
International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:13, No:8, 2019

527

 

 

 
Abstract—In general, issues related to design and maintenance 

are considered in an independent manner. However, the decisions 
made in these two sets influence each other. The design for 
maintenance is considered an opportunity to optimize the life cycle 
cost of a product, particularly in the nuclear or aeronautical field, 
where maintenance expenses represent more than 60% of life cycle 
costs. The design of large-scale systems starts with product 
architecture, a choice of components in terms of cost, reliability, 
weight and other attributes, corresponding to the specifications. On 
the other hand, the design must take into account maintenance by 
improving, in particular, real-time monitoring of equipment through 
the integration of new technologies such as connected sensors and 
intelligent actuators. We noticed that different approaches used in the 
Design For Maintenance (DFM) methods are limited to the 
simultaneous characterization of the reliability and maintainability of 
a multi-component system. This article proposes a method of DFM 
that assists designers to propose dynamic maintenance for multi-
component industrial systems. The term "dynamic" refers to the 
ability to integrate available monitoring data to adapt the 
maintenance decision in real time. The goal is to maximize the 
availability of the system at a given life cycle cost. This paper 
presents an approach for simultaneous optimization of the design and 
maintenance of multi-component systems. Here the design is 
characterized by four decision variables for each component 
(reliability level, maintainability level, redundancy level, and level of 
monitoring data). The maintenance is characterized by two decision 
variables (the dates of the maintenance stops and the maintenance 
operations to be performed on the system during these stops). The 
DFM model helps the designers choose technical solutions for the 
large-scale industrial products. Large-scale refers to the complex 
multi-component industrial systems and long life-cycle, such as 
trains, aircraft, etc. The method is based on a two-level hybrid 
algorithm for simultaneous optimization of design and maintenance, 
using genetic algorithms. The first level is to select a design solution 
for a given system that considers the life cycle cost and the reliability. 
The second level consists of determining a dynamic and optimal 
maintenance plan to be deployed for a design solution. This level is 
based on the Maintenance Free Operating Period (MFOP) concept, 
which takes into account the decision criteria such as, total reliability, 
maintenance cost and maintenance time. Depending on the life cycle 
duration, the desired availability, and the desired business model 
(sales or rental), this tool provides visibility of overall costs and 
optimal product architecture. 
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MFOP, simultaneous optimization. 

I. INTRODUCTION 

A. Context and Motivation 

ODAY, large-scale new industrial systems, such as 
industrial vehicles and wind turbines, are becoming 

increasingly complex. This complexity is linked to the 
diversity of the technologies used in the components 
(electronic, mechanical, etc.), which once assembled form the 
final product [1]. These systems are characterized by very 
high maintenance costs of up to 60% of the life cycle cost in 
many cases [2], [3]. Moreover, their failures result in huge 
non-production losses due to downtime [4]. 

B. Problematic 

The characteristic observed by [2], [3] is mainly due to the 
fact that maintenance is too low when designing the product 
and when deploying in the field. Maintenance when 
considered from the design stage usually incorporates two 
factors. The first is linked to the reliability of the system, and 
therefore to the reliability of its components and structure [5]. 
The second factor relates to maintainability, including 
accessibility and improvement of the monitoring architecture 
of the various components of the equipment [6]. 

The design of the reliability and maintainability of an 
industrial system is a complex problem, since it encompasses 
many sub-problems which often require specific studies 
dedicated to each of them [7]. These sub-problems include the 
allocation of reliability (the principle is to choose among 
several components with different performance/cost 
characteristics, components that can be included in the 
composition of the system), the allocation of redundancy (to 
find the optimal architecture), the allocation of maintainability 
that is characterized by the MTTR, and finally the allocation 
of diagnostic, characterized by the implementation of 
surveillance systems. Genetic algorithms can be used to model 
the sub-problems and converge towards a design configuration 
that, for example, would optimize the best availability at the 
lowest cost [8], [9]. 

Once the reliability and maintainability characteristics are 
set in the design phase, we know the theoretical availability of 
the system. Operational readiness can be brought closer to 
theoretical availability with a high maintenance policy. 
Optimizing maintenance policy is the identification of 
operations to be performed during a maintenance operation 
that balances reliability benefits with maintenance costs. 
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Defining an optimal maintenance policy is a task that has 
attracted many researchers in recent years. As a result, several 
avenues of reflection are being explored today, in particular 
those related to the improvement of the surveillance 
architecture through the development of information 
technology. 

