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A B S T R A C T  A R T I C L E   I N F O 
Aiming at the problem that the downtime is simply assumed to be constant 
and the limited resources are not considered in the current selective mainte-
nance of the series-parallel system, a three-objective selective maintenance 
model for the series-parallel system is established to minimize the mainte-
nance cost, maximize the probability of completing the next task and mini-
mize the downtime. The maintenance decision-making model and personnel 
allocation model are combined to make decisions on the optimal length of 
each equipment’s rest period, the equipment to be maintained during the rest 
period and the maintenance level. For the multi-objective model established, 
the NSGA-III algorithm is designed to solve the model. Comparing with the 
NSGA-II algorithm that only considers the first two objectives, it is verified 
that the designed multi-objective model can effectively reduce the downtime 
of the system. 
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1. Introduction  
The safe and reliable operation of equipment is the primary condition for enterprises to ensure 
production efficiency. Reasonable maintenance methods can effectively guarantee the reliable 
operation of equipment and reduce the maintenance cost of enterprises. Effective, reliable and 
economical equipment maintenance plays an increasingly important role in enterprise produc-
tion and operation [1]. In the manufacturing environment, manufacturing systems often contain 
multiple devices, forming a multi-device system, and there are often complex dependencies be-
tween them. How to make reasonable maintenance and maintenance decisions is the research 
focus of predictive maintenance. Common maintenance decision-making methods include math-
ematical model analysis method, Markov decision model method, simulation model method, etc. 
[2]. 
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Mathematical analytic method is generally based on the knowledge in the field of operations 
research to study the application and planning of various maintenance resources, establish the 
corresponding model and solve it. Rashidnejad et al. proposed a dual-objective model and solu-
tion to the geographically dispersed asset maintenance plan based on NSGA-II (Non-Dominated 
Sorting Genetic Algorithm II) algorithm, and evaluated the effectiveness and performance of the 
proposed model through the actual case of bank ATM (Automatic Teller Machine) maintenance 
[3]; Pandey et al. made decisions about the selection of equipment to be maintained and the lev-
el of maintenance to be performed by the maintenance equipment during the fixed downtime of 
the continuous generation system [4]; Dao et al. established a maintenance optimization model 
of multi-state serial-parallel system based on resource availability and component maintenance 
time and cost dependence, and used genetic algorithm to solve the optimization problem [5]. 
Khatab and Khatab assumed that the duration of the next task and the duration of rest were 
random variables with known distribution, and modeled the final selective maintenance optimi-
zation problem as a mixed integer nonlinear stochastic programming [6-7]; Chaabane proposed 
a selective maintenance planning (SMP) model to optimize maintenance and allocation decisions 
in systems running multiple tasks[8]; Cheng et al. conducted joint modeling and Optimization on 
output, product quality and predictive maintenance of series parallel multi-stage production 
system, and reasonably allocated maintenance resources according to the importance of equip-
ment [9]; Lu et al. optimized the preventive maintenance problem of multi equipment series 
production system with buffer zone by using genetic algorithm [10]; For the Series production 
system without buffer, Leng et al. made decisions and optimized the production lot size and the 
imperfect preventive maintenance of the equipment under the conditions of both shortage and 
inventory [11]. According to the resource demand priority of each process in the production 
system, Li et al. established the opportunity maintenance strategy of multi-resource constrained 
serial-parallel system. Apart from the above example, a different structure of manuscript may be 
accepted if it is the most suitable and effective style for the contents of the manuscript [12]. 

Markov decision model is a mathematical model to simulate the Random Strategy and Return 
of agents in the environment, and the state of environment has Markov property, which is wide-
ly used in dynamic programming, random sampling, decision optimization and other fields. 
Bousdekis et al. proposed a main event-driven model for joint maintenance and logistics optimi-
zation in the Industrial Internet environment, which combines the Markov decision process 
(MDP) and embeds the model into the event driven information system to make maintenance 
and logistics optimization decisions [13]; Gerum et al. proposed a new method to predict rail 
defects, and determined the best maintenance strategy through Semi-Markov decision process 
model [14]. Xu et al. Proposed a Dynamic state maintenance decision model based on Markov, 
which was used to make maintenance decisions for the Major components of equipment [15]. 

