∞

𝑛=0

𝑃(𝑁𝑙(𝑡) = 𝑛) (2) 

Which, 

 
𝜐𝑖(𝑡|𝑁𝑙(𝑡) = 𝑛) = 𝜐𝑖(𝑡) × (Pi,l + 1)

𝑛 (3) 

 

 

The average number of failures of component L in the range 0 to t is calculated from the 

following equation: 

 

𝜆𝑙,𝑡 = ∫  𝜐𝑙(𝑡) 
𝑡

0

𝑑𝑡 = ∫ 𝜆𝑙 . 𝛽𝑙 . 𝑡
𝛽𝑙−1𝑑𝑡 = 𝜆𝑙 .

𝑡

0

𝑡𝛽𝑙 

 

(5) 

 

So we have:  

 

𝑃(𝑁𝑙(𝑡) = 𝑛) =
(𝜆𝑙,𝑡)

𝑛 𝑒−𝜆𝑙,𝑡  

(𝑛)!
 (4) 
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𝑃(𝑁𝑙(𝑡) = 𝑛) =
(𝜆𝑙 . 𝑡

𝛽𝑙)
𝑛
. 𝑒−(𝜆𝑙.𝑡

𝛽𝑙)

𝑛!
 (6) 

 

Impact of maintenance activities 

 

The effective age x is used instead of the calendar age and 𝑋𝑖,𝑗 and 𝑋𝑖,𝑗
′  are considered as the 

effective age of the subsystem i at the beginning and end of the period j, respectively. The initial 

age of each component at the beginning of the planning horizon is considered zero as the 

following equation: 

 
𝑋𝑖,1 = 0                              (7) 

 

Maintenance activities usually return the component to a state of "better than old" and "worse 

than the new". Then reliability is evaluated by R(X) instead of R(t). ∆t is the duration of each 

period. So the following relation can be concluded: 

 
𝑋𝑖,𝑗
′ = 𝑋𝑖,𝑗 + ∆𝑡   

𝑖 = 1,2, … ,𝑁 ;  𝑗 = 1,2, … , 𝐵     
(8) 

 

If preventive maintenance is used, effective age is assumed to be reduced immediately. The 

changes are modeled as below: 

 
𝑀𝑆:  𝑋𝑖,𝑗+1 = 𝑋𝑖,𝑗 + 𝛼𝑖,𝑗∆𝑡 

= 𝑋𝑖,𝑗
′ − (1 − 𝛼𝑖,𝑗)∆𝑡   

 

(9) 

𝑀𝑅: 𝑋𝑖,𝑗+1 = 𝛼𝑖,𝑗𝑋𝑖,𝑗
′             

 𝑓𝑜𝑟 𝑖 = 1,2, … , 𝑁 ;  𝑗 = 1,2, … , 𝐵 − 1    

 0 ≤ 𝛼𝑖,𝑗 ≤ 1    
(10) 

 

Where 𝛼𝑖,𝑗 is improvement factor and depends on the impact of preventive maintenance 

activities. It is assumed that the effect of MS and MR is constant for each subsystem. So we 

have: 

 

𝛼𝑖,𝑗 = {
𝑚𝑖,1  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑀𝑆 𝑖𝑛 𝑎𝑙𝑙 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 , 𝑖 = 1,2, … , 𝑁

𝑚𝑖,2  𝑓𝑜𝑟 𝑎𝑙𝑙 𝑀𝑅 𝑖𝑛 𝑎𝑙𝑙 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 , 𝑖 = 1,2, … , 𝑁
} (11) 

 

If the subsystem i has been replaced (at the end of interval j) we have: 

 

𝑋𝑖,𝑗+1 = 0   

𝑓𝑜𝑟 𝑖 = 1,2, … , 𝑁 ;  𝑗 = 1,2, … , 𝐵 − 1  
 

(12) 

If no activity is performed, no change is made to the effective age: 

