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Abstract
Production planning and maintenance are two impobrtproblems in
manufacturing systems. Despite the relationshipstexbetween these two
problems due to sudden failures and production aBpaoccupied by
maintenance activities, each of these problemsnpldrseparately and as a
result program and model efficiencies reduce in ribed world. The aim of
integrated production and maintenance planning teodeto plan production
and maintenance simultaneously due to the interacti these two programs on
one another. In this study, an integrated modeprisvided for planning
production and preventive maintenance in a mudiessystem. This model can
be used to determine the production planning veasabuch as time to setup,
the levels of production, inventory and shortagésiukaneously with
maintenance planning variables such as time and tgp preventive
maintenance. This research considers the conceaptpafrfect maintenance in
modeling the preventive maintenance variable. Ateghd, a numerical example
is used to assess the performance of the modslstown that using proposed
model with two type of preventive maintenance w#tuce the total cost of
integrated problem.
Keywords: Production planning, preventive maintenance, instidtte system,

integrated model

1-Introduction

Production Planning is an activity that respotwdthe goals of production (customer demands) by
making maximum use of existing capacities in a gjgegeriod of time (planning horizon) (Karimi,
Fatemi Ghomi and Wilson, 2003). Based on the lemdtiplanning horizon, production planning
divided into three levels: strategic planning leuvelktical planning level and operational planning
level. In long term planning with duration of oneay or more, the aggregate demand is predicted and
the overall decisions on how to design the produactystem, classification of goods, materials and
required equipments are taken. In medium term phgnmvith duration of one month or more,
decisions associated with material requirementrpten(MRP), level of production or lot size (LS)
and general maintenance policy are made. In short planning with duration of one week or less,
the daily scheduling of operations and preventiantenance activities could be taken according to
medium term plans and customer's demand (Liu, VéadgPeng, 2015).
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Production planning at the tactical level cansh&died on the basis of three factors: number of
products, system capacity and type of demand. pgron demand type, existing models can be
categorized into two classes: economic productisantjty (EPQ) models with fixed demand at each
period and lot sizing models with certain but valéademand at each period (Gehan, Castanier and
Lemoine, 2014).

Maintenance is a set of activities to improvenmintain the safety performance, reliability and
availability of a single component or an entire duction system in a given period of time
(Khoshalhan and Cheraghali Khani, 2012). There thmee types of maintenance activities:
preventive, corrective and emergency maintenan@/eRtive maintenance performed as a planned
activity such as setup, inspection, overhaul ahdgdation to reduce system downtime or prevent the
run-time failures, while corrective maintenanc@ésformed at a state of failure occurrence in enfor
of activities like repair, replacement and equiptregovery (Ashayeri, Teelen and Selenj, 1996),

( Najid, Alaoui-Selsouli and Mohafid, 2011).

Although there is a connection between prodactind maintenance planning, decisions are made
separately due to lack of communication and carlicgoals between these two programs (Najid,
Alaoui-Selsouli and Mohafid, 2011), (Weinstein a@ihung, 1999). Generally in failure-prone
systems, production systems with expensive equipsnand just-in-time (JIT) production systems
failure occurrence, improper maintenance policy aydtem breakdown could cause failure to
produce, loss of capacity and time, increase defegroduct's quality and impose additional and
unnecessary costs such as downtime and rescheawlstg (Aghezzaf and Najid, 2008),( Sitompul
and Aghezzaf, 2001). In order to solve these probland reduce the production planning errors,
integrating the production planning problem withim@nance problem has been interested in early
years. In other words the aim of integrated pradacand maintenance planning problem is to use
available production capacity efficiently, optimitee efficiency of the machines, meet the demand
closely and hence to reduce the total productiahraaintenance cost and plan precisely (Yildirim
and Ghazi Nezami, 2014).

The remainder of the paper is formed as follotvditerature review is presented in Section 2. In
Section 3 the proposed model is described. Comipotdt results are addressed in Section 4.
Discussion is added in Section 5 and finally thecbasion and future suggestions would be presented
in Section 6.

2- Literature Review

Najid et al. (2011) have classified the integdaproduction and maintenance planning problem into
five different levels; It could be updated into $hesix levels:

* Stochastic models; in which the machine state erl¢lrel of system buffer is modeled by
Markov chain. The topic of control in stochastioguction systems is a subset of this area in
which the rate of production and preventive maiatee are determined along with minimizing
the total cost of production, inventory, backlogl anaintenance.

* Production system with inventory buffer models;which the time of implementing the
preventive maintenance and the level of buffer mory is determined in order to satisfy the
demand when the preventive maintenance is beimgpdarut.

* Preventive maintenance policy with production gyatontrol models; in which the control
limits and the condition of preventive maintenaace determined by considering the time when
conforming or nonconforming products are produced.

