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Abstract

This paper investigates the case of a manufactwsysiem subject to several progressive
deterioration processes through an integrated ntbdélseeks to determine the subcontracting,
production and maintenance strategies employedl|tsimaously. The model is based on the
premise that such deterioration affects severdiopaance indices of the machine, centered
mainly on the quality of the parts produced anditsnreliability. When a machine fails, a
minimal repair is conducted and preventive maimeras available to restore the machine to
initial conditions. The control policies indicateetproduction and preventive maintenance rates,
as well as the amount of subcontracting requirech asipport measure to satisfy product
demand. The main objective of the model is to minérthe discounted overall cost, which
comprises production, subcontracting, inventoryckligy, preventive maintenance, defectives
and repair costs. Hence, we develop a stochadiimalpcontrol model, and numerical methods

are used to solve optimality conditions in orded#éfine the structure of the control policies. A
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simulation-based approach comprising statisticalyeis and optimization techniques is applied
to determine the optimal parameters associated tivéhstructure of the control policies. The
results obtained highlight the strong relationsmeetn production, maintenance, deterioration,
reliability and quality, which justify the develogmt of an integrated model. Through a

numerical example and an extensive sensitivityyaismlwe validate our approach.

Keywords: Production planning, Subcontracting, Preventivaintenance, Quality

deterioration, Reliability deterioration, Simulatio

1. Introduction

In today’s economic context, subcontracting is iggiconsiderably in significance and
emphasizes the need for better cooperation, caaidin and agility between
manufacturing companies in order to satisfy custsnme terms of quantity and time.
Although subcontracting has generated substanigsgusgsion at a general level, very
little research has been done from an operatiogi@pective, accompanied by practical
implementations. Furthermore, in the literaturdgevant issues such as subcontracting,
production and maintenance planning have beerettesgparately, despite their evident
interaction. The traditional approach to dissoca@geisions has become limited, and no
longer satisfies the industrial needs to guaramegimum availability of production
systems, high standards of quality and customasfaetion. Furthermore, modern
production systems use their equipment at highs rati¢éhout taking into account the
fact that production units may degrade rapidly.aAsesult, efficient management and
decision making are therefore imperative for impgngvthe performance of industries.

The primary objective of this research is to depeda integrated model that permits the



determination of subcontracting activities withim antegrated production and
maintenance planning approach in a deterioratiortestd. In the next paragraphs, we
survey the literature on recent aspects of dewdimr, the integration of

production/maintenance and subcontracting.

In real industrial environments, components arealgwnreliable and maintenance
decisions must be integrated at a tactical lewvethis paper the focus is on preventive
maintenance strategies, and several studies hasenimed joint production and

preventive maintenance planning; that is the casexample of the work of Chelbi et

al. (2004), which considered a repairable productinit subject to random failures, and
that supplies a subsequent assembly line. In tmeidel, preventive maintenance is
regularly performed at given instants. Kouedeu le{2015) proposed a hierarchical
decision making approach based on the determinafidghe mean time to failure and
the joint optimization of production, preventivedanorrective maintenance policies.
Along the same lines, Bouslah et al. (2016) inga¢&d the case of production and
preventive maintenance strategies for an unrelipbbeluction system used to design
and optimize a continuous sampling plan subjectjdality constraints. As can be
noticed preventive maintenance have received cerak attention in the literature
and various models have been developed to quathtéyeffects of investment in

preventive maintenance such as the paper of Le@5J20n this paper the author
developed a cost/benefit model for supporting itmesit strategies in inventory and
preventive maintenance for an imperfect producggstem, where the investment in
preventive maintenance reduces defects. Furthisrptbdel captures the return on the
investment in preventive maintenance and inventoigne common metric. Later, Lee
(2008) developed an analytical model for investmentpreventive maintenance that

reduce the proportion of defectives and also theyeiase the reliability of a multi-level



assembly system. With this model the decision nglk@mn measure the impact of
improvement projects and also they can predictrétern of an investment in such
projects based on the assessment of tangible lesialm manufacturing industries,
deterioration is a common industrial phenomenont tten influence the relation
between production and preventive maintenance. Mexye there are scant
investigations of production, preventive mainteranand quality policies for
deteriorating systems. Furthermore, at taking iatwount the fact that using the
production unit at high rates may degrade it pregjkely, thereby leading to the lack of
capacity and additional costs due to deterioration, may encaeiragmpanies to use
subcontracting. Therefore, an integrated modelclvbobnsiders these issues, is needed.