Generally, these two sets of decisions are dealt with 
sequentially or independently. First the design determines the 
system and then a maintenance plan is associated [10]. The 
decisions taken in these two sets are influenced by each other; 
therefore, to achieve high operational readiness of systems it is 
important to have the following key elements [11]: 
 Optimal reliability and maintainability characteristics of 

industrial systems in the design phase. 
 The optimal dynamic maintenance policy to be 

implemented in the operational phase. 
 Appropriate linkage variables to quantify the interactions 

between the design and maintenance models in an 
optimization framework. 

C. Contribution and Article Organization 

From this perspective, our paper presents a tool for 
simultaneous optimization of the design and maintenance of 
multi-component industrial systems, integrating maintenance 
issues from the conception. This tool is designed to help 
designers to define the best technical solutions in the best 
product architecture. It also provides a definition of the 
maintenance policy to be deployed in the operating phase for a 
given system. The proposed tool maximizes the total 
operational reliability of the system studied over its entire 
lifespan while reducing its life cycle costs.  

The rest of the article is organized as follows: After the 
introduction (Section I), Section II describes the problem of 
joint design and maintenance modeling and optimization and 
develops the mathematical models used to estimate the cost of 
the life cycle and the total operational reliability of the system. 
Section III presents the combinatorial resolution method based 
on genetic algorithms. An example from the literature and the 
results are presented in Sections IV and V respectively. 
Section VI concludes the paper and provides possible 
directions for future research. 

II. SIMULTANEOUS MODELING OF DESIGN AND MAINTENANCE 

From the same specification, designers can propose several 
technological solutions that differ in the choice of 
components, product architecture, assembly processes, etc. 
They result in similar design solutions (Slଵ, Slଶ,…, Sl୒) in 
operation, but different in reliability and cost. In order to 
ensure that all the proposed solutions function correctly during 
the operating phase, designers can propose several 
maintenance (MPଵ, MPଶ, …, MP୑). These maintenance plans 
are differentiated by the total operational reliability they 
provide to the system, their cost, etc. In the end, designers 
obtain several design solutions and maintenance plans for a 
given system.  

Traditionally, maintenance decision-making process and 
design decision-making process are carried out sequentially. 

In this work, we consider a simultaneous decision-making 
framework. In order to maximize the system's total operational 
reliability over its entire operating life tm, we select at the 
same time the Sl୶ system solution and its MP୶୷ maintenance 
plan which reduces the LCC୑ୟ୶life cycle cost and MRP୑ୟ୶ 
maintenance time. From a mathematical point of view, this 
can be stated as: 
 Solution generation with associated maintenance plans 

 

Slଵ ൌ

⎩
⎪
⎨

⎪
⎧ MPଵଵ LCCଵଵ      𝑅௦௬௦

ଵଵ /tm

MPଶଵ LCCଶଵ      𝑅௦௬௦
ଶଵ /tm

⋮
MP୑ଵ LCC୑ଵ      𝑅௦௬௦

ெଵ /tm

  

⋮ 

Sl୒ ൌ

⎩
⎪
⎨

⎪
⎧ MPଵ୒ LCCଵ୒      𝑅௦௬௦

ଵே /tm

MPଶ୒ LCCଶ୒      𝑅௦௬௦
ଶே /tm

⋮
MP୑୒ LCC୑୒      𝑅௦௬௦

ெே/tm

  

 
 Choice of solution and maintenance plan that minimize 

identified constraints 
 

ሺSl୶, MP୶୷ሻ  ൌ ቐ

Maximize ሺRୱ୷ୱ/tmሻ
𝑆. 𝑡 LCCୱ୷ୱ ൑ LCC୑ୟ୶ 

𝑎𝑛𝑑  MRPୱ୷ୱ ൑ MRP௠௔௫

                  (1)   

                    
where N is the number of possible solutions, M is the number 
of possible maintenance plans, R_sys is the total operational 
reliability of the solution on t_m. 

Design and maintenance modelling is formalized in detail in 
the following subsections. 

