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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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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]:

e Optimal reliability and maintainability characteristics of
industrial systems in the design phase.

e The optimal dynamic maintenance policy to be
implemented in the operational phase.

e 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 (Sl;, Sl,,..., Sly) 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 (MP;, MP,, ..., MPy). 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 Sl, system solution and its MP,, maintenance
plan which reduces the LCCyylife cycle cost and MRPy.
maintenance time. From a mathematical point of view, this
can be stated as:

e  Solution generation with associated maintenance plans

Rijs/tm
RZ}/tm

( MP;; LCCyy

sl = | MP LCCay

MPy; LCCuy RM1 /tm

{ MP,y LCCiy

R /tm
Sy = ! MPy LCCoy

R, /tm
MPMN LCCMN R_I:}[,I_g/tm

e Choice of solution and maintenance plan that minimize
identified constraints

Maximize (Rgys/tm)
S.t LCCsys < LCCpax (M

and MRPg, < MRP,qy

(Sly, MPyy) =

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
(Sl,..., Sly) 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
(R;), the possibility of setting up a (S;), sensor, the level of
redundancy of a component (P,) and its accessibility level
(MTTR;).

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 Sy, Sl,,..., Sly), which vary
according to their design parameters (R;, P, MTTR; et S;). We
define a possible Slp 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:

Cr=21L; G + Cyiy 2

where n is the number of components in the system, C; the
cost of component i and Cy;;) 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 (Sl,) all possible dynamic maintenance policies
characterized by Maintenance (MPp, MPp,,.., MPpy). 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].

MFOP2
or
]
meop1! Y MFOP2 : MFOPT %
l
1 !

t;
| | Action 1 (0 ou 1)
or Action 2 (0 ou 1)

I Action n (0ou 1)
1

Fig. 1 MFOP Dynamic Maintenance Policy

Fig. 1 illustrates the decision process for developing an
MPy,, dynamic maintenance policy, based on the MFOP
concept, for a possible design solution Slp. It consists of two
stages:

The first step is to define the dates of maintenance stops t;,
the length typop; of each MFOP; and the number of Nyy
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 X;; maintenance actions to
be performed at each t; on each i component. X;; can take two
values:

e Xy=I if component i is replaced at the beginning of the
period MFOP;,
» Xj; = 0 otherwise

In this article we seek to maximize for each period MFOP,
(lenght tmrop; units of time), the probability of survival called
MFOP Survivability (MF OPSjsys) under constraints of total

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

Rsys(tj +fMF0P]-/Hi,t

c s ))
MFOPS; JELm )

Isys Rsys(t; /Hi'tj(i=1én))

with t; the start date of the period MFOPB, R;,s(t;) the total
operational reliability of the system at the timet;, n the
number of system components and Hj; the monitoring
information available online for each i component at the
time ¢;.

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:

Maximize MFOPS;
sys

(t, X)) = St Crm(6n) < Crmpg, @)
and Y MTTR; X;; < MRP,4,
with j=1,..., | where | is the number of times the system has

performed on [0 ; t,;], MRP,,,, is the maximum maintenance
time allowed to perform {X} operations during a maintenance
operation and Cry, , the maximum total maintenance cost on
[0 tn]

The total cost of maintenance Cry(ty,), of a possible
system Slp design solution over a finite time horizon is given
by [16]:

Crm(tm) = Cp(tm) + Ce(tm) + Cp(tm) ©)

where Cp (t,,) is the preventive replacement cost of system

components on [0 ; t,,], Cc(t,,) the patch replacement cost of

failed components on [0 ; t,,,] and Cp (t,,,) the extra cost of the

diagnosis when the system is in corrective maintenance.
Preventive maintenance cost Cp(ty,) is:

Cp(tn) = Xit1(Ci + MTTR; * Tg) * Njp + Ciogp * AM, (6)

where N;, the number of preventive replacements of
component i on [0, tp,], Ciogp the logistics cost of preventive
maintenance stops and AM,, the number of preventive system
maintenance stops on [0, t,,].

The corrective maintenance cost C¢(t,,) is:

Ce(tm) = Xi1((Ci + MTTR; * To) + (MTTR; * Timmob)) *
Ni,c + (Clog,c + (Dlog,c * Timmob)) * AMc (7)

where N;j is the number of component patch replacements i
on [0, ty], Timmob 1S the cost of operating loss per system
immobilization time, Djog . the logistic time associated with
the corrective maintenance stop Ciogc the logistic cost
associated with the corrective maintenance stop on [0, t,,] and
AM. 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 Cp(t,,)
given by:

Cp(ty) = (Cyp + (Dyp * Timmob)) * NSIS * AM (®

where Cyp the unit cost of diagnosis for a component Dyp 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 Cry (t),
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 MFOP, of typo P duration.

Evaluating the total operational reliability of the system Ry,

over its lifetime t,, is equivalent to estimating the average
MF OPS]-SyS, over all periods l. In addition, the MF OPSjsys

over each period j is closed to the calculated average
Rgys(tm). In other words, the variance of Rgy(t,,) must be
low.