In the next paragraph, we review the deteriorasygjems domain.

Deterioration is consequential in many real lifestsyns because of its importance in
operations management, this was noted by Haje). k@11), who derived optimal

production and maintenance schedules for a mamufagtsystem satisfying random
demand considering the deterioration of the mach®elledani and Tolio (2012)

analyzed the production rate of conforming parta afulti-stage manufacturing system
with progressively deteriorating machines and pnéve maintenance. In Khatab et al.
(2014), a production system subject to stochasttertbration is considered. In their
study, to asses such degradation, the proposedtanairce model considers both
corrective and preventive maintenance, a contexivhich after a given number of
maintenance actions, the system is preventivellaceg by a new one. Kouki et al.
(2014) worked on a mathematical model of a singkemne subject to random failure
and producing progressive deteriorated products) prieventive maintenance actions
applied in order to reduce the expected total doasChouiki et al. (2014), a condition-

based maintenance model is proposed for a singlgsroduction system. Their system



is subject to random deterioration, and preventegacement occurs whenever the
level of the system degradation reaches a spedhifeshold level. The potential effects
of machine deterioration have been also integratepredictive maintenance models
such as the paper of Lu et al. (2007) where thégroened optimal production quantity
and appropriate time to perform maintenance basedhe prediction of the future
deterioration system condition. However, as préaficis one of the most important
parts in predictive maintenance, it also represetstsbiggest drawback since the
employed forecasting techniques are effective foortsterm predictions, and their
accuracy decreases with the increase of the predibbrizon as noted by Wen et al.
(2016). Additionally, most of the studies considetbat the manufacturing systems
experiences increasing deterioration due to usagd wear. Frequently this
deterioration results in limited production capgciincreasing nonconforming and
maintenance cost. Nevertheless, we conjecturentibah research remains to be done
due to the present lack of effective decision masho In the context of limited
production capacity, subcontracting represents tinactive option for the decision

maker.

The relation between subcontracting and productioategies has spurred significant
research in recent years, since it is an effediretegy for ensuring an improvement of
production flexibility, avoiding resource shortagesducing costs, as illustrated, for
instance, in the work of Gharbi et al. (2011). Tregldressed the production control
problem of an adjustable capacity-manufacturingl, cehere due to availability
fluctuations, the central machine may fall shorimedeting long-term demand. In their
model, a standby machine is thus called upon suipibre finished product inventory
level drops below a specific threshold level. Tharkaof Hajej et al. (2014) contributed

to the study of an industrial case where the usa subcontractor takes over any



remaining production in order to satisfy customemdnd. In their model, preventive
maintenance is used to reduce the failure frequefsyid et al. (2015) proposed the
joint optimization of production and subcontractiofy multiple production facilities

with different capacities, where subcontracting pemsates for insufficient production
capacity. Additionally, Rivera-Gomez et al. (201d3rived a control policy which

determined the production and overhaul rates amedr#te at which subcontractor
products are requested. The authors assumeduibabrgracting options are available
at a higher cost to supplement the limited productiapacity. Assuming that the failure
rate deteriorates, and preventive maintenance eaiducted to mitigate the effect of
deteriorations, a model was presented by Haoues ¢2016) to coordinate in-house
production, subcontracting and maintenance plansthe area of subcontracting,
relatively few studies have considered the effeftdeterioration, mainly focusing on
its influence on only one system parameter (i.#ur@arate). In contrast, we analyze the
case where such deterioration may be amenable eredg affect several system
parameters (for instance, the failure rate of treclmine and the quality of the parts

produced) due to the production environment, acdatad wear, usage, etc.

The motivations of this paper are directed towatts extension of common
assumptions presented in the literature, notingrttest studies consider the perspective
of the subcontractor or of the producer, primariynd optimize only one party.
Unfortunately, this does not necessarily lead tooatimal situation for the whole
system. In this paper, we study complex industaatures that have not been covered
in an integrated fashion in the literature. We wabinsider the following features
simultaneously: i) machines characterized by midtiprogressive degradations and
wears, ii) reduction of the production capacity dieethe machine’s progressive

deteriorations, iii) optimization of the time wheneventive maintenance is performed,