Pei et al. constructed an imperfect maintenance stochastic degradation model based on the 
Wiener process, and established a maintenance decision model to decide variables by the in-
spection intervals and maintenance threshold, and solved the model through numerical simula-
tion [16]; Nguyen et al. proposed a predictive maintenance strategy with multi-level decision, 
which considers respectively system level and component level maintenance decision-making 
process, and uses Monte Carlo simulation technique to evaluate the maintenance cost rate [17]; 
Dao and Zuo studied the selective maintenance problem of a multi-state series system working 
under variable load conditions in the next task, and simulated the degradation of multi-state 
components through Monte Carlo simulation methods and evaluated the system reliability to 
determine the best choice maintenance strategy to maximize the expected reliability of the sys-
tem for the next task within the range of available resources [18].  

Studies have shown that the shutdown time is usually assumed to be constant, most scholars 
only consider the two optimization objectives of minimizing maintenance cost and maximizing 
the probability of completing the next task. However, in the enterprise continuous production 
line, the maintenance decision-making model and personnel allocation model are not considered 
together, when making maintenance decisions for the common series-parallel system of multiple 
devices. In each decision-making cycle, it is not only to solve the problems of which equipment 
needs to be maintained, the maintenance level of each equipment and the task assignment, but 
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also to obtain the optimal downtime of the system. Therefore, we take the minimizing downtime 
as the third objective of the decision scheduling model. Then, we design a NSGA-III algorithm to 
solve the three-objective model. Compared with the NSGA-II algorithm of two objectives, the 
three objective decision model can achieve optimal downtime of system maintenance and de-
tailed dispatch of maintenance tasks, and effectively reduce the downtime of the system. 

2. Description of selective maintenance problem for series-parallel system 
In the continuous production process, the production line is generally composed of multiple 
devices in series and parallel. In the multi equipment system, there are complex relationships 
among the equipment, such as economic dependence, structural dependence, random fault de-
pendence and resource dependence. Economic dependence refers to the maintenance or inspec-
tion of multiple equipment at the same time under the condition of limited budget. This moment, 
there is an economic dependence among the equipment. Random dependence means that the 
deterioration process or failure time of various equipment has random correlation to some ex-
tent. Structural dependence refers to that the failure of one equipment may lead to the deterio-
ration or failure of other equipment, and the maintenance of one component in the unit also 
means the maintenance of other components. Resource dependence refers to that the mainte-
nance personnel are responsible for the maintenance activities of various units or systems, the 
limited spare parts inventory is used to replace multiple equipment, or selectively maintain the 
multi-equipment system in a limited time window. 

Therefore, it is necessary to consider various dependence relationships between equipment 
in maintenance decision-making. The structure of series-parallel system is shown in Fig. 1. Se-
ries-parallel system usually performs continuous production tasks. Selective maintenance of 
equipment in the time interval between two continuous tasks can improve the reliability of the 
system when new tasks start. Due to the limited resources to complete maintenance activities, it 
is particularly important to determine the maintenance strategy based on the system require-
ments. 

In the maintenance of series-parallel system, not only the loss cost of each equipment, but al-
so the probability of the overall failure system should be considered. Therefore, it is necessary to 
determine the system shutdown time and the length of shutdown time during the maintenance 
of series parallel system, because the shorter the shutdown time, the smaller the impact on pro-
duction. In order to solve the problem that traditional maintenance decision-making model of 
series-parallel system does not consider task dispatch and the system downtime is usually as-
sumed to be constant, a multi-objective maintenance decision-making model of integrated 
maintenance assignment system is established by taking the shortest system downtime as one of 
the optimization objectives, and genetic algorithm is designed to solve the model. 

Suppose that a production system is composed of n independent subsystems in series, each 
subsystem i is composed of mi independent identical subsystems in parallel. Each device in the 
system can be expressed as Eij, where i is the sub-system index and j is the sub-device index. 

Each device in the system has two possible states, denoted by 0 (Complete failure state) and 1 
(normal operation state). Since the whole system is composed of several subsystems in series, 
the whole system can work when all subsystems are running normally, and the device parallel 
structure in the subsystem, at least one device can work when they are all in normal operation. 
 