 
𝑋𝑖,𝑗+1 = 𝑋𝑖,𝑗

′    

𝐹𝑜𝑟 𝑖 = 1,2, … , 𝑁 ;  𝑗 = 1,2, … , 𝐵 − 1      
 

(13) 

The above formulas can be written in an integrated form as follows: 
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𝑋𝑖,𝑗 = (1 − 𝑚𝑠𝑖,𝑗−1)(1 − 𝑚𝑟𝑖,𝑗−1)(1 − 𝑟𝑖,𝑗−1)𝑋𝑖,𝑗−1
′          

      +𝑚𝑠𝑖,𝑗−1 [𝑋𝑖,𝑗−1
′ − (1 − 𝑚𝑖,1)∆𝑡] + 𝑚𝑟𝑖,𝑗−1 (𝑚𝑖,2𝑋𝑖,𝑗−1

′ )
     
 

 (14) 

𝑚𝑠𝑖,𝑗 +𝑚𝑟𝑖,𝑗 + 𝑟𝑖,𝑗 ≤ 1  (15) 

𝑋𝑖,𝑗
′ = 𝑋𝑖,𝑗 + ∆𝑡 (16) 

𝑋𝑖,1 = 0      ,    𝑋𝑖,1
′ = ∆𝑡   

𝐹𝑜𝑟      𝑖 = 1,2, … , 𝑁    , 𝑗 = 1,2, … , 𝐵              
 

(17) 

Preventive maintenance costs 

 

Cost of performing preventive maintenance activities is calculated using the following 

equation. 

 

∑∑(𝑀𝑆𝑖 . 𝑚𝑠𝑖,𝑗 +𝑀𝑅𝑖 . 𝑚𝑟𝑖,𝑗 + 𝑅𝑖. 𝑟𝑖,𝑗)

𝑁

𝑖=1

𝐵

𝑗=1

       
(18) 

 

The following constraints must be met: 

 

 

𝑚𝑠𝑖,𝑗 , 𝑚𝑟𝑖,𝑗 , 𝑟𝑖,𝑗 = 0 𝑜𝑟 1 
(19) 

𝑚𝑠𝑖,𝑗 +𝑚𝑟𝑖,𝑗 + 𝑟𝑖,𝑗 ≤ 1 
(20) 

 

Total system shutdown cost due to preventive maintenance activities  

 

During the life of the system, production takes place several times which is called a production 

run. After each production run, the system may stop or continue to operate without stopping. If 

it is assumed that after k period a non-failure stop occurs (k is from 1 to B), then set F is defined 

as Eq. 21 to distinguish the periods containing non-failure stop from the periods in which the 

non-failure stop does not occur. 

 

 

Then, cost H is modeled below. This cost consists of three terms. The first one is the fixed 

cost, which is taken into account by performing even one maintenance activity. The second 

term relates to variable costs for periods in which there is no non-failure stop. As can be seen, 

this term increases with the duration of maintenance activities. The third term relates to variable 

costs for periods in which there is a non-failure stop. The variable fj is used to take into account 

the non-failure stop in the model and its effect on reducing maintenance costs. This variable 

will be zero if the duration of  maintenance activities in period j is less than the period of non-

failure stop, otherwise, it will be one. 

  

 

Which 𝑓𝑗 is calculated from Eq. 23. 

 

𝐹 = {𝑘. 𝑗 |𝑗 = 1,2, … , ⌊
𝐵
𝐾
⌋}               (21) 
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𝑓𝑗 =

{
 
 

 
 
0  𝑖𝑓 ∑[msi,j. TMS + mri,j. TMR + rpi,j. TRP] ≤ Xj     

N

i=1

1     𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                           }
 
 

 
 

 

   For  𝑗 ∈ F 

(23) 

 

Cost of sudden system failure 
 

This cost is introduced to take into account the low probability that the system will fail during 

production. Once the system crashes, it causes a loss that is equal to 𝐶𝑓. 