*  Continuous-time models with an infinite time homzan which the lot size, the level of
inventory and the time of implementing the prevemtimaintenance are determined with
considering the certain or stochastic demand aildrdaeffects in a economic manufacturing
qguantity (EMQ) system.

¢ Discrete-time models with a finite time horizonaperational (scheduling) level: in which the
sequence of production activities and preventiventeaance are determined in short term.

* Discrete-time models with a finite time horizontactical level: in which the lot size and time
of implementing the preventive maintenance arerdeted in long term.
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Our research will be included in the final fieModels in this area according to their production
planning model could be categorized into threed§ieimodels with multi-item capacitated lot sizing
problem (MICLSP), models with aggregate productmanning problem (APP) and compilation,
gualitative and case studies.

Maybe the first study in the area of integratemtlels with multi-item capacitated lot sizing prexinl
is the work of Ashayeri et al. (1996). They progbaemodel for a system that contains the number of
production lines which can be replaced. Each lias its specific number of machines that one of
them has a bottleneck feature. Also they used tiondi maintenance policy to model the
maintenance problem. In the end they presentedeeiadpbranch and bound procedure to find a
feasible solution in a reasonable amount of timsh&yeri, Teelen and Selenj, 1996). Pixopoulou &
Papageorgiou (2004) extended the model proposefishgyeri et al. by adding hazard rate to the
variables of the problem and using run-based ptexermaintenance in modeling the system.
Aghezzaf et al. (2007) introduced a procedure tadehdhe integrated problem that has been
referenced in many studies as the most importashtbasic research in the area of integrated models
with MICLSP problem. They used an available proufunctapacity concept to link the production and
maintenance problem; in this way that either cdivecor periodic preventive maintenance consumes
a special amount of nominal production capacitg gfngle production line. For solving the problem
they proposed an iterative algorithm to numerateléimgth of preventive maintenance variable and
solve the remaining lot sizing problem by exactheuristic methods. Aghezzaf & Najid (2008)
extended the work of Aghezzaf et al (2007) by agldiarallel production line to the system, studying
the periodical and general preventive maintenamcksalving the problem by a heuristic procedure
based on Lagrangean relaxation method. Alaoui.ef28L0) discussed some Lagrangean heuristic
methods to solve and find the upper bounds of dietien in a conference paper. Later Alaoui-
Selsouli et al. (2012) published their work in arjoal paper. Najid et al. (2011) extended the base
model by adding lost sale concept to the produgtimblem and using time window concept to model
the periodic preventive maintenance. Lu & Zhangl@Oadded reliability constraint to the base
model. They used run-based preventive maintenameraodel the problem and deleted corrective
maintenance activities. Lu et al. (2013) extendwedrtworks in Lu & Zhang (2011) by discussing a
three stage heuristic procedure for solving thgdascale integrated problem. Nourelfath & Chatelet
(2012) proposed a joint production and maintenanodel by discussing dependence and common
cause failures between machines. Fitouhi & Noutlelf§2012) used noncyclical preventive
maintenance policy to model the integrated probiema production system which contains only a
single machine. Their approach to calculate thélahla production capacity was unique since they
used effective age concept to calculate the titzé tand total cost of maintenance. Limere et al.
(2012) corrected the base model of Aghezzaf ei(24107) by adding a binary variable for not
implementing the corrective maintenance in theqairiwhich there is no production activity.

Multi-State systems are one of the recent emgrfields in production and reliability areas. Qofe
the conditions which the system is called multiesia when the system contains of several machines
with general configuration (such as series, pdradkries-parallel, network and etc) that they have
cumulative effect on system's performance (MachadiNourelfath, 2010). The first study to discuss
the multi-state system in integrated problem withCMSP is the conference paper of Machani &
Nourelfath (2010). They used the approach whidnti®duced by Fitouhi & Nourelfath (2012) and
they proposed the heuristic procedure based ontiGexlgorithm (GA) to solve the problem in large
scale environment. After that Nourelfath et al. (@D published their work in a journal paper by
adding an exact algorithm for solving the problemsimall scale cases (Nourelfath, Fitouhi and
Machani, 2010). Machani & Nourelfath (2012) exteshdleeir work by using Variable Neighborhood
Search Algorithm (VNS) to approximately solve thhelgem. Fitouhi & Nourelfath (2014) proposed
a model for a system with general preventive maitee policy that preventive maintenance
activities, instead of beginning, can be done dudnat the end of production period. They alsaluse
Simulated Annealing Algorithm (SA) to solve the rebth large scale cases.