iv) optimization of the quantity of products to pre in-house and quantity of
products to be supplied by subcontracting, anchg)determination of the appropriate
time when subcontractor should be called. The papetended to assist managers with
an integrated policy that indicates how to balative trade-off between in-house
production, subcontracting and maintenance. Thpga®d model seeks to minimize the
total incurred cost, composed of the inventory, kl@y, preventive maintenance,
production, subcontracting, repair and defectivest We use a stochastic optimal
control model formulation, whose optimality condits are resolved numerically to
determine the structure of the obtained controicpd. A simulation-based approach
combined with design of experiments (DOE), optirtia@a techniques and simulation
modeling is adopted to determine the optimal valokshe control parameters. An
extensive sensitivity analysis is conducted to mlewa better insight into the production
system behavior. In addition, a manufacturing systeomposed of several parallel

machines is also studied to illustrate the flexypibf the proposed approach.

The remainder of this paper is organized as folldtve usefulness and the industrial
impact of the paper are discussed in Section Bdction 3, we present the problem
formulation and notations. The structure of thenjocontrol policy is detailed in
Section 4. In Section 5, we present the simulabased approach adopted. Section 6
introduces a numerical example. In Section 7, \wstilate the policy implementation.
Section 8 presents an extensive sensitivity aralysicomparative study between our
integrated production, subcontracting and preventmaintenance control strategy and a
policy that disregards subcontracting issues iailget in Section 9. Finally, Section 10

concludes the paper.



2. Usefulness and industrial impact

The phenomenon of deterioration is common in autol@paircraft, machine tools and
paper manufacturing plants, typically in systemsnposed of a large number of
components which stochastically deteriorate ovemeti(Kouedeu et al. (2015)).
Additionally, the cumulative use of the manufaatgrunit may accelerate the machine
degradation, and therefore increase the risk ofurts, defectives, delays, etc.
Consequently, the number of failures and defegineglucts, increases. If production is
carried on with such a system, it degrades furtherthere are more failures and more
defectives), which may further limit the in-houseoguction capacity. Once the
manufacturing system is unable to satisfy the custcdemand, additional costs due to
deterioration will encourage companies to adoptsuatracting in order to improve the
limited in-house production capacity, as has besedin several sectors, such as the
textile, retail channel, pharmaceutical and sendceitor industries. Therefore, given
this context, we developed a stochastic dynamigrnaraming model, which can be
used to analyze manufacturing systems facing pssgre reduced production capacity

caused by deterioration.

In many production systems, subcontracting is astb@it a higher cost to enhance
limited in-house production capacity. If properlgnidled, subcontracting can shorten
lead times, reduce total costs, and render orgamisamore flexible, as well; it is

commonly used as a tool to improve overall planraffgctiveness. Furthermore, it can
provide a competitive advantage to companies arndtama core competition (Haoues

et al. (2016) and Dror et al. (2009)).



3. Problem formulation

In this section, we detail the notations used iis thrticle, and present a general
description of the manufacturing system under studiditionally we formulate the
optimal control problem.

3.1 Notations

The following definitions are used throughout tlager:

x(t) Inventory level at time

a(t) Age of the machine at time

d Constant demand rate of products, (products/day)
&) Stochastic procegg(t), t = 0}

Ao (*) Transition rate from mode to moden’

T Limiting probability at mode

u(+) Production rate of the manufacturing system, (pctsiday)
u Maximum production rate of the producer, (progiday)
0() Preventive maintenance rate

o Maximum preventive maintenance rate

[ Minimum preventive maintenance rate

v(*) Subcontracting rate, (products/day)

v Maximum subcontracting rate, (products/ day)

T Fraction of demand satisfied by subcontracting

B() Rate of defectives

ct Inventory holding cost, ($/products/day)

c” Backlog cost, ($/products/ day)

cr Repaircost ($)



Com Preventive maintenance cost ($)

Cq Cost of defectives ($/product)

Cpro Cost of in-house production ($/product)
Csub Cost of subcontracting ($/product)

g Instantaneous cost function

p Discount rate

J() Expected discounted cost function

V() Value function

Cc* Minimum total cost ($/day)

For the rest of the paper, the time unit is thealay the cost unit is the dollar ($).

3.2 Modelling assumptions

The model developed in this paper is based ondlfmring assumptions:

1)

2)

3)

4)

5)

6)

7

The machine deteriorates progressively with itgaieg age.

The effects of the deterioration process are oleseiv the increase of the failure
rate and the rate of defectives, limiting its prciitan capacity.

At failure a minimal repair is conducted, leavirg tmachine to as-bad-as-old
conditions.