Therefore, the potential failure cost is calculated by the following expression: 

 

max (1 − 𝑅𝑠𝑦𝑠,𝑗(𝑡)) . 𝐶𝑓    

  𝑗 = 1,2, … , 𝐵   ; 0 ≤ 𝑡 ≤ ∆𝑡  
 

(24) 

Because the reliability decreases steadily, the above equation can be written as follows: 

 

max (1 − 𝑅𝑠𝑦𝑠,𝑗(∆𝑡)) . 𝐶𝑓     

   𝑗 = 1,2, … , 𝐵  
(25) 

 

Also, the average number of component failures is: 

 

𝐸[𝑁𝑖,𝑗] = ∫  𝜐́𝑖(𝑡) 𝑑𝑡 
𝑋𝑖,𝑗
′

𝑋𝑖,𝑗

 (26) 

 

Corrective maintenance cost  

 

This cost is due to the corrective maintenance that is performed after a component fails and to 

return the system to operation. In a series system, the probability of system failure in each period 

is equal to the probability of failure of at least one of the components in the same period. So, 

the probability of failure of one of the components is obtained from the following relation: 

 

∫ 𝜐́𝑖(𝑡)𝑑𝑡
𝑋𝑖,𝑗
′

𝑋𝑖,𝑗

 

𝑓𝑜𝑟   𝑖 = 1,2, … , 𝑁;  𝑗 = 1,2, … , 𝐵   
 

(27) 

The number of sudden system shutdowns in period j can also be calculated from the 

following equation: 

 

H=∑ ℎ𝐹𝐶(1 − ∏ (1 − (𝑚𝑠𝑖,𝑗 +𝑚𝑟𝑖,𝑗 + 𝑟𝑖,𝑗)) 
𝑁
𝑖=1

𝐵
𝑗=1

 

  +∑ℎ𝐷𝐶

𝐵

𝑗=1
𝑗∉𝐹

. [∑[𝑚𝑠𝑖,𝑗 . 𝑇𝑀𝑆𝑖 +𝑚𝑟𝑖,𝑗 . 𝑇𝑀𝑅𝑖 + 𝑟𝑝𝑖,𝑗 . 𝑇𝑅𝑃𝑖]

𝑁

𝑖=1

] 

+∑𝑓𝑗 . ℎ𝐷𝐶
𝑗∈𝐹

[[∑[𝑚𝑠𝑖,𝑗 . 𝑇𝑀𝑆𝑖 +𝑚𝑟𝑖,𝑗. 𝑇𝑀𝑅𝑖 + 𝑟𝑝𝑖,𝑗. 𝑇𝑅𝑃𝑖]

𝑁

𝑖=1

] − 𝑋𝑗] 

(22) 
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∑∫ 𝜐́𝑖(𝑡)
𝑿𝒊,𝒋
′

𝑿𝒊,𝒋

𝑁

𝑖=1

 (28) 

 

The cost of sudden system shutdown during the planning horizon is obtained from the 

following equation: 

 

(𝐶𝑏 . 𝑡𝑏,𝑚)∑∑∫ 𝜐́𝑖(𝑡)
𝑿𝒊,𝒋
′

𝑿𝒊,𝒋

𝑁

𝑖=1

𝐵

𝑗=1

 

 

(29) 

System reliability  

 

Assuming the system is used for the j period, the reliability of subsystem i during period j can 

be explained by considering the effect of the cumulative effective age of Xij on the possibility 

that the system can survive an extra time (t). Using conditional reliability, it is defined as 

follows: 

 
𝑅̃i,j(t)= 𝑅𝑖(𝑡|𝑋𝑖,𝑗)               

   0 ≤ 𝑡 ≤ ∆𝑡           
(30) 

 

In order to calculate the reliability of the series system, first, the reliability of the component 

i in the period j should be calculated according to the following equation, then it should be 

generalized to calculate the reliability of the system along the planning horizon. 