One of three researches on imperfect preventaiatenance is the work of Wang (2013). He added
the imperfect maintenance concept to base modélgbkzzaf et al (2007). His model consists of
imperfect preventive maintenance variable in addito perfect preventive maintenance variable (for
lowering the hazard rate in long term) and corvecthaintenance. Yildirim & Ghazi Nezami (2014)
implemented a unique approach to model the intedrgiroblem with imperfect preventive
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maintenance in a single machine production systémy studied the impact of machine performance
degradation on processing times and also discussiedility and energy consumption in their model.
Aghezzaf et al. (2016) used hybrid hazard rate tfancto pattern the imperfect preventive
maintenance in a single machine production system.

Yalaoui et al. (2014) developed some exact andistic algorithms for improving the speed and
quality of the obtained solutions in a productigistem with parallel lines. They also modeled the
system by considering the length of periodic préivermaintenance as a constant parameter. Zhao et
al. (2014) used operation-dependent failure (OD#)cept to model the integrated problem with
unequal time periods. They also proposed an iteratiethod to approximately solve the model.
Gehan et al. (2014) focused on feasibility of thedpction plan in the integrated model; hence they
added feasibility constraint into the model andntidonsider the corrective maintenance in their
problem. They also added setup times into calagatie production times. The second research on
considering the setup time in modeling the integggiroblem is the work of Liu et al. (2015). They
used delay-time based preventive maintenance cbmicapodeling the maintenance problem and
added unqualified products to the production pnoble

For models with aggregate production planningbfam, we refer to the works of Weinstein &
Chung (1999), Sitompul & Aghezzaf (2011), Portistaudacher & Tantardini (2012), Khoshalhan &
Cheraghali Khani (2012) and Mehdizadeh & Atashi éudr (2014).

For compilation, qualitative and case studies, refer to the works of Rishel & Christy (1996),
Pistikopoulos et al. (2001), Goel et al. (2003)kdbpoulos et al. (2003), Bergeron et al. (2009),
Powell & Rodseth (2013), Haoues et al. (2013), Araft Helber (2013), Cazanas & Sobrino (2014),
Macchi et al. (2014),Liu et al. (2014) and Nourttfat al. (2016).

Although vast amount of studies focused on mindethe perfect preventive maintenance in
integrated problem, there are little existing stsddealt with imperfect preventive maintenance
(especially non in multi-state system). Ahead stpdyides an integrated mixed integer model for
planning production and preventive maintenance mudti-state system. This model considers the
concept of imperfect maintenance in modeling tlev@ntive maintenance variable.

3- The mathematical model

3-1- Problem description

A production process consists of set of comptsménachines) that arranged according to a given
configuration is considered. We suppose the préclucystem is a generic multi-state system (MSS)
with general configuration (such as series, pdradleries-parallel, network and etc).The system has
different levels of performance from complete top@rformance to complete failure since each
component j has a binary state (i.e. either goofhited) and its own nominal performance ré&ge
This system should produce set of P items (prodluleisng a given planning horizon H including T
periods. Each production time period t has a fimed equal length L that could be divided into
several maintenance sub-period m with fixed lendtr performing the preventive maintenance.

The maintenance policy is based on implementirggcorrective and preventive maintenance on
each component. Corrective maintenance is perforased minimal repair whenever an unplanned
failure occurs to change the state of a compometad bad as old". Preventive maintenance is chrrie
out noncyclical and divided into two type of petfeand imperfect. The imperfect preventive
maintenance is performed as a planned repair togehthe state of a component to "part of as good
as new"; whereas the perfect preventive maintenenperformed as a planned overhaul to change
the state of a component to "as good as new".

Other main assumptions of the problem are listefdlasvs:

e States of the system are considered independentdazh other.

« Nominal performance rate of the Components arenaadindependent from type of item.

* No economical, stochastic and structural dependareygonsidered for components.

e Failure rate of each component is fixed and catedlaia failure probability distribution.

« Each component has expected number of failures dbafiorms the non homogeneous
Poisson process in any time interval.
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« Implementation of Preventive maintenance activitades place during each maintenance
sub-period.

e Shortage of the items is considered as lost sale.

* No initial stock or lost sale is assumed.

3-2- Nomenclature

Indices

Q : set of items (products).

: set of components (machines).

: set of production planning periods.

: set of maintenance planning sub-periods.
: item (product) index.

j : component (machine) index.

t : production planning period index.

m : maintenance planning sub-period index.

T W > <

Model parameters

dp:: Demand of item p to be satisfied at the end oibpet.

H : Time horizon.

L : Length of production planning period t.

T : Length of maintenance planning sub-period m.

7t™ : The m** maintenance planning sub-period of the produgtianning period t.

afm . Effective age function of component j at the eidnaintenance planning sub-period
7t : The m*" maintenance planning sub-period of the produgtianning period t.

A} : Availability of the component j during the pradion planning period t.

thm . Expected number of failures for component j dgrthe maintenance planning sub-
periodtt™.

G; - Nominal production rate of component j.

GLss : MSS total available production capacity durihg period t.