When preventive maintenance is conducted it im@ipgrfect maintenance that
restores the machine to initial conditions.

Subcontracting is always available and serves tmate the reduction of the

production capacity of the manufacturing system.

Subcontracting supplies products free of defectives

The production rate, subcontracting and the prévennaintenance rates are
controlled.
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3.3 Description of the manufacturing system

The manufacturing system under study refers the oésn unreliable machine which
produces one part type. Figure 1 presents a gralptepresentation of such a system.
The manufacturing system is unreliable since gubject to random breakdowns and
repairs. The main assumption of the model is thethsmachine is subject to a
deterioration process with multiple effects, whente directly related to the quality of
the parts produced, as well as to its reliabilitg. mitigate the effects of deterioration,
preventive maintenance can be conducted. In facbur case, maintenance decisions
are based on real deterioration condition instefgoredictions; with this, we have the
advantage of a more accurate deterioration modkelthis context of progressive
deterioration, the manufacturing system will evefliju no longer be capable of
satisfying demand with flawless products. Therefasebcontracting becomes an
attractive alternative for this manufacturing sgstecharacterized by a limited
production capacity to fulfill product demand. Tolgiective of the model is to optimize
the subcontracting contribution, and simultaneouslgtermine production and
preventive maintenance strategies to minimize ¢al incurred cost, which includes
the inventory, backlog, production, subcontractipggventive maintenance, repair and
defectives cost of units in the case where theridesdion process of the machine has a
twofold effect, observed mainly on the quality bktparts produced and also on its

reliability.
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Figure 1. Block diagram of manufacturing system under analysis

3.4 Control model formulation

We will now formulate the control problem, based the manufacturing system of
Figure 1. The machine is subject to random evdaitues, repairs, and preventive
maintenance), and also to a deterioration prodeissoperational whef&(t) = 1}, and
unavailable when under repdif(t) = 2} or under preventive maintenancét) = 3}.
Hence, we define three modes, described by thdnastic proces$§&(t),t = 0}, with
values in2 = {1,2,3}. On an infinite horizon, the machine can stay ranigan each of
the three modes according to the state transitiagram presented in appendix A.

When the machine fails (mode 2), it is immediatedpaired at a constant raig, .

Repair involves a minimal maintenance that leaves rhachine in an as-bad-as-old
(ABAO) condition; the history of the machine is thneeded in modeling this type of
maintenance, which therefore means that a semi-darkodel is required. In our

formulation, we use the age of the machuie) as a state variable of the system to take
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into account this history. Meanwhile, preventiveim@nance (mode 3) implies a

perfect maintenance that restores the machine asaood-as-new (AGAN) condition

at a constant ratd,, .

Let d be the product demand, an¢) the production rate at time At any instant of
time, the production rate must satisfy the capactystraint:0 < u(-) < u, whereu is
the maximum production rate of the machine. Lét) the subcontracting rate, with

value in{0,7-d,d } such that0 <t < 1).

In our model, the first issue to be handled wibpect to deterioration is to specify that
it has multiple effects on the machine, and thas¢heffects are reflected mainly on the
part quality and machine reliability. First, we gecture that deterioration progressively
increases the rate of defectives; to model thigditmm, we therefore propose that the
dynamics of the inventory/backlog of produgig) evolves according to the following

differential equation:

dx(t)
dt

u(t) (1= p(a)) +v(t) —d, x(0) = x, ey

wherex, refers to the initial inventory level anfi(a) represents the rate of defectives
as a function of age. We define the age of the macét timet as a function of its

production rate since the last restart, as follows:

da(t) _
at

ky - u(t), a(T)=0 ()

where the parametér, denotes a positive constant and T is the lasanesine of the
machine following preventive maintenance. The detation process is characterized

by a decreasing yield, originating tool wear orcfpe machine aging. Normally, phase-
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type distributions can be used to model such dwtdions, and this phenomenon can be
discretized, as presented in Figure 2a. An altemmameans to model machine
degradation involves using an increasing functié), (@s presented in the dotted line in
Figure 2a, which provides a technical advantagmaihtaining a tractable state space.
In particular, we use alir to model different quality yields, as suggestedKiaoy and

Gershwin (2008) and Colledani and Gershwin (20IBgrefore, we have:

Bla) = (r)*™ "+ Bo ®3)

wheref, is the initial value of the rate of defectiveg,represents the common ratio
used to adjust the expression to a set of datanABustration, we present the trend for
the rate of defectives in Figure 2a; for real syste; and S, could be obtained by

analyzing historical data.