 
Fig. 1 Series parallel system structure 



A multi-objective selective maintenance optimization method for series-parallel systems using NSGA-III and … 
  

Advances in Production Engineering & Management 16(3) 2021 375 
 

Within a given time period, the system needs to perform a series of consecutive identical 
tasks, and maintenance activities are performed only during the rest time between adjacent 
tasks. In order to facilitate future discussion, it is assumed that the amount of maintenance re-
sources (budget, time, etc.) required for a maintenance activity is determined, and the reliability 
of components, subsystems or systems is given in advance, which is the possibility of successful 
completion of a given task. 

Question hypothesis: 

1. The system is composed of multiple independent repairable binary state devices, that is, 
the device is in a normal working state or a failure shutdown state. The life of each device 
in the initial state is different, and the life distribution parameters are known. 

2. Maintenance activities (imperfect maintenance, preventive replacement, corrective 
maintenance) are performed at most once for each equipment during each rest cycle, in 
which corrective maintenance and preventive replacement are both perfect maintenances. 

3. System components will not be aging during rest, that is, the life of components depends 
on the operation. 

4. The cost of corrective maintenance is higher than that of preventive maintenance, and the 
mean time for corrective maintenance on each device is longer than the average time for 
preventive maintenance. 

5. During the mission, the system does not perform any maintenance activities. When the 
faulty components are repaired to a minimum degree, the failure rate remains unchanged. 

6. When necessary, all essential maintenance resources (maintenance personnel, tools and 
rest hours) are available. If the maintenance resource constraints are exceeded, the corre-
sponding parameters should be punished, and the model is still holding. 

3. Modeling of series-parallel maintenance system 
In order to establish the selective maintenance model of series-parallel system, the following 
symbols are defined: 

• Aij is the effective service age of each equipment at the beginning of maintenance period; 
• Bij is the effective service age of each equipment at the ending of maintenance period; 
• Yij is the state of each equipment at the ending of maintenance period; 
• Xij is the state of each equipment at the beginning of maintenance period (if the equipment 

works normally at the beginning of maintenance Xij = 1, otherwise it is 0. if the equipment 
works normally when the maintenance ends Yij = 1, otherwise it is 0); 

• lij is the level of maintenance performed by the equipment in the current rest cycle (0 indi-
cates that no maintenance is performed, 1 indicates preventive imperfect maintenance, 2 
indicates preventive substitution, and 3 indicates corrective maintenance); 

• K is the number of maintenance personnel; 
• k is the index of maintenance personnel; 
• Pij,t is the cumulative failure probability of equipment at time, which is given by the predic-

tion model; 
• DTij is the expected downtime for unexpected equipment failure; 
• 𝛿𝛿𝑖𝑖𝑖𝑖  is the unit downtime cost for equipment; 
• TIJkL is the time it takes for maintenance personnel k to perform maintenance level l on 

equipment Eij; 
• CIJkL is the cost it takes for maintenance personnel k to perform maintenance level l on 

equipment Eij; 
• when equipment Eij is maintained at level l by maintenance personnel k, wijlk is 1, other-

wise it is 0; 
• Tstop is the length of downtime for maintenance; 
• f(t) is the downtime cost of the system over time; 
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Assuming that the life of each device Eij in system obeys Weibull distribution, and the distri-
bution of its shape parameters and scale parameters are 𝛽𝛽𝑖𝑖𝑖𝑖 and 𝛼𝛼𝑖𝑖𝑖𝑖 , then the reliability Rij(t) of 
equipment Eij is: 

𝑅𝑅𝑖𝑖𝑖𝑖(𝑡𝑡) = exp�−�
𝑡𝑡
𝜂𝜂𝑖𝑖𝑖𝑖
�
𝛽𝛽𝑖𝑖𝑖𝑖

� (1) 
 

The total reliability of the whole system at time t is: 
 

ℜ(𝑡𝑡) = �𝑅𝑅𝑖𝑖(𝑡𝑡)
𝑚𝑚

𝑖𝑖=1

= ��1 −�(1 − 𝑅𝑅𝑖𝑖𝑖𝑖(𝑡𝑡))
𝑛𝑛

𝑖𝑖=1

�
𝑚𝑚

𝑖𝑖=1

 (2) 

 

The probability that device Eij can still run normally after performing the next task with 
length u is as follows: 
 

𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐 =
𝑅𝑅𝑖𝑖𝑖𝑖�𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑈𝑈�
𝑅𝑅𝑖𝑖𝑖𝑖�𝐴𝐴𝑖𝑖𝑖𝑖�

 (3) 
 

The reliability of the whole system to successfully complete the next task with length u is as 
follows: 
 

ℜ𝑐𝑐 = ��1 −��1 − 𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐 �
𝑛𝑛

𝑖𝑖=1

�
𝑚𝑚

𝑖𝑖=1

 (4) 
 

The cost of maintenance: 
 

𝐶𝐶𝑚𝑚𝑚𝑚 = ����𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ⋅ 𝑤𝑤𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡𝐼𝐼

𝐼𝐼𝑖𝑖𝑖𝑖

𝑡𝑡=0

𝐾𝐾

𝐼𝐼=1

𝑛𝑛

𝑖𝑖=1

𝑚𝑚

𝑖𝑖=1

 (5) 
 

The maintenance personnel cost: 
 

𝐶𝐶ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐾𝐾 ⋅ 𝑐𝑐𝑝𝑝 ⋅ 𝑇𝑇𝑠𝑠𝑚𝑚𝑠𝑠𝑝𝑝  (6) 
 

The maintenance time: 
 

𝑇𝑇𝑠𝑠𝑚𝑚𝑠𝑠𝑝𝑝 = 𝑚𝑚𝑚𝑚𝑚𝑚 ��·
𝑚𝑚

𝑖𝑖=1

�·
𝑛𝑛

𝑖𝑖=1

�𝑡𝑡𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖

𝑡𝑡=1

⋅ 𝑤𝑤𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡𝐼𝐼�   𝑘𝑘 ∈ 𝐾𝐾 (7) 

 

Objective function 1: Minimize maintenance costs 
 

Min  𝐶𝐶𝑚𝑚𝑠𝑠𝑚𝑚𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑚𝑚𝑚𝑚 + 𝐶𝐶ℎ𝑖𝑖𝑖𝑖𝑖𝑖  (8) 
 

Objective function 2: Maximize the probability of the system successfully executing the next 
task 
 

Max   ℜ𝑐𝑐 = ��1 −��1 − 𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐 �
𝑛𝑛

𝑖𝑖=1

�
𝑚𝑚

𝑖𝑖=1

 (9) 

Objective function 3: Minimize maintenance time 
 

Min  𝑇𝑇𝑠𝑠𝑚𝑚𝑠𝑠𝑝𝑝  (10) 
 

Constraint condition: 

• Maintenance activities are performed at most once for each equipment during shutdown: 
 

��𝑤𝑤𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖

𝑡𝑡=0

𝐾𝐾

𝐼𝐼

≤ 1, ∀𝑖𝑖, 𝑗𝑗 (11) 

• Maintenance duration cannot be greater than system downtime: 
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���𝑡𝑡𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡

𝐼𝐼𝑖𝑖𝑖𝑖

𝑡𝑡=0

𝑁𝑁𝑖𝑖

𝑖𝑖=1

𝑁𝑁

𝑖𝑖=1

· 𝑤𝑤𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡 ≤ 𝑇𝑇𝑠𝑠𝑚𝑚𝑠𝑠𝑝𝑝 ,  ∀𝑘𝑘 (12) 

 

• If the equipment is faulty at the start of the rest, correction must be performed: 
 

��𝑤𝑤𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡 = 3

𝐼𝐼𝑖𝑖𝑖𝑖

𝑡𝑡=0

𝐾𝐾

𝐼𝐼

, 𝑋𝑋𝑖𝑖𝑖𝑖 = 0,∀𝑖𝑖, 𝑗𝑗 (13) 

 

• The constraint of Maintenance decision and failure probability: 
 

𝑤𝑤𝑖𝑖𝑖𝑖𝐼𝐼𝑡𝑡 ∈ {0,1}, 0 ≤ 𝑅𝑅𝑖𝑖𝑖𝑖(𝑡𝑡) ≤ 1, ∀𝑖𝑖, 𝑗𝑗, 𝑘𝑘, 𝑙𝑙, 𝑡𝑡  (14) 

4. Designing of multi-objective genetic algorithm 
The traditional genetic algorithm is only suitable for the single-objective optimization problem, 
and cannot solve the optimization model similar to the selective maintenance of series-parallel 
system. 