7;(.) : Hazard function of component j.

fj(.) : Failure probability distribution of component j.

o : Age function recovery percentage (age reductioh)}component j under imperfect
preventive maintenance.

TMR; : Minimal repair time for component j.

TPR; : Imperfect preventive maintenance time for congu.

TOR; : Perfect preventive maintenance time for compbpen

CMR; : Minimal repair cost for component j.

CPR; : Imperfect preventive maintenance cost for congpon

COR; : Perfect preventive maintenance cost for compojnen

1, - Cost of producing one unit of item p in period t

Set,, : Fixed setup cost of producing item p in period t

h,: : Inventory holding cost per unit of item p by ted of period t.

by : Lost sale cost per unit of item p by the engefiod t.
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Decision Variables

xpt - Quantity of item p to be produced in period t.

ypt - Binary variable, which is equal tol if the setfpitem p occurs at the end of period t,
and 0 otherwise.

I, - Inventory level of item p at the end of period t

B, : Lost sale level of item p at the end of period t

thm . Binary variable, equal to 1 if an imperfect peative maintenance is carried out on
component j at the beginning of the maintenancenita sub-period™, and 0 otherwise.

6]-““ . Binary variable, equal to 1 if a perfect prewemtmaintenance is carried out on
component j at the beginning of the maintenataerpng sub-period:t™, and 0 otherwise.

3-3- Themodel
Each production planning period has a fixed fleraf L which is divided into m equal maintenance
planning sub-period af™. The lengthr®™ could be calculated as follow:

r" =ﬁ=r Ot0A,mOB (1)

Beside the hazard function of component j at thne tk is obtained from equation (2):

r.(x) :ﬂ 0j O0J (2)
. 1-F, (x)

Now in equation (3), the effective age functioncomponent j during the‘™ sub-period is
calculated as regard as implementing the perfeichperfect preventive maintenance:

@-9")(1-a ") if j=12,...,nt = Im=1
a"={(1-d"@1-az")g" ™ +1) forj=12,..n,t=1,2.T m= 23.M (3
@-dM@-az")e " +1) forj=12,.n t= 23.T, m=

Given the fact that expected number of faildoeseach component in a given time interval follows
the non homogeneous Poisson process and by addir@)tand (3) equations, the expected humber
of failures for component j during thé™ sub-period considered as follow:

M= [0 (x)dx 0j0J,t0A md B 4)

ajm
Hence the total maintenance cost resulted as below:

n

T M
MC =>"3"Y'(CMR M + CPR #"+ CORS") (5)
j =1

j=1t=1m=1
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For computing the MSS total available producticapacity during the period t, we need to
determine the value of availability for each compainin every production planning period. These
values could be obtained by the same way as taknatintenance cost is calculated:

L —i(TMRj M™+TPR 7"+ TORJ™)

Al = L Op 0J,tOA
: L

(6)

As a result, by knowing the MSS configurationl aising the Universal Generating Function (UGF),
which was developed by Levitin (2005). The MSS ltatzailable production capacity is resulted as
follow:

J
Guss=2,G,A,  DOtOA @)
j=1

Finally the integrated production and preventivemeaance planning model is described as below:

P T
Min z =33 (h, 1, +by, By + 77, X, + Sef, y,)+ MC ®)
p=lt=1
S.t.
X =l ¥ gy B =d Op0Q, tOA 9)
T
X o S(dejypt OpOQ td A (10)
t=1
P
X <Gyssl OtOA (11)
p=1
z"+g"<1 0j0J,t0A mO B (12)
B,,=0 & I,,=0 OpOQ (13)
X ol By 20 OpOQtOA (14)
y, =0orl OpOQ,tOA (15)
z!",0"=0o0rl OjO0Jt0A,mOB (16)

Equation (8) represents the model objectivection, which is the sum of inventory holding,
shortage, production, setup and maintenance costs.

The first constraint (9) is the production plangnbalance constraint which relates the inventorg
lost sale levels to the demand and production le@enstraint (10) shows the relation between
production level and setup variables. Equation (ikl)the total available production capacity
constraint; it dictates that the production leviedlbitems in period t should not exceed the an@in
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total available production capacity in that sameigoe Fourth constraint (12) corresponds to the
preventive maintenance variables and shows thatmperfect and perfect preventive maintenances
could be performed simultaneously on a same conmgodiging any sub-period. Constraint (13)
shows that there is no initial stock or lost s&@lenstraints (14) to (16) show the non-negativitg an
binary aspect of the model decision variables.

4- Numerical Example
4-1- Problem Data

A multi-state production system that contains Zbjrstate parallel components is considered. This
system produces 2 items in 4 months. The produglming period determined monthly (T=4),
hence the planning horizon is 4 (H=4). Each pradagblanning period is divided into 3 ten day sub-
period maintenance planning period, so the lenfjthaintenance planning sub-period is 0.33 (M=3).