A. Design Modeling  

In the design phase, the designers define all components 
and their characteristics to ensure the fulfilment of the 
functions described by the functional architecture. In this step, 
our algorithm generates all possible design solutions 
(Slଵ,…, Sl୒) by adjusting the design parameters for the 
maintenance of each i component and evaluating their initial 
costs. The term "possible" means that it respects the 
constraints of limited design resources defined in the 
specification. Although the method is still valid regardless of 
the number of variables considered, we consider only four 
parameters to determine the choice of equipment i of a multi-
component system. These parameters are: reliability level 
(R୧ሻ, the possibility of setting up a ሺS୧ሻ, sensor, the level of 
redundancy of a component (P୧) and its accessibility level 
(MTTR୧). 

Sometimes, it may be impossible to install a sensor on a 
given component or make it more accessible in the system. 
The designer must first assess the technical viability of these 
four parameters for each component. Then, based on the 
results of this technical analysis, the number of design 
parameters for each component is defined. In the end, it gets 
several solutions from the system Slଵ, Slଶ,…, Sl୒), which vary 
according to their design parameters (R୧, P୧, MTTR୧ et S୧). We 
define a possible Sl୔ design solution as a particular choice of 
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design parameters.  
After generating all possible design solutions, let us now 

focus on evaluating their initial costs. The initial costs of a 
design solution are: 
 

𝐶ூ=∑ C୧ ൅  C୒୍,୧
୬
୧ୀଵ                                     (2)  

                                    
where n is the number of components in the system, C୧ the 
cost of component i and C୒୍,୧) is the cost of the information 
available on component i (example: cost of a sensor).  

B. Maintenance Modeling 

We model maintenance by generating for each possible 
solution ( Sl୮) all possible dynamic maintenance policies 
characterized by Maintenance (MP୔ଵ, MP୔ଶ,.., MP୔୑). Then we 
select the one that maximizes the total operational reliability 
of the system. The maintenance policies proposed here are 
based on the MFOP maintenance-free operating period 
concept developed by [12]. Each MFOP (or MFOP cycle) is 
usually followed by a Maintenance Recovery Period (MRP). 
MRP is defined as the period during which appropriate 
maintenance is performed on the system to enable it to 
successfully complete the next MFOP [13], [14]; it depends on 
the extent of the maintenance work to be performed [15]. 

 

 

Fig. 1 MFOP Dynamic Maintenance Policy 
 
Fig. 1 illustrates the decision process for developing an 

MP୔୷, dynamic maintenance policy, based on the MFOP 
concept, for a possible design solution Sl୔. It consists of two 
stages: 

The first step is to define the dates of maintenance stops 𝑡௝, 
the length t୑୊୓୔୨ of each 𝑀𝐹𝑂𝑃௝ and the number of 𝑁஺ெ 
maintenance stops. Note that the 𝑡௝date of a maintenance 
shutdown represents the end of an MFOP or the occurrence of 
a system-level failure. 

The second step is to select the X୧୨ maintenance actions to 
be performed at each t୨ on each i component. X୧୨ can take two 
values: 
 X୧୨=1 if component i is replaced at the beginning of the 

period 𝑀𝐹𝑂𝑃௝,  
 X୧୨ ൌ 0 otherwise 

In this article we seek to maximize for each period MFOP୨ 
(lenght 𝑡ெிை௉ೕ

 units of time), the probability of survival called 

MFOP Survivability (𝑀𝐹𝑂𝑃𝑆௝௦௬௦
) under constraints of total 

cost resources and maintenance downtime. We can define this 
period mathematically: 

𝑀𝐹𝑂𝑃𝑆௝௦௬௦
=

ோೞ೤ೞሺ௧ೕ ା௧ಾಷೀುೕ
/ு೔,೟ೕሺ೔సభ à ೙ሻ

ሻ

ோೞ೤ೞሺ௧ೕ /ு೔,೟ೕሺ೔సభ à ೙ሻ
ሻ

                          (3)                     

 
with 𝑡௝ the start date of the period MFOP୨, 𝑅௦௬௦ሺ𝑡௝ሻ the total 
operational reliability of the system at the time 𝑡௝, n the 
number of system components and H୧,୲୨ the monitoring 
information available online for each i component at the 
time 𝑡௝. 