Srinivas and Deb proposed a Non-Dominated Sorting Genetic Algorithm (NSGA), using the 
characteristics of genetic algorithm parallel batch to obtain as many Pareto solutions as possible, 
but in the later use process there are high computational complexity, lack of elite and need to 
share parameters [19]. Therefore, Deb et al. proposed a Non-Dominated Sorting Genetic Algo-
rithm II, which solved the above problems of NSGA, and could find the non-dominated solution 
set with good convergence and dispersion in the two-objective optimization problem [20]. 

Zhao et al. [21] proposed a time-dependent and bi-objective vehicle routing problem with 
time windows (TD-BO-VRPTW). The non-dominated sorting genetic algorithm II (NSGA-II) is 
adopted to obtain the Pareto optimal solution set. Through comparing these results with solu-
tions in the Pareto front, the results in Pareto front are competitive because there is a trade-off 
between two objectives. Liu and Zhang [22] established a multi-objective planning model. This 
model can solve the dual uncertainty demand problems of number and delivery time when or-
ders are emergent or are modified for equipment manufacturing enterprises. The NSGA-II genet-
ic algorithm is used to solve the model. Targeting at the problems existing in the multi-objective 
scheduling of traditional flexible job shop and the complexity of multi-resource allocation, Zhong 
et al. [23] established an improved calculation model considering the optimization of such four 
targets as completion time, labour distribution, equipment compliance and production cost. The 
multi-objective integrated constraint optimization algorithm was designed and the Pareto solu-
tion set following different rules based on the NSGA-Pi algorithm was finally obtained. 

However, when the optimization objectives increase, the multi-objective optimization algo-
rithm encounters new challenges: 1) the proportion of non-dominated solutions in the target 
vector set increases exponentially; 2) the calculation quantity of diversity protection operator is 
huge;3) surface visualization is difficult to achieve. In order to solve the above problems, Deb et 
al. proposed a multi-objective algorithm based on the framework of NSGA-II, which is called 
NSGA-III [20]. This algorithm has obtained good results in solving the multi-objective optimiza-
tion problem with 3-15 objectives. Therefore, we select the three objectives in the NSGA-III algo-
rithm to solve the multi-objective selective maintenance problem. 

The NSGA-III algorithm flow is shown in Fig. 2. In essence, NSGA-III adopts a similar frame-
work of NSGA-II, the difference is mainly the change of selection mechanism. NSGA-II mainly 
uses crowding to sort, its effect in high-dimensional target space is not obvious, and NSGA-III 
maintain population diversity by introducing widely distributed reference points. 
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Initialization population N, set the crossover probability P, mutation 
probability q, Maximum number of iterations T
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End
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Compare the mutual dominance of individuals 
xi and xj, j=1,2,…,n, j≠i

 i=i+1

Select all non-dominated 
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Normalize all individual objective functions

Find the closest reference point of each individual and record the 
distance of the remaining reference points

Select elite individuals based on distance

Y

Y

Y

N

N

Y

N

N

Y

N

Gen=gen+1

 
Fig. 2 NSGA-III algorithm flow 

Aiming at the multi-objective optimization model for series-parallel system, the coding, 
crossover and mutation operators of NSGA-III algorithm are designed as follows. 

4.1 Encoding 

For the multi-objective optimization problem of selective maintenance in series-parallel system, 
each chromosome needs to determine three problems: 1) the equipment that needs to perform 
maintenance operation during rest period; 2) The level of maintenance operations performed by 
the equipment to be maintained; 3) Maintenance task assignment issues, so three issues need to 
be covered when encoding. Assuming there are N devices in the system, the chromosome is rep-
resented by a matrix of 2N rows. Among them, the first N columns of the chromosome corre-
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spond to the equipment in the system, and the coding of the corresponding position represents 
the maintenance operation level that needs to be performed during the current rest period (0 
indicates that no maintenance is performed, 1 indicates preventive imperfect maintenance, 2 
indicates preventive substitution, and 3 indicates corrective maintenance). The latter N is the 
distribution of the corresponding equipment maintenance tasks. If the equipment i decides not 
to perform any maintenance operation, the corresponding position is 0. If the maintenance per-
sonnel 2 decides to perform preventive replacement, the corresponding position is 2, indicating 
that the maintenance operation is performed by the maintenance personnel 2. Therefore, Fig. 3 
shows an example of chromosome encoding. 