 

𝑅𝑖,𝑗 = 𝑒
−[∫ 𝜐́𝑖(𝑡)𝒅𝒕   

𝑿𝒊,𝒋
′

𝑿𝒊,𝒋
]

       

 𝑓𝑜𝑟  𝑖 = 1,2, … , 𝑁 ;  𝑗 = 1,2, … , 𝐵 

(31) 

𝑅𝑆𝑌𝑆 =∏∏𝑒
−[∫ 𝜐́𝑖(𝑡)𝒅𝒕   

𝑿𝒊,𝒋
′

𝑿𝒊,𝒋
]

 

𝐵

𝑗=1

𝑁

𝑖=1

 (32) 

 

The reliability of the system in each period is also calculated from following equations: 

 

𝑅𝑠𝑦𝑠,𝑗(𝑡) =∏𝑅̃i, j(t)            

𝑁

𝑖=1

 

𝑓𝑜𝑟   0 ≤ 𝑡 ≤ ∆𝑡    

 

(33) 

 

And if the dependence between the components is considered, we should use the failure rate 

dependent on the failure of other components and we will have: 

 

𝑅𝑆𝑌𝑆.𝑗 =∏𝑒
−[∫ 𝜐́𝑖(𝑡)𝒅𝒕   

𝑿𝒊,𝒋
′

𝑿𝒊,𝒋
]

  
 

𝑁

𝑖=1

 

𝑗 = 1,2, … , 𝐵 

 

(34) 

To meet the desired reliability, the following relationship must be established: 

 

𝑀𝑖𝑛(∏𝑒
−[∫ 𝜐́𝑖(𝑡)

𝑿𝒊,𝒋
′

𝑿𝒊,𝒋
]

 

𝐵

𝑖=1

) > 𝑅𝑟𝑒𝑞  (35) 
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𝑗 = 1,2, … , 𝐵 

Objective function 

 

Finally, objective function of minimizing the total cost is presented as follows: 

 
Min  𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡  

=∑ℎ𝐹𝐶(1 −∏(1 − (𝑚𝑠𝑖,𝑗 +𝑚𝑟𝑖,𝑗 + 𝑟𝑖,𝑗)) 

𝑁

𝑖=1

𝐵

𝑗=1

 

  +∑ℎ𝐷𝐶

𝐵

𝑗=1
𝑗∉𝐹

. [∑[𝑚𝑠𝑖,𝑗 . 𝑇𝑀𝑆𝑖 +𝑚𝑟𝑖,𝑗 . 𝑇𝑀𝑅𝑖 + 𝑟𝑝𝑖,𝑗 . 𝑇𝑅𝑃𝑖]

𝑁

𝑖=1

] 

+∑𝑓𝑗. ℎ𝐷𝐶
𝑗∈𝐹

[[∑[𝑚𝑠𝑖,𝑗 . 𝑇𝑀𝑆𝑖 +𝑚𝑟𝑖,𝑗 . 𝑇𝑀𝑅𝑖 + 𝑟𝑝𝑖,𝑗 . 𝑇𝑅𝑃𝑖]

𝑁

𝑖=1

] − 𝑋𝑗] 

 

+∑ ∑ 𝑀𝑆.𝑚𝑠𝑖,𝑗 +𝑀𝑅.𝑚𝑟𝑖,𝑗 + 𝑅. 𝑟𝑖,𝑗   
𝐵

𝑗=1

𝑁

𝑖=1
+∑𝑀𝑎𝑥 (1 − 𝑅𝑠𝑦𝑠,𝑗(∆𝑡)) 𝐶𝑓

𝐵

𝑗=1

 

 

   + (𝐶𝑏 . 𝑡𝑏,𝑚)∑∑∫ 𝜐́𝑖(𝑡)
𝑿𝒊,𝒋
′

𝑿𝒊,𝒋

𝑁

𝑖=1

𝐵

𝑗=1

 