In this article we limit surveillance information to two 
levels, level 1: no information, level 2: information on 
operating status Walk or Fail [16]. So we can formulate our 
problem as: 

 

ሺt୨, 𝑋୧୨ሻ  ൌ

⎩
⎨

⎧
Maximize     𝑀𝐹𝑂𝑃𝑆௝௦௬௦

𝑆. 𝑡     C୘୑ሺ𝑡௠ሻ ൑  𝐶்ெ೘ೌೣ
 

𝑎𝑛𝑑    ∑ 𝑀𝑇𝑇𝑅௜ 𝑋௜௝ ൑ MRP௠௔௫
௡
௜ୀଵ

 

            (4) 

 
with j=1,…, l where l is the number of times the system has 
performed on [0 ; 𝑡௠], MRP௠௔௫ is the maximum maintenance 
time allowed to perform {X} operations during a maintenance 
operation and  𝐶்ெ೘ೌೣ

 the maximum total maintenance cost on 
[0 ; 𝑡௠].  

The total cost of maintenance C୘୑ሺt୫ሻ, of a possible 
system Sl୔ design solution over a finite time horizon is given 
by [16]: 

 
C୘୑ሺ𝑡௠ሻ ൌ C୔ሺ𝑡௠ሻ ൅ Cେሺ𝑡௠ሻ ൅  Cୈሺ𝑡௠ሻ                (5) 

 
where C୔ ሺ𝑡௠ሻ is the preventive replacement cost of system 
components on [0 ; 𝑡௠], Cେሺ𝑡௠ሻ the patch replacement cost of 
failed components on [0 ; 𝑡௠] and C஽ሺ𝑡௠ሻ the extra cost of the 
diagnosis when the system is in corrective maintenance. 

Preventive maintenance cost C୮(𝑡௠) is:  
 

C୮ሺ𝑡௠ሻ ൌ ∑ ሺC୧ ൅ MTTR୧ ∗ τ୓ሻ ∗ N୧,୮ ൅ C୪୭୥,୮
୬
୧ୀଵ ∗  AM୮  (6) 

 
where N୧,୮ the number of preventive replacements of 
component i on [0, 𝑡௠], C୪୭୥,୮ the logistics cost of preventive 
maintenance stops and AM୮ the number of preventive system 
maintenance stops on [0, 𝑡௠]. 

The corrective maintenance cost Cେ(𝑡௠) is: 
 

Cୡሺ𝑡௠ሻ ൌ ∑ ሺሺC୧ ൅ MTTR୧ ∗ τ଴ሻ ൅ ሺMTTR୧ ∗ τ୧୫୫୭ୠሻሻ ∗୬
୧ୀଵ

N୧,ୡ ൅ ሺC୪୭୥,ୡ ൅ ሺD୪୭୥,ୡ ∗ τ୧୫୫୭ୠሻሻ ∗ AMୡ                       (7) 
 
where N୧,ୡ is the number of component patch replacements i 
on [0, 𝑡௠], τ୧୫୫୭ୠ is the cost of operating loss per system 
immobilization time, D୪୭୥,ୡ the logistic time associated with 
the corrective maintenance stop C୪୭୥,ୡ the logistic cost 
associated with the corrective maintenance stop on [0, 𝑡௠] and 
AMୡ the logistic cost associated with the corrective 
maintenance stop on [0, 𝑡௠]. 

During a corrective shutdown, system diagnosis is 
fundamental to identifying the component(s) responsible for 
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the failure and thus to directing the maintenance actions to be 
performed. For some components, the available monitoring 
information provides information on their operation. In this 
case, no additional diagnostic costs will be recognized. On the 
other hand, for components that are not known to operate, a 
test will have to be carried out with additional costs. These 
costs will be taken into account in the expression Cୈሺ𝑡௠ሻ 
given by: 
 

Cୈሺ𝑡௠ሻ ൌ ሺC୙ୈ ൅ ሺD୙ୈ ∗ τ୧୫୫୭ୠሻሻ ∗ NSIS ∗ AMୡ          (8) 
 
where C୙ୈ the unit cost of diagnosis for a component D୙ୈ the 
unit time of diagnosis for a component, and finally NSIS the 
number of components in the system whose monitoring 
information is not available. 