The characteristic and the lifetime distributafrsystem's components along with the cost and
duration of each maintenance activity are show(T able 1).

Table 1.Characteristics and maintenance activity requirdsnfem system components

comp. i | CPR; | CMR; [ COR; [ TPR, | TMR;, | TOR; Lifetime G;
PI1 @) | ) | (®) | (week) | (week) | (week)| distribution | (item/month)
1 2500 | 5000 | 5000 | 0.09 0.05 | 0.18 V\g'g‘;” 105
2 2000 | 5100 | 4000 | 0.08 004 | 0.16 V\g'g‘;” 110

The demand of each item is estimated for 4 prodngieriod in (Table 2).

Table 2. Demand of items

Item t=1 t=2 t=3 t=4
dpt (item) 1 95 93 90 95
2 80 84 87 82

(Table 3) shows the inventory, shortage, setuppaduction costs of each item. Costs are the same
for all production periods.

Table 3.Inventory, shortage, setup and production cositenfs

Item hye ($) byt ($) Setp (%) Tt ($)
1 40 150 1000 100
2 40 150 1000 100

Finally age function recovery percentage is consid®0% §¢=0.5).

4-2- Linearization
Due to system configuration and Universal Geisgafunction (UGF), MSS total available
production capacity of the example is calculatedifiequation (17).

Glss =(105+ 110 A A + 109 ( + A )+ 1104 A) A Ot 2 (17)
By expanding the equation (17), linear equatior) (&chieved.
Gyjes =105A; + 1104 Ut A (18)

On the other hand due to lifetime distributidncomponents, the expected number of failures for
each component is achieved through equation (19).
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m tm 2 _ (qtmy2
a ”de:(aj +7)°=(a")

i r 0j0J,t0A, mO B (19)
a2 4

And same way, by expanding the equation, lineaaeop (20) is resulted.

2ra" + r’

2 0p0J,tOA,mOB (20)

tm
M " =

For linearizing the effective age equations, imeestigate the possible condition for every sub-
equation. For instance, all the possible statessémond sub-equation of equation (3) are shown
below;

0 5}m =1, z:m =1
0 g =1,2"=0 .
atjm: OjdJ,tdA, mdB-{ (21)
(1—a).(a}(’"‘1) +7) o"=0,Z"=1
@ +71) J"=0,z"=0
We can summarize the states into quadratic equén
a” 2 —5j‘m.ﬁ+ @"™+1)-az™@" ™ +1) 0jO0J,t0A, mO B-{1} (22)

In whichM is a big number. Equation (22) is nonlinear toowNay defining variablé/jtm, the
nonlinear second sub-equation of equation (3)rigeti into set of linear equations (24).

Vjtm — Z’;m (a]_t( m-1) + T) (23)

a"2-3"M + @ " +1)-aV, " 0j0J,t0A, md B-{1}
Vjtmgz;mﬂ 0jO0J,tOA, mOB-{1} (24)
Vjtm < (a].‘(m‘l) +7) Ojod,tdA, md B-{}

The same procedure is applied for first anddteub-equations of equation (3). Finally by adding

mentioned equations to the model (10)-(20), thediized integrated robust model is resulted as
below:

P T
Min z=>">"(h, 1, +b, B, + 7, X, + Sef, ¥+ MC ®)

p=lt=1
S.t.
(9)-(@6)

M

L-Y (TMR;M™+TPR #"+ TOR3") ©

Al =i - 0j 0J t OA
Gl =105A! + 1104, Oto A (18)
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_2ra™+ r’

im 2 0j 0J,tOA,mOB (20)
Vm<zt M 0jO0J,t0A, mOB-{1}
Vim< (@™ +7) 0j0J, tOA, mO B-{} (24)
a"2-0"M +@" " +r)-av,"™ 0j0J,t0A md B-{1}
a"2-0"M +(1-az") OjO0Jt=1m=1 (25)
Vm<zm M Ojo0J,t0A-{}, mOB
V"< @M +7) 0j0J, tOA-{}, mOB (26)
a"2-0"M +@ " +7r)-av,'™ 0jOJ, t0A-{1}, mO B
d" A',Glss 20 0jO0J,t0A, m0 B 27)

As seen, effective age functicnf”(), availability (A}) and MSS total available production capacity

(Giss) are defined as additional variables and theateel equations as additional constraints to retain
the model integrality and also to enable solving thodel through GAMS software. It must be
mentioned that if the lifetime distribution of cooments follows the exponential or Weibudl,£)
(with g parameter smaller than 2) distributions, linedvess (e.g. CPLEX) can be used to solve the
model; otherwise nonlinear solvers (e.g. BARON)srggested for solving the model.

4-3- Computational Results
The linearized model is solved by GAMS softwaeng CPLEX solver on an i5 3.30 GHz
processor. Results are shown in (Table 4 — 7).