(36) 

 

Solving Solution Approach 
 

The proposed preventive maintenance scheduling problem includes a large number of 

parameters that have strong and nonlinear interactions with each other. In fact, when the system 

has a large number of components or the planning horizon is long, the problem becomes very 

complicated. For problems of real size and with a large number of variables, traditional exact 

solution methods are not very effective. So, due to the complexity of the equations of the 

developed model, the exact methods are not effective to solve the model and caused CPU time 

to increase exponentially by increasing the size of the problem (See Fig. 5 and Table 8) as 

maintenance scheduling has proven to be an Np-hard hybrid optimization problem in many 

conditions and systems [13]. So, the model is first solved by solvers in GAMS. Since the 

runtime of the method is not acceptable which is more than 40000 seconds after 18 periods, the 

Genetic algorithm as a metaheuristic is coded by C# language to optimize the model. 

 

Experimental design in order to set presented Genetic parameters 

 

In general, all meta-heuristic algorithms use two categories of search strategies; Intensification 

strategies and diversification strategies. If the predominant strategy of a meta-heuristic 

algorithm is based on the use of intensification strategies, that algorithm becomes a kind of 

local search algorithm that is mainly capable of only local improvements from one / more initial 

responses. Similarly, if the dominant strategy in a meta-heuristic algorithm is to use 

diversification strategies, then the behavior of that algorithm resembles a purely random search 

in state space. In this sense, the behavior of the genetic algorithm varies depending on the 

intersection/mutation rate. Therefore, in order for the genetic algorithm to show the best 

performance, it is necessary to adjust the values of intersection and mutation rates along with 

other parameters of the algorithm using experimental design methods. To find the optimal 
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combination of genetic algorithm parameters, first the important and influential factors 

affecting the algorithm performance, which include population size, number of generations, 

probability of crossover, probability of mutation and percentage of parental selection, are 

defined in 5 different levels according to Table 1. 

 
Table 1. Parameter levels for experiments design 

 

 

 

 

 

 

 

 

 

 

 

In this section, the Taguchi method is used, which determines the optimal states of the 

parameters by designing a comprehensive experiment. Control factors that play an important 

role in reducing change can be easily identified by the amount of change they make in the 

response variable. The Taguchi method presents the S / N ratio method by converting duplicate 

data to another value that represents the magnitude of the changes. The S / N ratio indicates the 

amount of change by converting the repetition of data to a value. Using the S / N ratio, in which 

the mean squared is expressed using a logarithmic scale, Dr. Taguchi claims that the results 

behave more linearly using the S/N ratio. He acknowledges that the linear behavior of the results 

is a necessary assumption to express the final result under optimal conditions. Using the 

Taguchi method in MINITAB software, an experiment is designed and according to the 

different levels of each parameter in each experiment, we run the algorithm ten times and 

considered average values as the answer used in the software.  

The cost and the other values are given in Table 2. According to Taguchi's method, the higher 

the S/N rate for each parameter the better the parameter. According to this point and by 

observing Fig 1, the optimal level for each parameter can be determined. For example, the 

number of generations at level 5 and the percentage of parental choice at level 4 are most 

desirable. Of course, according to the mean diagram, these results can also be achieved by the 

fact that due to the minimization of the problem, the lower the mean for a parameter the more 

desirable. It should be noted that as the number of generations and also the probability of 

mutation increase, the S/N rate has an upward trend and the algorithm will achieve better 

answers, but this improvement has a decreasing slope. This means that in the initial stages, 

increasing the number of generations will have a great impact on the answers of the algorithm, 

but from level 4, this effect will not be significant and in large cases, this improvement should 

be put aside in order to keep the execution time of the algorithm in low level. Using the 

parameters at the optimal levels obtained by the Taguchi method in ten times of algorithm 

execution, very good answers were obtained which are given in Table 3. 