In establishing the second effect of deterioratighich is mainly observed at the level
of reliability of the machine, we assume that as tilachine deteriorates, it fails more
frequently, which in effect means that its failuede increases. We use a sectido
model this condition, as noted by Love et al. (20@6d Dehayem-Nodem et al.
(2011a), since deterioration can be the resulthefdffect of several factors, such as

usage, corrosion, environment, etc. Hence, thertarate is given by:
Jz(a) = (rq)a_l "o ) (4

where the parametey is used to adjust the trend of the failure rate @nis the value

of the transitioni,, at initial conditions. In Figure 2b, we presentealization of the
failure rate. Equation (4) states that the failta of the machine depends on its age
a(t), thus leading to the case of a non-homogeneousMarkov process which serves

to model increasing failures. Other transitiong,(-) from modea to modea’ are

14



illustrated in appendix A. For real systems, histdrdata is used to determine the
appropriate value for; andq,. Equations such as (3) and (4) have been sucdgssfu
applied to model time intervals between succesisilares of industrial equipment, as

reported in Lam (2004).
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Figure 2: Increasing Function

The decision variables of the model are the prodonctate of the maching(-), the
subcontracting rate(-) and the preventive maintenance réfe). We assume that the

following constraint holds for the preventive mainéance rate:
0<6()<8 (5)

Wheref andé are given constants. The transition rate fromojherational mode to the
preventive maintenance modg; is a control variable denotedl-) and its physical
interpretation is that the reciprocblf(-), represents the expected delay between a call
for the technician and his arrival. Thus, wheé@) is set to its maximal valué,
preventive maintenance is conducted almost immelgtiatfiter a short delay, and when
0(-) is set to its minimal valug, the delay for preventive maintenance takes schmuc

time that this maintenance is not conducted. Whib tontrol of transition rates

15



(1,3=6(+)), their dependence on state variables (@)) and the fact that reparations
are minimal (ABAO), the resulting process is sa@idé a non-homogeneous controlled

transition rates semi-Markovian process.

Referring to the maximum principle used in dynamiocgramming, which is based on
the initial conditions (e.g., for a given age), assessed the feasibility of the system in
the absence of preventive maintenance (i&}=6 ). The feasibility condition is
given by the expressioni(:) - [1 — B(a)] - m;(a) = d, wherem,(a) is used here to
approximate the limiting probability at operatiomabde of the production system for a
given age of the machine. In order to study thdwtom of the feasibility condition as a
function of age, the limiting probabilities for megl 1, 2 and 3 could be calculated for

each age of the machine as follows:

n()Q() =0 and ¥ m; =1 (6)

wherem(-) = (m, (), m, (), m3(:)) is the vector of limiting probabilities. The restibn
of Equation (6) givesr,(a) = 1/(1 + A;,(a)/A,, + € /23,) describing the limiting

probability of the operational mode at a given afjthe machine.

However, due to the deterioration effects, theufailrate and the rate of defectives
increases continuously, limiting then the produttimapacity of the unit. Thus, the
decision-maker must ensure that the manufactuystes is able to satisfy the long-
term product demand in cases of extreme deterrai.e. high values ot,,(a) and

B(a)). In this case at considering the participatibsubcontracting, the whole capacity

constraint of the system is given by:

u()-[1-p@]-ma)+v=d (7)
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wherev is the maximum allowable subcontracting rate. Equaf7) indicates if the
contribution of the production system and subcatitng will be able to fulfill product
demand at high levels of deterioration. Additiopatjiven the effects of deterioration, it
is evident the need of a preventive maintenanae olaestore the machine and mitigate

the impact of such deterioration process.
The set of admissible decisiofi&x), including the decision variables, ¢, 8) is:
I'a) = (8

(O.v(),00)eR 0su()<w 0<v()< 7, O<6()<0,}

The performance measure of the system is denotdaebipstantaneous cost function of

the model at mode € 2, which can be written as:

g(a,x,a,u,v,0) = 9)
ctxt(@) + cTxT () + Cprp - u(t) + Coyp - v()+ cq - Bla) -u(t) + ¢, Va€eN
with:
x*(t) = max(0,x(t))
x~(t) = max(—x(t),0)

c® = Cp-Ind{&(t) = 2} + Cpp, - Ind{§(t) = 3}

nd{&(t) = a} = {1 if§t) = a

0 otherwise

wherec* andc™ are the inventory and backlog cost, respectiv@ly, is the production

cost of the manufacturing systef,,; is the subcontracting cost, ang refers to the