Table 4. Imperfect and perfect preventive maintenance bt

Component Period m=1 m=2 m=3
1 (0,0) (0,0) (0,1)
1 2 (0,0) (0,0) (0,0)
3 (0,0) (0,1) (0,0)
(zjtm,éijtm) 4 (0,0) (0,0) (0,0)
1 (0,0) (0,0) (0,1)
5 2 (0,0) (0,0) (0,0)
3 (0,0) (0,1) (0,0)
4 (0,0) (0,0) (0,0)
Table 5. Production level of items
Item t=1 =2 t=3 =4
Xpe (item) 1 95 93 90 95
2 79 86 85 82
Table 6. Inventory and shortage level of items
(I..Boy) Item t=1 t=2 t=3 t=4
pt=pt 1 (0,0) (0,0) (0,0) (0,0)
(item) 2 (0.1) (2.0) (0,0) (0,0)




Table 7. Effective age function of components

Component Period m=1 m=2 m=3
1 1 1.33 0

1 2 0.33 0.66 0.99

3 1.32 0 0.33

aj™ item) 4 0.66 0.99 1.32
1 1 1.33 0

5 2 0.33 0.66 0.99

3 1.32 0 0.33

4 0.66 0.99 1.32

According to (Table 5) model decided to produeash item in all production periods. So the value
of y,. variables for each item in each production peisoequal to 1.

The MSS total available production capacity instfperiod is 174, in second period is 211.06, in
third period is 175.09 and in fourth period is 2.Total maintenance cost is $36181.52 and total
cost of integrated model is $114911.52.

5- Discussion

One of the important parameters of the presentedel is the age function recovery percentage
parameterd). For the small values of, the preventive maintenance is too imperfect &edcbst of
corrective maintenance increases. Hence the modeides the preventive maintenance to be
performed perfectly. Otherwise for large valuesopfmodel turns to employ imperfect preventive
maintenance. Sensitivity analysis tois presented in (Table 8).

Table 8. Sensitivity analysis for age function recoveryqagtage parameter

a (%) | Maintenance cost ($) Total integrated cost ($
10 36181.52 114911.52
20 36181.52 114911.52
30 36181.52 114911.52
40 36181.52 114911.52
50 36181.52 114911.52
60 36181.52 114845.62
70 34832.90 113432.90
80 31814.44 110414.44
90 29083.64 107683.64
100 26665.43 105265.43

In another aspect, the efficiency of the modrlld be compared with integrated models with only
one type of perfect or imperfect preventive maiatere. Result of comparing the total integrated
costs is shown in (Table 9). It could be derivedt thor o equal to 0.59 and lesser, both the main
model and the model with only perfect preventivememance have lower costs; meanwhile from
values equal to 0.7 and greater, both the main haottk the model with only imperfect preventive
maintenance have lower costs. In critical areaybéen 0.6 up to 0.67, the main model has the lowest
total cost. Totally it can be concluded that theresented main model obtains the lowest cost for al
the values of.
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Table 9. Total integrated cost comparisons for differenetypf preventive maintenance

Total integrated cost Total integraped cost for| Total integrated cost forn
a (%) f ; model with imperfect model with perfect
or the main model ($ : .
maintenance ($) maintenance ($)
10 114911.52 138171.19 114911.52
20 114911.52 135810.47 114911.52
30 114911.52 130144.97 114911.52
40 114911.52 124951.83 114911.52
50 114911.52 120503.41 114911.52
60 114845.62 116703.39 114911.52
70 113432.90 113432.90 114911.52
80 110414.44 110414.44 114911.52
90 107683.64 107683.64 114911.52
100 105265.43 105265.43 114911.52
5-Conclusion

This study introduces an integrated productiod preventive maintenance planning model for a
multi-state system. The purpose of the model @determine the level of inventory, shortage and the
guantity of the items to be produced along with thee and type of preventive maintenance
activities. The main contributions of this studg &isted as follows:

e Considering imperfect preventive maintenance intinstdite system with general
configuration for integrated model

 Empowering the model to decide between perfect mperfect preventive
maintenance to be performed

Numerical example shows that the proposed moaielobtain lowest integrated cost in comparison
with similar models using only one type of preveatimaintenance strategy. Future works could be
reformulating the model for other parameter unaatitss or robust optimization procedures. Using
the cyclical, hybrid hazard rate or another imperfgreventive maintenance policy would be an idea
for extending the model. Also there could be atiadextend the model for dealing with the case of
systems with dependant components.

References

Aghezzaf, E.-H., Khatab, A., and Tam, P. L. (201®)timizing Production and Imperfect Preventive
Maintenance Planning's Integration in Failure-Pritenufacturing SystenfReliability Engineering
& System Safety145(0), 190-198.