 

 

 

 

 

 

Population 

Size 

Number of 

Generations 

Probability 

of 

Crossover 

 

Probability 

of 

Mutation 

Percentage 

of 

Parental 

Selection 

 

Level 

 

 

Factor 

 

011 01 1.0  1.0 01 0 

011 011 1.0  1.0 01 0 

011 011 1.0  1.0 01 0 

011 011 1.0  1.0 01 0 

011 011 0  0 011 0 
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Table 2. Results of Taguchi method experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Main effects plot for SN ratios 

Table  3. Algorithm results after parameter setting 

Average 

Solution 

Best 

Solution 

Worst 

Solution 

Percentage of Mean 

Deviation 

CPU Time 

(Second) 

00010 00000 00080 1.00 001 

Lowest 

cost 

Percentage 

of mean 

deviation 

Standard 

deviation 

CPU 

time 

Avarage 

Cost 

Experiment 

number 

08000 0.00 0000 01 00000 0 

00001 0.00 000 00 00000 0 

08810 0.00 000 00 01008 0 

00080 1.80 000 01 08000 0 

01000 0.00 000 001 00008 0 

00000 0.00 801 01 00080 0 

00000 0.10 881 00 00081 0 

08810 1.80 080 01 01000 0 

08100 0.10 010 001 08000 8 

08100 1.00 080 001 08000 01 

00008 0.00 000 00 00080 00 

01000 0.00 000 01 00000 00 

00000 0.01 000 80 08000 00 

01880 0.00 000 001 00100 00 

00000 0.00 080 001 08001 00 

00088 0.00 080 00 00000 00 

00010 0.08 000 01 00008 00 

00800 0.00 000 001 08000 00 

00000 0.00 000 001 08000 08 

00000 0.00 088 001 08000 01 

00081 0.10 000 01 00001 00 

08000 0.00 000 00 01000 00 

00000 0.00 800 001 00000 00 

08000 0.10 000 011 08800 00 

00000 1.00 000 001 08100 00 

Population size 
Number of generations 

 

Probability of  crossover 

 

Probability of mutation Parental selection 
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Numerical examples 
 

A numerical example for a four-component system is solved and diagrams are plotted. Tables 

4, 5 and 6 show the problem parameters. It should be noted, after investigating other related 

articles [15,26,27] we used data that are logical and also can cover the range of the selected 

parameters. There are 70, 40, 150, and 30 non-failure stops in period 4, 8, 12, and 16, 

respectively. Also, improvement factors are equal to 0.5. 

 
Table 4. Numerical example parameters 

B ℎ𝐷𝐶 ℎ𝐹𝐶  𝐶𝑏 𝑡𝑏,𝑚 𝐶𝑓 𝑅𝑟𝑒𝑞 Parameter 

01 1.0 011 01 011 0111 1.00 Value 

 

Table 5. Parameters for each component of the numerical example 

Component 
1 2 3 4 

Parameter 

𝑀𝑆𝑖 00 01 01 00 

𝑀𝑅𝑖 011 001 000 011 

𝑅𝑃𝑖  001 011 011 001 

𝑇𝑀𝑆𝑖  00 00 00 00 

𝑇𝑀𝑅𝑖 01 01 01 01 

𝑇𝑅𝑖 01 01 01 01 

𝜆𝑖 1.1100 1.1100 1.1100 1.1100 

𝛽𝑖 0.0 0.10 0.0 0.0 

 
Table 6. Percentage dependence of components failure rate 

Influential 

component 
 

Affected 

component 

1 2 3 4 

0 0 50 0 0 

0 0 0 0 0 

0 0 0 0 0 

0 20 0 0 0 

 