17



cost due to the additional inspection and dispokdEefective parts(, is the repair cost
andC,,, defines the preventive maintenance cost. Furthierassumed that the cost of
subcontracting Cs,p, is much higher than the in-house production c6gst,, thus

0 < Cpro < Cqp- Our objective is to find iM'(o) the control policiesw(’, v*, 6*) which

minimizes, for each initial conditiofw, x, a) the following discounted cost

o]

j ePtg()dt| £(0) = @,x(0) = x,a(0) = a (10)

0

J(a,x,a) = E

wherep is the discount rate. The value function of thabem is defined by:

Via,x,a) = inf J(axq) (11)
(uv,0)er(a)

The optimal control problem as formulated in thiscée belongs to a class of problems
widely studied in the literature (i.e. Boukas anauHe (1990), Dehayem-Nodem et al.,
(2011b), Ouaret et al. (2018) and references ¢heckin). The properties of the value
functionV (a, x, a) given by equation (11) and how to obtain the oglity conditions,
described by Hamilton—Jacobi—-Bellman (HJB) equatioan be found specifically in
Gershwin (2002) and in Dehayem-Nodem et al. (201Applying the maximum
principle and adapting the HJB equations preseint@&bukas and Haurie (1990) and in

Dehayem-Nodem et al. (2011b), we obtained thevieilg optimality conditions:

pV(a,x,a) = (12)

ov ov
IO+ 5O 1= @] +v=d) + 5Ok W + Y Aag OV(@%,6(,0)(@

min
(uv,0) er(a)
aEf

Whereg—z and% are the partial derivatives of the value functi@guations (12) is

complemented with the following reset function:
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0(£,a) = {a(g_) if $(ct)=1 and é(c7) =3 (13)

otherwise

Whereo is the first jump time o€(t). Equation (13) allows us to model the benefit

preventive maintenance, which is considered asfagianaintenance that mitigates the
effects of the deterioration process, then it restdhe age of the machine to AGAN
conditions. Also Equation (13) indicates that thimimal repair does not mitigate the

deterioration process, since the age of the mackmains in ABAO conditions.

The optimal control policyw®,v*,6*) is obtained by solving the HIB equations (12)
through the set of admissible decisidl{g). This policy corresponds to the value
function described by Equation (11). However, thiBHequations consist of a set of
coupled partial differential equations that canpetsolved analytically. As a result, the
use of numerical algorithms to approximate the @dlunction and the corresponding
control policy has become a viable alternative teroome this difficulty of resolution

(Boukas and Haurie (1990)). Hence, we adopted aeniaat approach to approximate

the value function and its associated control golic
4. Numerical approach and joint optimal control policy

As stated previously, because of the complexitytted set of partial differential

equations embedded in the HIB Equations (12), dlémen solutions are not feasible.
Hence, we use numerical methods based on the Kuappeoach (Kushner and Dupuis
(1992)) to determine a solution and define thecstine of the optimal control policies.
The main idea of this approach is to apply an aypration scheme for the gradient of
the value function, where a discrete functioh(a,x,a) is used to approximate the

continuous value functiom(a, x,a). Meanwhile, its partial derivative®and 2 are

expressed as a function of the discrete value immet* (a, x, a) and the length of the
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finite difference interval for the sto@nd the age of the machirkg, and h,,

respectively, as follows:

v (hi [v"((a,x + hy,a) —v"((a,x,0)] if Z—v >0
g((x, x,a) = i 1x X h aj; 4
h—x[v ((a,x,a) —v*((a,x — hy,a)] if a<()
and
ov 1 N .
%(0{, x,a) = he [v*((a,x,a+ hy) — v (a, x,a)] (15)

At considering Equations (14) and (15), the Kush&chnique leads to the definition
of a discrete counterpart of the HIB Equations,(dB)ch is expressed in terms of the

discrete functionv”(a, x, a) with step sizér, andh, on a discrete grid, as denoted by the

next equation:

vi(a,x,a) =

min
(u,v,0) er(a)

( n, gl

-1
n
P4t +|/1,m|> <g(-)+h—;vh(a,x,a+ha)

7] |7,

+ h—;vh((x,x + hy, @)Ind{n, > 0} + h—;vh(a,x — hy, @)Ind{n, < 0}

+ Z Aae OV (e, x, 0(E, a))) Vac€l, X €ER, a€R (16)
aen

Where 77, = ki - u(t) and 7, = u(t) - (1 — B(a)) + v(¢t) — d. Equation (16) is the
discrete counterpart of the HIJB Equations (12) thamplemented in the numerical

technique. Equation (16) is solved by the policypiovement technique, (for more
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details see Kenné et al. (2012) and referenceithern

parameters used in the numerical example.