In order to estimate the total cost of maintenance C୘୑ሺt୫ሻ, 
and the total reliability for pre-determined strategies, a Monte-
Carlo simulation-based maintenance model was developed. 
This is based on the proposed maintenance policy, the 
structure of the system, the modeling of the reliability of its 
components and the available monitoring information. When 
the number of stories is large enough to guarantee 
convergence, this simulation allows assessing the average total 
maintenance cost and the average total operational reliability 
for the policy under consideration with the associated 
parameters. This average cost and average reliability can be 
used to compare and optimize maintenance policy. 

C. Simultaneous Assessment and Selection 

To select an optimal pair (a design solution and its 
maintenance policies combine optimal), an evaluation 
objective must be defined. Our goal is to maximize total 
operational reliability. In this article, the total operational 
reliability of a system means the reliability of the entire multi-
component system and its lifetime. Evaluating this objective 
usually requires numerical assessment methods, such as the 
Carlo Mounting Method. As mentioned earlier, the system is 
performing a succession of periods MFOP୨ of 𝑡ெிை௉ೕ

 duration. 

Evaluating the total operational reliability of the system 𝑅௦௬௦ 
over its lifetime 𝑡௠ is equivalent to estimating the average 
𝑀𝐹𝑂𝑃𝑆௝௦௬௦

, over all periods 𝑙. In addition, the 𝑀𝐹𝑂𝑃𝑆௝௦௬௦
 

over each period j is closed to the calculated average 
𝑅௦௬௦ሺ𝑡௠ሻ. In other words, the variance of 𝑅௦௬௦ሺ𝑡௠ሻ must be 
low.  

Total system operational reliability is provided by: 
 

𝑅௦௬௦ሺ𝑡௠ሻ ൌ
∑ ெிை௉ௌೕೞ೤ೞ

೗
ೕసభ

௟
   with j=1,…,l            (9) 

 
Now let us have a look at the evaluation of 𝑀𝐹𝑂𝑃𝑆௝௦௬௦

. It is 

defined in the previous part as the reliability of the system at 
the end of the period j 𝑅௦௬௦ሺ𝑡௝ ൅ 𝑡ெிை௉௝ሻ on the reliability of 
the system at the beginning of that period j 𝑅௦௬௦ሺ𝑡௝ሻ, taking 
into account the information available at 𝑡௝. 

In order to assess the reliability of a multi-component 
system 𝑅௦௬௦ሺ𝑡ሻ at a given point in time t, the reliability of each 

component at that point t must be assessed. The application of 
the reliability calculation expressions of these two basic 
subsystems allows the reliability of the complete system to be 
assessed at the moment t. 

The following relationships provide the reliability of a serial 
and parallel structure.  

Parallel system:  
 

𝑅௦௬௦ሺ𝑡ሻ ൌ 1 െ ∏ ሺ1 െ 𝑅஺೔
ሺ𝑡ሻሻ  ௡

௜ୀଵ                       (10) 
 

Serial system:    
 

     𝑅௦௬௦ሺ𝑡ሻ ൌ ∏ 𝑅஺೔
ሺ𝑡ሻ௡

௜ୀଵ                      (11)              
 

where n is the number of components of the structure, Ri(t) 
the reliability of each component i. 

III. GLOBAL RESOLUTION METHOD 

We have chosen the genetic algorithm (GA) as the 
resolution method. AGs are able to solve optimization 
problems with several objectives and constraints; and 
efficiently handle all types of variables [17]. 

We propose a hybrid design and maintenance optimization 
tool based on genetic algorithms (HODMAGs) (Fig. 2). This 
tool combines two dependent algorithms: a principal and a 
secondary. The main algorithm ensures optimization of the 
design in terms of reliability R୧, redundancy P୧, monitoring 
architecture S୧ and accessibility characterized by MTTR୧. The 
secondary algorithm focuses on the determination of a 
dynamic maintenance plan based on the MFOP. This second 
algorithm allows having a MP୔୶ maintenance plan that 
maximizes the total operational reliability of the system by 
limiting the resources of cost and maintenance time. 