Aghezzaf E.-H., and Najid, N. M. (2008). Integratétoduction Planning and Preventive
Maintenance in Deteriorating Production Systénfisrmation Scienced,78(17), 3382-3392.

Aghezzaf, E. H., Jamali, M. A., and Ait-Kadi, D.O@7). An Integrated Production and Preventive
Maintenance Planning ModBuropean Journal of Operational Resear&B,1(2), 679-685.

Alaoui-Selsouli, M., Mohafid, A., and Najid, N. M2012). Lagrangian Relaxation Based Heuristic
for an Integrated Production and Maintenance PranRiroblemnternational Journal of Production
Research50(13), 3630-3642.

Alaoui, M., Najid, N. M. , and Mohafid, A. (2010Lagrangian Relaxation Based Heuristic for an
Integrated Production and Maintenance Planning|BneBth International Conference of Modeling
and Simulation (MOSIM'10) - “Evaluation and Optiration of Innovative Production Systems of
Goods and Services”, Hammamet - Tunisia

39



Ashayeri, J., Teelen, A., and Selenj, W. (1996)tédRction and Maintenance Planning Model for the
Process Industrinternational Journal of Production Resear@#(12), 3311-3326.

Bergeron, D., Jamali, M. A., and Ait-Kadi, D. (200€oupling Simulation and Optimization for an
Integrated Production and Maintenance Planning anMacturing Systemd.3th IFAC Symposium
on Information Control Problems in ManufacturinglCOM'09) MoscowRussia

Cazanas, R. D., and Delgado Sobrino, D. R. (200%). the Integration of Production and
Maintenance Planning at the Tactical Level: Proposa Contribution Procedurpplied Mechanics
and Materials474(0), 35-41.

Fitouhi, M.-C., and Nourelfath, M. (2014). Integrat Noncyclical Preventive Maintenance
Scheduling and Production Planning for Multi-St@gstemdReliability Engineering & System
Safety121(0), 175-186.

Fitouhi, M.-C., and Nourelfath, M.. (2012). Intetrg Noncyclical Preventive Maintenance
Scheduling and Production Planning for a Single Wiaeinternational Journal of Production
Economics136(2), 344-351.

Gehan, M., Castanier, B., and Lemoine, D. (201tdration of Maintenance in the Tactical
Production Planning Process under Feasibility GamgtAdvances in Production Management
Systems. Innovative and Knowledge-Based Produdtianagement in a Global-Local World38,
467-474.

Goel, H. D., Grievink, J., and Weijnen, M. P. C2003). Integrated Optimal Reliable Design,
Production, and Maintenance Planning for MultipwgoProcess Plan®omputers & Chemical
Engineering27(0), 1543-1555.

Haoues, M., Dahane, M., Mouss, K. N., and Rezg(2913). Production Planning in Integrated
Maintenance Context for Multi-Period Multi-Produétailure-Prone Single-MachinBEE 18th
Conference on Emerging Technologies & Factory Aation (ETFA), Cagliari

Karimi, B., Fatemi Ghomi, S. M. T., and WilsonM. (2003).The Capacitated Lot Sizing Problem: a
Review of Models and Algorithn®mega31(0), 365-378.

Khoshalhan, F., and Cheraghali Khani, A. (2012). IAtegrated Model of Aggregate Production
Planning with Maintenance Codtgernational Journal of Industrial Engineering &r&duction
Management (1JIE)23(1), 67-77.

Levitin, G.(2005).The Universal Generating Function in Reliability alysis and Optimizatian
Berlin: Springer.

Limere, V., Deschacht, J., and Aghezzaf, E. H. 01Integrated Production and Maintenance
Planning: Modeling Corrective Maintenantg. International Conference on Operations Research
and Enterprise Systems (CFP ICORES - 2012), Vilam®&lgarve, Portugal204-207.

Liu, X., Wang, W. , and Peng, R. (2015). An IntegdaProduction and Delay-Time Based Preventive
Maintenance Planning Model for a Multi-Product Rrciion Systeniksploatacja i Niezawodnosc -
Maintenance and Reliability,7(2), 215-221.

Lu, Z., Zhang, Y., and Han, X. (2013). IntegratiRyin-Based Preventive Maintenance into the

Capacitated Lot Sizing Problem with Reliability Gtmaintinternational Journal of Production
Research51(05), 1379-1391.

40



Lu Z., and Zhang, Y. (2011). A Joint Model of Proton and Preventive Maintenance
PlanAdvanced Materials Researctf6-157(0), 18-23.

Liu, S., Yahia, A., and Papageorgiou, L. G. (2012ptimal Production and Maintenance Planning of
Biopharmaceutical Manufacturing under Performaneaedyindustrial & Engineering Chemistry
Research53(0), 17075-17091.