Table 1, we present the

Parameter: 9o (A12) T Aag Bo Ta
(1/day)
Value: 0.01 1.097 0.3 0.01 1.16
Parameter: A u 0 0 d
(1/ day) (product/ day) (1/ day) (1/ day) (product/ day)
Value: 1.5 5.5 16 20 4
Parameter: v k, hy h, p
(product/ day)

Value: 4 0.029 1 0.5 0.9
Parameter: c+ c- Coro Csub Cq

($/products/day) ($/products/day) ($/product) ($/product)  ($/product)
Value: 1 270 4 40 10
Parameter: C Com T

($/repair) ($/preventive (%)
maintenance)

Value: 5 10 0.5

Table 1. Parametersfor the numerical example

In what follows, the obtained production policy idies the plarix, a) into four regions,

where the production rate is setwad/[1 — ()], d(1 — 7)/[1 — B(a)] and O, respectively,

as illustrated in Figure 3a. Moreover, the subamiing policy divides the platx, a)

into three regions, where the subcontracting ratset to0, d -t andd, as shown in

Figure 3b.

Production rate, (u0)

< d/[1-p(a)] >

a) Production policy

Age of the machine M1, (a)

Subcontracting rate, (um2)

-
=

R

R
N

Stock level, (x) 0

Figure 3: Control policies
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With respect to th@reventive maintenance policy, we identify two zones in Figure 4a

described as follows:

= ZoneA,: The recommendation is to perform preventive negiahce activities, then
0() =0.
= Zone By, In this zone, preventive maintenance is not reuemded, it is more

profitable to continue operating the manufactusggtem. Thusj(-) = 6.

However, in the case of a joint control policy, tharacterize the preventive
maintenance rate, we must consider simultaneotglyptoduction and the preventive
maintenance boundaries, as presented in Figur&idbe the stock level is limited by

the production threshold, and only a part of thevpntive maintenance zong, is

active, this then defines the feasible preventiantenance zong,.

i: 7 < Feasible Zone 4, )
& _F
E g \ = B =g 4
< = S .
§ E I Zy=10
i o I
= = 1
5 o !
z 0 VT
a 1
! H
@ L |1 £y \ Ly
] :
5 " \& e .
" £ 0 o 5 10 15 20 25 30 35 40
Stock \vel, () Age of the machine M1, (a) Age of the machime, {a)
a) Preventive maintenance policy b) Production, preventive

maintenance and subcontracting trace
Figure 4: Joint control policy
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In view of these results, we notice that productisnbcontracting and preventive
maintenance policies are highly inter-related. Thuse must define them
simultaneously, and to facilitate this process, uwse four age intervala:< L,
Ly<a<ly, L;<a<lLl,and a>L,, where point L; indicates the age when
u-m () = [d/(1-pB(a))], after which the capacity constraint of the systéamnfula
(7)) is no longer satisfied, and subcontractingthen required. Note that the
subcontractor is not used before the machine agehes the value of ;L Point
L, indicates the age when the machine is so detesmithiat it should be stopped and
sent out for preventive maintenance. The obtainesllts indicate that thoint
production, subcontracting and preventive maintenance policy are thus defined with

the set of equations presented in Table 2:

Age-interval Production policyu*(1, x, a) Subcontracting Preventive
policy,v*(1, x, a) maintenance,
0"(1,x,a)
a<l, i if x<Z,
d/(1- ﬁ(a)) if x= 2 =0 vx 8
if x> Z,
Ly<a<l i if x<Z, _
d/(l—,b’(a)) if x= 12, =0 Vx 0 ifx(t)=0
if x> Z,
Li<a<l, 7 if x<Z, 0 ifx(t)=0
d1l-1/A-B@) if x= 17, =d-T  Vx
0 if x>127;
a>1L, 0 Vx z{d if x<0 0
0 otherwise