The Optimal preventive maintenance schedule can be seen in Table 7 and it is clear that there 

is a tendency to perform maintenance activities in non-failure stops. When maintenance activity 

is performed, the effective age of the components is reduced and a declining trend in reliability 

can be observed, indicating an increasing pattern in the system failure rate. But, the points where 

maintenance activity has been performed have reduced the effective age of the components and 

increased the reliability to keep it higher than the required level (see Fig. 2). In the initial stages, 

due to the newness of the components, without performing any maintenance activities, the 

desired reliability will be met and there is no need to spend maintenance costs. However, as 

time progresses and the components become more worn, preventive maintenance and service 

activities lose their economic efficiency to some extent and the need for replacement is felt. As 

can be seen, in the 16th period, due to the reduction of the impact of the service activities, three 

components were replaced at the same time. 
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Table 7. Optimal preventive maintenance schedule 

Component 

 

Period 

1 2 3 4 

0 - - - - 

0 - - - - 

0 - - - - 

0 MR MS RP MR 

0 - - - - 

0 - - - - 

0 - - - - 

0 RP MR - RP 

8 - - - - 

01 - - - - 

00 - - - - 

00 - RP RP MR 

00 - - - - 

00 - - - - 

00 - - - - 

00 RP - RP RP 

00 - - - - 

00 - - - - 

08 - - - - 

01 - - - - 

 

 
Fig. 2. The effect of maintenance on the system reliability 

 

Comparison of the Exact method and the Genetic algorithm 

 

To analyze the efficiency and accuracy of the metaheuristic algorithm and compare it with the 

exact method in preventive replacement and maintenance scheduling problems, the model 

developed in this field has been solved in GAMS software with BARON solver and also with 

Genetic metaheuristic algorithm in Visual Studio software by #C language. This model has 

been developed to determine a schedule of activities, including maintenance or replacement for 

each component of the system over the planning horizon. The goal is to minimize costs subject 

to reaching the required reliability of the system. 

To perform this analysis, a comprehensive experiment has been designed and implemented. 

The optimization model is solved with three sets of data for a series system with 1, 2 and 3 

components during 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 periods. The results of this experiment 

are shown in Charts 3 to 5. The results include the values of the objective function, the 

difference of the objective function obtained by the metaheuristic algorithms in comparison 

with the value obtained by the exact algorithm, the computational time and also the deviation 

from the mean of the answers of the genetic algorithm. The standard deviation of the algorithm 
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is very small and never exceeds three and a half percent, which indicates the ability of the 

algorithm and its reliability. 

It is obvious that the value of the objective functions obtained by GAMS is always less than 

the value of the functions obtained by the meta-heuristic algorithm (see Fig. 3). This is because 

meta-heuristic algorithms can achieve near-optimal solutions and these algorithms do not 

guarantee the general and accurate optimization of the obtained solutions. In addition, exact 

methods do not violate the limits, but meta-heuristic algorithms in some cases have a slight 

violation of the limit. As can be seen from Fig. 4 in the one-component system, the distance of 

the objective functions of the answers obtained from GA to the exact method varies by about 

two percent and this distance is often fixed by increasing the size of the problem. It can be 

concluded that meta-heuristic algorithms work well for large size problems. 

The computational time (CPU time) of the algorithms is also examined (see Fig. 5 and Table 

8). It can be seen that this time increases exponentially for accurate methods by increasing the 

size of the problem. It is noteworthy that a logarithmic scale is used in Fig. 5 to make it easier 

to see ranges. As can be seen, for any size of the problem, the computational time of 

metaheuristic algorithms in both models is quite constant and is always less than eight minutes, 

which is very suitable for large size problems. As mentioned earlier, the problem of preventive 

replacement and the maintenance schedule has been proven to be a matter of Np-hard 

compound optimization. Therefore, small to medium scale problems can be solved in an 

acceptable time by an exact method, but it is not possible to solve large size models. Based on 

the analysis of computational results, large-scale models can be quickly solved by meta-

heuristic algorithms and near-optimal solutions can be used to determine the preventive 

replacement and maintenance program for multicomponent systems. 