Total system operational reliability is provided by:

L .
Tjo1 MFOPS)

Rsys (tm) = 1 with _]:1 5o .,1 (9)

Now let us have a look at the evaluation of MF OPstys' Itis
defined in the previous part as the reliability of the system at
the end of the period j Rgys(t; + tyropj) on the reliability of
the system at the beginning of that period j R,ys(t;), taking
into account the information available at t;.

In order to assess the reliability of a multi-component
system R;,(t) 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:

Rsys(t) =1- ?:1(1 - RAi(t)) (10)
Serial system:

Rsys(t) = ?:1 RAi(t) (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 (HODMAGsS) (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 R;, redundancy P;, monitoring
architecture S; and accessibility characterized by MTTR;. The
secondary algorithm focuses on the determination of a
dynamic maintenance plan based on the MFOP. This second
algorithm allows having a MPpy maintenance plan that
maximizes the total operational reliability of the system by
limiting the resources of cost and maintenance time.

The HODMAGsS process was implemented as follows: The
main algorithm starts by generating all possible design
solutions  (Sly,...,Sly) by adjusting the parameters
R;, P, MTTR; and §; of each i component (Section II A) and
integrating their initial costs. Then, for each possible solution
(Slp), the secondary algorithm is run to obtain an optimal
dynamic maintenance plan MP, 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 ( Sly) over
its entire operating time tp,.

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.

Generation of all possible solutions

Sl (p=1....N)

— N

Determine the maintenance policy
for each solution that maximizes the average total
Sly(p=1....N) reliability under maintenance

costs constraints

| | Cryp(tm)=LCCyax — Cpand [
MRPyq; for each solution

Sk, (p=1....N). Execute Nx M

times the Secondary Algorithm

Evaluation of Cp,

Determining the optimal solution with the maximum
average total operational reliability

Secondary Algorithm

—>|  Drawing of breakdown times (Monte Carlo) j=1.....M |

Generation of all possible dynamic maintenance plan based on the
MFOP for the solution Sl,

Define the dates of the maintenance stops t;. the length typopi of
each period MFOF, and the number of maintenance stops N5

Generates randomly the maintenance actions X; (0 or 1 to be
performed at each maintenance stop event t; on each componenti

¥

Determine the maintenance policy that maximizes reliability MFOPS;
»
under constraints (Cryp(t,,) and MRF; )
iwha!

Yes

L

No

Maximum average operational reliability ofthe solution Sl, |

Fig. 2 HODMAGs

Input Output
a c2 c3 c4

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 Cyqig= 20€
and Dygjg = 5 min, the hourly rate of labor is Ty = 90€ and
the cost of the loss of holding by fixed-capital hour Timmep =
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
Ciogprv = 100€ and Ciogcor = 200€ for a fixed duration of
Diogcor= 1h. Table I summarizes the design parameters
(R;, B, MTTR;, S;) for different components of the reference
system considered in this example.

TABLEI
REFERENCE SYSTEM DESIGN SETTINGS (W= WEIBULL LAW) [16], [18].
Al A2 A3 A4
Reliability Model Ri ~ W(3.5¢5,2) W(3.5¢5,7) W(4e5,3) W(4.5¢5,7)

Dj(h) MTTRi 1 1 1 1
Si 0 0 0 0
Redundancy Pi 0 0 0 0

Ci(€) 311 458 407 500

We also introduce hypotheses in relation to the reference
system to define the parameters necessary for the simulation:

e Implementation and adjustment of the four parameters
(R;, P, MTTR;, S;) is possible for each component i.

e TheR; and MTTR; parameters are real and continuous
with max and min values ranging from -50% to + 50% of
the reference system values.

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

e The properties of A; and A'; its parallel component) are
assumed to be identical.

e The installation of a sensor will cost Cy;; = 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
reliabilitng,‘;y (tm). These simulations are carried out over a
S-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 LCCp,qc = 8000€ and the maximum maintenance
recovery time MRP,,,,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.

Input Output

Fig. 4 New configuration obtained by the proposed tool

TABLE IV
AVERAGE TOTAL OPERATIONAL RELIABILITY AND COSTS OF THE SOLUTION
AND THE REFERENCE SYSTEM

Reference  Solution obtained by
System the proposed tool
Average Total O}:E?)/zé;tlonal Reliability 078 098
Average Global Costs LCC 7912€ 7 840.6€
Initial Costs C; 1676€ 2 950.5€
Average Maintenance Costs Cy;r 6 236€ 4890.1€

TABLE II
PROPERTIES OF THE COMPONENTS OF THE SOLUTION
Al and A1’ A2 and A2’ A3 and A3’ A4 and A4’
rigw VG NEEe NG YT
MTTRi(h) 1.1 1.2 12 12
Si 1 1 0 0
Pi 1 1
TABLE III
THE MAINTENANCE PLAN TO BE DEPLOYED IN OPERATION OF THE SOLUTION
Tj (*10000 5 10 15 20 25 30 35 40 45
Km)
Al 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
Al 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 (HODMAGsS), respectively. The design parameters
(R, P;, MTTR,, S;) 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.

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.
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