Macchi, M., Pozzetti, A., and Fumagalli, L. (2014#)dustrial Implementation of Models for Joint
Production and Maintenance Plann/dyvances in Production Management Systems. Inivevatid
Knowledge-Based Production Management in a Glolealal. World499-506.

Machani, M., and Nourelfath, M. (2012). A VarialNeighbourhood Search for Integrated Production
and Preventive Maintenance Planning in Multi-St&testemdnternational Journal of Production
Research50(13), 3643-3660.

Machani, M., and Nourelfath, M. (2010). A Genetidgérithm for Integrated Production and
Preventive Maintenance Planning in Multi-State 8ys8th International Conference of Modeling
and Simulation (MOSIM’10) - “Evaluation and Optiration of Innovative Production Systems of
Goods and Services”, Hammamet - Tunisia

Mehdizadeh, M., and Atashi Abkenar, A. A. (2014parimony Search Algorithm for Solving Two
Aggregate Production Planning Models with Breakdswand Maintenancgh International
Management Conference (Managemant Challenges fataidable Development), Bucharest,
Romania

Najid, N. M., Alaoui-Selsouli, M., and Mohafid, &011). An Integrated Production and
Maintenance Planning Model with Time Windows andoi®&me Cosinternational Journal of
Production Researcl9(8), 2265-2283.

Nikolopoulos, K., Metaxiotis, K., Lekatis, N., adgsimakopoulos, V. (2003). Integrating Industrial
Maintenance Strategy into ERdustrial Management & Data Systeri§3(3), 184-191.

Nourelfath, M., Nahas, N., and Ben-Daya, M. (201B)egrated Preventive Maintenance and
Production Decisions for Imperfect ProcesRetiability Engineering & System Safety8(0), 21-31.

Nourelfath M., and Chatelet, E. (2012).Integratifrgduction, Inventory and Maintenance Planning
for a Parallel System with Dependent Compon&ai$ability Engineering & System Safefy)1(0),
59-66.

Nourelfath, M., Fitouhi, M.-C., and Machani, M. @@). An Integrated Model for Production and
Preventive Maintenance Planning in Multi-State 8ystiEEE Transactions on Reliabilityg9(3),
496-506.

Pistikopoulos, E. N., Vassiliadis, C. G., Arvela, dnd Papageorgiou, L. G. (2001). Interactions of
Maintenance and Production Planning for Multipugpd&ocess Plants - A System Effectiveness
Approachindustrial & Engineering Chemistry Researd®(0), 3195-3207.

Pixopoulou, N. and Papageorgiou, L. G. (2004). AlhRIModel for Medium-Term Production and
Maintenance ManagemeRtobabilistic Safety Assessment and Managen@éii0), 2827-2832.

Portioli-Staudacher, A., and Tantardini, M. (201R2}egrated Maintenance and Production Planning:
a Model to Include Rescheduling Codtairnal of Quality in Maintenance Engineerjri(1), 42-59.

41



Powell, D. J., and Rodseth, H. (2013).ICT-Enable@drated Operations: Towards a Framework for
the Integration of Manufacturing- and MaintenandanRing and Controhdvances in Production
Management Systems. Sustainable Production anic8&upply Chain245-252.

Rishel, T. D., and Christy, D. P. (1996). Incoqutorg Maintenance Activities into Production
Planning; Integration at the Master Schedule verslagerial Requirements Leveiternational
Journal of Production ResearcB4(2), 421-446.

Sitompul, C., and Aghezzaf, E. H. (2001). An Int#égd Hierarchical Production and
MaintenancePlanning Modellournal of Quality in Maintenance Engineeririg)(3), 299-314.

Wang, S.Integrated Model of Production Planning bngderfect Preventive Maintenance Policy for
Single Machine Systemmternational Journal of Operational Researd8(2), 140-156.

Weinstein L., and Chung, C.-H. (1999). Integratigintenance and Production Decisions in a
Hierarchical Production Planning Environmé&umputers & Operations Resear@g(10-11), 1059-
1074.

Wolter, A., and Helber, S. (2013). SimultaneousdBotion and Maintenance Planning for a Single
Capacitated Resource Facing Both a Dynamic Demandl dntensive Wear and
TearWirtschaftswissenschaftliche Fakultét, Leibniz @nsitat Hannover522(0).

Yalaoui, A., Chaabi, K., and Yalaoui, F. (2014)telgrated Production Planning and Preventive
Maintenance in Deteriorating Production Systeimrmation Science278(0), 841-861.

Yildirim M. B., and Ghazi Nezami, F. (2014). Intaggd Maintenance and Production Planning with
Energy Consumption and Minimal Rep@he International Journal of Advanced Manufacturing
Technology74(0), 1419-1430.

Zhao, S., Wang, L., and Zheng, Y (2014). Integgatiroduction Planning and Maintenance: an
Iterative MethodIndustrial Management & Data Systerid4(2), 162-182.

42