0 0 2 0 1 0 0 3 1 0 1 0 2 0 0 2

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 Team2Team1

10 1 00  
Fig. 3 Encoding 

4.2 Crossover operator 

The crossover operation adopts the double-cut point crossover method. First, two positions are 
generated in the chromosome part that determines the maintenance level of the equipment. 
Then, the fragments of the two chromosome crossover intervals are exchanged, and the corre-
sponding task assignment gene fragments are exchanged in the same time. This crossover meth-
od ensures the feasibility of generating new offspring. The crossover operation is shown in Fig. 4. 
 

0 0 2 0 1 0 0 3 1 0 1 0 2 0 0 210 1 00

1 0 0 0 1 1 0 2 2 0 0 0 1 2 0 120 1 10

0 0 0 0 1 0 0 3 2 0 0 0 2 0 0 220 1 00

1 0 2 0 1 1 0 2 0 1 0 0 1 2 0 110 1 10

intersection 
point1

intersection 
point2

Parent1

Parent2

offspring1

offspring2

 
Fig. 4 Crossover operator 

4.3 Mutation operator 

In this paper, two types of mutation operators are used, and one is randomly selected from the 
two mutation operators for mutation operation each time. The first mutation operator performs 
mutation operation on the chromosome part which determines the equipment maintenance 
level, and the second mutation operator performs mutation operation on the chromosome part 
of equipment maintenance allocation. 

The first mutation operator generates two arbitrary points in the first half of the chromo-
some, cross the encoding of the corresponding position, and exchange the encoding of the corre-
sponding dispatching chromosome region, as shown in Fig. 5. 

The second mutation operator randomly generates two non-zero gene positions in the sec-
ond half of the chromosome, and then cross codes the corresponding positions, as shown in Fig. 6. 

0 0 2 0 1 0 0 3 1 0 1 0 2 0 0 210 1 00

0 0 2 0 1 0 0 1 2 0 1 0 2 0 0 130 1 00

mutation point1 mutation point2

 
Fig. 5 Mutation operator 1 

 



Xu, Yang, Li, Gao, Wang, Ren 
 

380 Advances in Production Engineering & Management 16(3) 2021 
 

0 0 2 0 1 0 0 3 1 0 1 0 2 0 0 210 1 00

0 0 2 0 1 0 0 1 2 0 1 0 2 0 0 130 1 00

mutation point1 mutation point2

 
Fig. 6 Mutation operator 2 

 
The above two mutation methods ensure the feasibility of chromosome after mutation, so it is 

not necessary to verify the rationality of coding. 

5. A case study and a comparative analysis of NSGA-II and NSGA-III 
The equipment composition of a production line is shown in Fig. 7, which is consisted of five 
subsystems composed of 14 components. The Weibull distribution life of each equipment and 
the shape and scale parameters represented have been given. PM represents the implementa-
tion of preventive replacement, IPM represents the implementation of imperfect maintenance, 
and CM represents the implementation of corrective maintenance. In addition, other parameters 
are given in Table1, in which the units of various maintenance costs are all yuan, and the unit of 
maintenance duration is day. Suppose the downtime cost of the system is RMB500 per day and 
the hiring cost of a single maintenance worker is RMB50 per day. 

In order to verify the validity of the model in this paper, NSGA-II algorithm and NAGA-III al-
gorithm are used to solve the model respectively. The goal of NSGA-II is to minimize mainte-
nance costs and maximize the success rate of the next task, the goal of NAGA-III algorithm in-
creases the minimum downtime maintenance time on the basis of NSGA-II. In both algorithms, 
the population is 500, the crossover probability is 0.8, the mutation probability is 0.1, and the 
number of iterations is 500. 
 
 

E(1,1)

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

E(3,3)

E(4,1)

E(4,2)

E(1,3)

E(3,1)

E(2,1)

E(2,2)

E(5,4)

E(5,2)

E(5,3)

E(5,1)