The HODMAGs process was implemented as follows: The 
main algorithm starts by generating all possible design 
solutions (Slଵ,…, Slே) by adjusting the parameters 
R୧, P୧, MTTR୧ and S୧ of each i component (Section II A) and 
integrating their initial costs. Then, for each possible solution 
( Sl୮), the secondary algorithm is run to obtain an optimal 
dynamic maintenance plan MP୶ that maximizes the average 
total operational reliability of the system under constraints of 
limited cost resources and maintenance time (Section II B). In 
the end, the main algorithm classifies the different solutions 
according to their average total operational reliability, in order 
to select the one that maximizes system reliability ( Sl୶ሻ over 
its entire operating time t୫.  

IV. NUMERICAL EXAMPLE 

In this section, an illustration of an example from literature 
is proposed. The objective is to demonstrate the relevance of 
the proposed methodology and to test the HODMAGs tool. 
The structure of the multi-component system considered for 
this illustration is described in Fig. 3. The reference multi-
component system consists of four series components, the data 
of which are a combination of those applied in [16], [18]. We 
choose to take a serial system with 4 components to easily 
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illustrate and justify the results obtained by the proposed tool. 
 

 

 

Fig. 2 HODMAGs 
 

 

Fig. 3 Structure of the multi-component reference system 
 

For this reference system [16], [18], we assume that the cost 
and the unit duration of diagnosis are respectively C୳ୢ୧୥= 20€ 
and D୳ୢ୧୥ = 5 min, the hourly rate of labor is τ୑୓ = 90€ and 
the cost of the loss of holding by fixed-capital hour τ୧୫୫୭ୠ = 
100€. Then for towing, the cost and duration considered are 
respectively 𝐶𝑅𝑒𝑚𝑜𝑟 = 1500€ and 𝐷𝑅𝑒𝑚𝑜𝑟 = 5h. The logistic 
cost of the preventive and corrective maintenance stop is 
C୪୭୥,୮୰୴ = 100€ and C୪୭୥,ୡ୭୰ = 200€ for a fixed duration of 
D୪୭୥,ୡ୭୰= 1h. Table I summarizes the design parameters 
(R୧, P୧, MTTR୧, S୧ሻ for different components of the reference 
system considered in this example. 

 
TABLE I 

REFERENCE SYSTEM DESIGN SETTINGS (W= WEIBULL LAW) [16], [18]. 

 A1 A2 A3 A4 

Reliability Model Ri W(3.5e5,2) W(3.5e5,7) W(4e5,3) W(4.5e5,7) 

D୧(h) MTTRi 1 1 1 1 

Si 0 0 0 0 

Redundancy Pi 0 0 0 0 

C୧(€) 311 458 407 500 

 
We also introduce hypotheses in relation to the reference 

system to define the parameters necessary for the simulation: 

 Implementation and adjustment of the four parameters 
(R୧, P୧, MTTR୧, S୧ሻ is possible for each component i. 

 The R୧ and MTTR୧ parameters are real and continuous 
with max and min values ranging from -50% to + 50% of 
the reference system values.  

 The Pi and Si parameters are discrete integer parameters 
that can only be 0 or 1.  

 The properties of A୧ and A′୧ its parallel component) are 
assumed to be identical. 

 The installation of a sensor will cost C୒୍,୧ ൌ 50€ [9]. 
Note that information on system operation/failure is 

assumed to be known. This assumption is realistic if we 
consider that the system failure systematically causes an 
immobilization.  

V. RESULTS AND DISCUSSION 

Based on the system properties and the design and 
maintenance tool defined in the previous sections, simulations 
are put in place to assess the average total operational 
reliability𝑅௦௬௦

௠௢௬ሺ𝑡𝑚ሻ. These simulations are carried out over a 
5-year operating period. The annual mileage is set at 100,000 
km. We also consider that the MFOP is set at six months, 
which is 50,000 km. We assume that the maximum lifecycle 
cost is 𝐿𝐶𝐶௠௔௫ ൌ 8000€ and the maximum maintenance 
recovery time 𝑀𝑅𝑃௠௔௫ is set at 3 hours. To solve the 
combinatorial optimization problem defined in Section IV B 
(HMO), we programmed the algorithms proposed under 
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MATLAB. In both algorithms (primary and secondary), the 
passing rate and the mutation rate are 0.5 and 0.2, 
respectively. In addition, the population size is 200; the 
number of iterations is 600. Finally, it should be noted that the 
number of history of Monte Carlo is fixed at M=1000. The 
Monte-Carlo simulation can give a global idea of the entire 
life of the system. The two behaviors can be compared in the 
long term to the number of possible system failures during this 
extended period. The larger the number of history of the Carlo 
Monster simulation, the more the results look like the real life 
of the system. 