 
Table 8. Comparison of solution methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number of 

components 

 

Number of 

periods 

Minimum 

required 

reliability 

Solution 

approach 

Computational time  

(Second) 

 

 

 

 

 

0 

0 
 

 

 

 

 

1.80 

GA 00 

EXACT 0 

0 

 

GA 00 

EXACT 00 

01 
GA 000 

EXACT 0080 

 

 

 

0 

0 

  

 

 

1.80 

GA 0 

EXACT 1 

0 

 

GA 010 

EXACT 00000 

01 

 

GA 000 

EXACT More than 01111 

 

 

 

 

 

0 

0 

 
 

 

 

1.80 

GA 01 

EXACT 0 

0 

 

GA 000 

EXACT More than 01111 

01 

 

 

GA  

EXACT More than 01111 
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Fig. 3. The total cost of system at the end of each period 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Standard deviation of the Genetic algoithm solutions 

 

 

 
Fig. 5. CPU time 
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Conclusion  
 

Economic profitability in industries relies on the implementation of a proper maintenance 

policy to increase reliability and reduce equipment operating costs. In the present paper, 

modeling and optimization of preventive maintenance programs in manufacturing multi-

component systems with repairable dependent components were discussed. Given the 

increasing rate of failure of each component and the application of the concepts of age reduction 

and improvement factors, a non-linear mixed integer model aims to minimize system operating 

costs under the required reliability constraint. Considering non-failure shutdowns provide a 

good opportunity to perform some maintenance activities during these times and prevent the 

system from continuing to shut down for maintenance activities. In addition to preventive 

maintenance and repairs, in case of sudden failure of any component, corrective maintenance 

and repairs were also considered and also the cost of a complete shutdown of the system to 

perform maintenance activities were considered depending on the execution time. Due to the 

complexity of the proposed model, in order to solve the problem in large dimensions, a  Genetic 

meta-heuristic algorithm is adapted. The computational results indicated the efficiency of the 

algorithm. 
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Appendix A. Tables  
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NOMENCLATURE 

i Component number hDC 
Variable system shutdown cost for performing 

maintenance activities per unit time 

j Period number hFC 
Fixed system shutdown cost for performing 

maintenance activities 

MSi 
Cost of performing maintenance service 

activity on component i 
Xj Duration of Non-failure stop in period j 

MRi Cost of repairing component i Cb 
System shutdown cost due to implementation 

of corrective maintenance (CM) in time unit 

RPi Component i replacement cost tb,m 
Average time of performing corrective 

maintenance for each sudden shutdown 

TMSi  
Time required to perform the maintenance 

service activity on component  i 
Cf The cost of sudden failure 

TMRi  
Time required to perform repair on 

component i 
Rreq Minimum required reliability 

TRi  Time required to replace component i msi,j 

Decision variable, if in the period j a 

maintenance service activity is done on 

component i, the value is one, otherwise it is 

zero. 

B 
Total number of periods during the 

planning horizon 
mri,j 

Decision variable, if in the period j, a repair 

activity is done on component i the value is 

one, otherwise it is zero. 

K 
Number of periods before a non-failure 

stop occures 
ri,j 

Decision variable, if in the period j 

component i is replaced by new one, the value 

is one, otherwise it is zero. 

λi Scale parameter of component i xi,j 
Effective age of component i in the beginning 

of period j 

βi  Shape parameter of the component i xi,j
′  

Effective age of component i at the end of 

period j 

∆t 
Duration of the system operating between 

two periods 
υi(t) 

The average failure rate of the component i 

without effect of other component during time 

t 

mi,1 
Development factor related to 

maintenance service activity for 

component i 
υ′i(t) 

The failure rate of component i under effect of 

other components until time t. 

mi,2 
Development factor related to repair 

activity for component i 
Nl(t) 

The number of failures of the component L 

from the beginning of the planning horizon 

until time t. 

N Number of system components Pi,l 
Amount of increase in percentage of 

component i failure rate due to any failure 

occurred in component l 
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