 
Fig. 7 System structure 

 
Table 1 Example parameter table 

Serial 
number α β PM cost PM time CM cost CM time Operating 

time IPM cost IPM time 

E11 1.5 250 476 1 952 1.5 110 158 0.5 
E12 2.4 380 653 3 1306 4.5 150 217 1 
E13 1.6 280 962 2 1924 3 170 320 1 
E21 2.5 400 323 2 646 3 120 107 1 
E22 1.5 280 185 3 370 4.5 180 61 1 
E31 2.4 340 639 2 1278 3 100 213 1 
E32 2.5 260 812 2 1624 3 130 270 1 
E33 2 280 391 3 782 4.5 170 130 1 
E41 1.2 260 672 1 1344 1.5 150 224 0.5 
E42 1.4 350 188 1 376 1.5 120 62 0.5 
E51 2.8 400 294 3 588 4.5 180 98 1 
E52 1.5 350 297 1 594 1.5 130 99 0.5 
E53 2.4 300 394 2 788 3 100 131 1 
E54 2.2 450 712 1 1424 1.5 150 237 0.5 
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The running time of NSGA-II algorithm is 460 s, and the number of Pareto solutions is 500. 
The calculation results are shown in Fig. 8. The surface formed by the optimal set in space is 
called Pareto fronts. All solutions in Pareto front are not dominated by other solutions outside or 
within the Pareto front curve. Therefore, these non-dominated solutions have the least goal con-
flict than other solutions, which can provide a better choice space for decision makers. So, after 
calculation, the number of Pareto front solutions is 26. 

The running time of NSGA-III algorithm is 474 s, and the number of Pareto solutions obtained 
is 496. The results of NSGA-III algorithm are shown in Fig. 9. After calculation, the number of 
Pareto front solutions is 19. 

The Pareto optimal solution set obtained by the algorithm only provides the non-inferior so-
lution of the problem to three objectives, and there is no single objective optimal. Therefore, it is 
necessary to select according to the expected degree of each objective of the decision maker. 
Assuming that the decision maker is most concerned about the probability of the system suc-
cessfully completing the next phase of the task and the maintenance cost, the chromosome with 
the smallest maintenance cost can be selected from the solution set with the reliability of com-
pleting the next task greater than 0.85. 

The maintenance scheduling decision scheme solved by NSGA-II algorithm is shown in Fig. 
10. The equipment that performs maintenance is selected as E11, E12, E22, E31, E33 and E42. 
The maintenance level is preventive replacement, and the final maintenance cost is 3182. The 
probability of the system successfully completing the next task is 0.853. The shutdown mainte-
nance time of the system is 5 days, and the number of maintenance personnel enabled is 1. 
 

 
Fig. 8 NSGA-II algorithm results 

 

 
Fig. 9 NSGA-III algorithm results 
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Fig. 10 NSGA-II algorithm maintenance scheduling scheme 

 
The maintenance scheduling decision scheme solved by NSGA-III algorithm is shown in Fig. 

11. The equipment that performs maintenance is selected as E11, E12, E22, E31, E33, E42, and 
E52. The machine E33 performs imperfect maintenance, and the other equipment performs pre-
ventive replacement maintenance. The final maintenance cost is 3168. The probability of the 
system successfully completing the next task is 0.850. The system shutdown maintenance time 
is 2 days, and the number of maintenance personnel enabled is 3. 

The comparison of the two algorithms is shown in Fig. 12. It can be seen that when the 
maintenance cost is close to the probability of completing the next task, the downtime of the 
maintenance scheduling result solved by NSGA-III algorithm is less than that of NSGA-II algo-
rithm. 

 
Fig. 11 NSGA-III algorithm maintenance scheduling scheme 

 
Fig. 12 Comparison of two algorithms 

6. Conclusion 
Aiming at the problems of selective maintenance for series-parallel systems, including simply 
assuming downtime and not considering resource maintenance dispatch, firstly, we establish a 
multi-objective selective maintenance model with the purpose of minimizing downtime, mini-
mizing maintenance cost and maximizing the probability of completing the next task. Then, the 
genetic algorithm is selected to solve the model, and the coding method, crossover operator and 
mutation operator are designed in detail. Finally, in order to verify the effectiveness of the de-
signed strategy, we design NSGA-II and NSGA-III algorithms with specific examples. These two 
algorithms are respectively used to solve the two objective maintenance decision-making model 
which only considers minimizing maintenance and maximizing the probability of the system 
completing the next task, and the three objective maintenance decision-making model which 
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additionally considers minimizing the downtime of the system. By comparing the results of the 
two schemes, the decision-making scheme of NSGA-III is better than that of NSGA-II, which veri-
fies that the three-objective decision-making model considering minimizing downtime can effec-
tively reduce the downtime of the system. 
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