 

 

Fig. 4 New configuration obtained by the proposed tool 
 

TABLE II 
PROPERTIES OF THE COMPONENTS OF THE SOLUTION 

 A1 and A1’ A2 and A2’ A3 and A3’ A4 and A4’ 

Ri (KM) 
W(3.46e5, 

3.2) 
W(3.63e5, 

8.1) 
W(4.08e5, 

3.5) 
W(4.70e5, 

6.9) 
MTTRi(h) 1.1 1.2 1.2 1.2 

Si 1 1 0 0 

Pi 1 1 1 1 

 
TABLE III 

THE MAINTENANCE PLAN TO BE DEPLOYED IN OPERATION OF THE SOLUTION 
Tj (*10000 

Km) 
5 10 15 20 25 30 35 40 45 

A1 0 0 1 0 0 0 1 0 0 

A2 0 0 0 1 0 0 0 0 0 

A3 0 0 0 0 0 0 0 0 1 

A4 0 0 0 0 0 1 0 0 0 

A1’ 0 0 0 0 0 1 0 0 0 

A2’ 0 0 0 0 0 0 0 1 0 

A3’ 0 0 0 1 0 0 1 0 0 

A4’ 0 0 0 0 0 0 0 0 0 

 
Fig. 4 and Table III illustrate the structure of the solution 

and its dynamic maintenance plan obtained by the proposed 
tool (HODMAGs), respectively. The design parameters 
(𝑅௜, 𝑃௜, 𝑀𝑇𝑇𝑅௜, 𝑆௜ሻ for each component of this new solution 
are presented in Table III.  

Table IV presents the characteristics of the new solution 
and the reference solution. It is noted that the operational 
reliability of the new solution has increased by 26% compared 
to the original solution with the same constraints on life cycle 
cost and maintenance response time. The initial costs of the 
new solution are higher than those of the reference system, but 
there is a significant decrease in maintenance costs over the 
entire operating period. This is due to the fact that the changes 
to the reference system may cost a little more in terms of 
investment costs, but they do bring a significant improvement 
in the performance of the system in terms of maintenance 
costs, reliability, failure, etc. 

 
 
 

TABLE IV 
AVERAGE TOTAL OPERATIONAL RELIABILITY AND COSTS OF THE SOLUTION 

AND THE REFERENCE SYSTEM 

 
Reference 

System 
Solution obtained by 

the proposed tool 
Average Total Operational Reliability  

 (%) 
0.78 0.98 

Average Global Costs LCC  7 912€ 7 840.6€ 

Initial Costs 𝐶ூ  1 676€ 2 950.5€ 

Average Maintenance Costs 𝐶ெ்  6 236€ 4 890.1€ 

 
These results demonstrate the value of having a tool that 

allows designers to visualize the consequences of their design 
choice, in terms of lifecycle costs and performance; and in 
terms of total operational reliability. Thus, based on limited 
life cycle cost and MRP resources, the tool converges to a 
couple of solutions, consisting of a design solution and its 
dynamic maintenance plan for a given system which 
maximizes system performance in terms of total operational 
reliability. 

VI. CONCLUSION AND PERSPECTIVES 

In this article, we presented a tool for simultaneous 
optimization of the design and maintenance of large-scale 
multi-component industrial systems. It helps the designer to 
find technical solutions and a product architecture by 
integrating maintenance issues from the conception. The goal 
is to maximize the system's average total operational 
reliability performance based on limited lifecycle resources 
and maintenance recovery times over.  

The tool was confronted with an example from the literature 
composed of four serial components. Using the proposed 
algorithm, a configuration (parallel series) consisting of 8 new 
components and two sensors was obtained. This solution has 
increased the reliability of the reference system by about 26%, 
under the same life cycle cost constraints imposed on the 
reference system. 

In order to generalize and optimize the proposed tool, 
several research avenues can be undertaken, including: (a) 
Adapt the proposed tool and procedure to multi-state systems; 
(b) Use other meta-heuristic methods and compare them with 
those of AGS; (c) Test the proposed approach for K-out-of-N 
subsystems and (d) Test the robustness of this tool on new 
examples from the industrial world. 

REFERENCES 
[1] J.-B. Menye, « Validation de la maintenabilité et de la disponibilité en 

conception d’un système multi-composants », 2009. 
[2] B. S. Dhillon, Maintainability, Maintenance, and Reliability for 

Engineers. CRC Press, 2006. 
[3] B. S. Dhillon, Life cycle costing for engineers. Boca Raton, FL: Taylor 

& Francis, 2010. 
[4] Z. Imam, B. Conrard, and M. Bayart, « Optimization of Maintenance 

Actions for a Multi-component Control System and for Planned Mission 
Duration », IFAC Proc. Vol., vol. 45, no 31, p. 228-233, janv. 2012. 

[5] H. Zoulfaghari, A. Zeinal Hamadani, and M. Abouei Ardakan, « Bi-
objective redundancy allocation problem for a system with mixed 
repairable and non-repairable components », ISA Trans., vol. 53, no 1, p. 
17-24, janv. 2014. 

[6] F. Monchy, « Maintenance, Méthodes et Organisation, dunod », 2000. 
[7] T. Markeset, « Dimensioning of product support: Issues, challenges, and 

opportunities », 2003. 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:13, No:8, 2019

533

 

 

[8] P. Beaurepaire, M. A. Valdebenito, G. I. Schuëller, and H. A. Jensen, 
« Reliability-based optimization of maintenance scheduling of 
mechanical components under fatigue », Comput. Methods Appl. Mech. 
Eng., vol. 221-222, p. 24-40, mai 2012. 

[9] R. Lesobre, « Modélisation et optimisation de la maintenance et de la 
surveillance des systèmes multi-composants - Applications à la 
maintenance et à la conception de véhicules industriels », phdthesis, 
Université Grenoble Alpes, 2015. 

[10] M. Rawat and B. K. Lad, « Simultaneous selection of reliability design 
and level of repair for fleet systems », Int. J. Syst. Assur. Eng. Manag., 
vol. 7, no 2, p. 138-155, juin 2016. 

[11] H. D. Goel, J. Grievink, and M. P. C. Weijnen, « Integrated optimal 
reliable design, production, and maintenance planning for multipurpose 
process plants », Comput. Chem. Eng., vol. 27, no 11, p. 1543-1555, nov. 
2003. 

[12] C. J. Hockley, « Design for success », Proc. Inst. Mech. Eng. Part G J. 
Aerosp. Eng., vol. 212, no 6, p. 371-378, juin 1998. 

[13] U. Dinesh Kumar, J. Knezevic, and J. Crocker, « Maintenance free 
operating period – an alternative measure to MTBF and failure rate for 
specifying reliability? », Reliab. Eng. Syst. Saf., vol. 64, no 1, p. 
127-131, avr. 1999. 

[14] P. F. Cini and P. Griffith, « Designing for MFOP: towards the 
autonomous aircraft », J. Qual. Maint. Eng., vol. 5, no 4, p. 296-308, 
déc. 1999. 

[15] A. Al Shaalane and P. J. Vlok, « Application of the aviation derived 
maintenance free operating period concept in the South African mining 
industry », South Afr. J. Ind. Eng., vol. 24, no 3, p. 150-165, nov. 2013. 

[16] R. Lesobre, K. Bouvard, C. Berenguer, A. Barros, and V. Cocquempot, 
« A maintenance free operating period policy for a multi-component 
system with different information levels on the components state », 
Chem. Eng. Trans., p. 1051–1056, juill. 2013. 

[17] K. Deb and S. Jain, « Multi-Speed Gearbox Design Using Multi-
Objective Evolutionary Algorithms », J. Mech. Des., vol. 125, no 3, p. 
609, 2003. 

[18] R. Lesobre, K. Bouvard, C. Bérenguer, A. Barros, and V. Cocquempot, 
« Evaluation of decision criteria to optimize a dynamic maintenance 
policy based on Maintenance Free Operating Period concept », in 8th 
IMA International Conference on Modelling in Industrial Maintenance 
and Reliability (MIMAR), Oxford, United Kingdom, 2014, p. 173-178. 

 
 