Table 2. Production, subcontracting and preventive maintenance policies
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WhereZ, represents the stock level that delimits the opltiproduction threshold, and
Z, = 0, defines the subcontracting trace as observedgur&idb. Additionally, we note
in Table 2 that in the interval < a < L,, subcontracting operates at rdter, and so a
contract must be needed to regulate the appropaateunt of demand (g that
subcontracting will supply during such interval. dar model, this amount g, is
properly defined through optimization techniquesgt@rantee that the given context
remains profitable for the decision maker. Suchdpotion scenarios are encountered in
real cases as the one studied by Assid et al. {2648 Dror et al. (2009), who
addressed subcontracting policies under uncersirand lack of production capacity.
Nevertheless, they completely disregarded theenite of deterioration in their results.
Table 2 also indicates that when> L,, the machine is so deteriorated that it must be
completely stopped to be sent to preventive maamtes, which resets its age to zero.
Meanwhile all demandd( is assumed by the subcontractor. The subcontrétoo
longer needed after the preventive maintenanceshwigistores the machine to its initial

condition.

To sum up, our joint control policy is completelefohed by the expressions of
Table 2, and with the control parametésts Lo, 7, L4, L,). Unfortunately, a shortcoming
of the numerical methods is that their applicatisntoo-time consuming at the
operational level, since their accuracy dependsthen discrete grid stepéh, and

h,) used in the numerical methods, as reported in Bettét al. (2010). Additionally, a
serious drawback of the stochastic optimal contnodel is that it is not possible to
optimize the fraction of demand satisfied by sulb@mtingz. Because of thenaximum

principle, the solution for the decision variables takes antyextreme value in the set
of admissible decisions(a), and so fractions are disregarded. Thus, considered as

a given value in the stochastic optimal control piquesented in Section 3.
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5. Simulation-optimization approach

In order to find the optimal values of the conpolicy parameters, given the limitations
of the traditional optimal control theory, we ussimulation-optimization approach that
combines discrete-continuous simulation modellingthwstatistical analysis and
optimization techniques. The technical advantageuofapproach is that it allows us to
optimize the contribution of subcontracting required to satisfy product demand
Another advantage of our approach is that it domsrequire an assumption of the
continuity of thelF for the rate of defective and failures, as presgnh Figure 2.

Additionally, with the simulation approach, we arat limited to assuming Markovian

dynamics, since we can consider any probabilitiribigtion for the transition rates.

5.1 Description of thfiguiree approach

The proposed simulation-optimization approach heenbsuccessfully applied to solve
problems that are analytically intractable, (see®het al. (2011)), as it is the case of
our model. The solving steps of our approach, prtesein Figure 5 consists of the
following:

= Step 1. Mathematical formulationmplies the representation of the production

planning, subcontracting and preventive maintenaabeduling problem through a
stochastic dynamic programing model based on cotheory, as presented in
Section 3.4. This provides a rigorous statementttier dynamics, state, decision
variables, the HIB equations, the expected tottlaad problem constraints.

= Step 2. Numerical method® consists in the numerical solution of the HJB

Equations from the problem statement of the previtep, as detailed in Section 4.
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The procedure to obtain the HIB Equations is ptegein Section 3.4. The solution
of the HIJB Equations is fundamental to determine s$tructure of the optimal

control policy.

Step 3. Control factorsn this step we determine the control factors f@duoiction,
subcontracting and preventive maintenance plandefining the obtained joint
control policy(Zy, Ly, 7, L1, L).

Step 4. Simulation modelinga simulation model is developed to accurately

reproduce the stochastic and dynamic behavior e@imnufacturing system under
analysis. The simulation model presented in the segtion (5.2) uses the control
policy defined in the previous step as input fonawcting a number of experiments
to evaluate the performance of the production sysinhus, for given values of the
control parameters, the total incurred cost andtabsquality performance indices
are obtained from the simulation model.

Step 5. Optimizationa sequential procedure comprising design of expmarim

(DOE) and response surface methodology (RSkl)employed to exhaustively
explore the admissible experimental domain, deteenthe significative control
factors, fit the total incurred costs with a regres model, and determine the
optimal values of the control parameters.

Step 6. The near-optimal control polidjre application of the proposed simulation-

optimization approach determines the productiomcentracting and preventive
maintenance rates described in Table 2 for the vsies of the control factors

(Zo, Lo", T, Ly ", L),
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Manufacturing svstem Mathematical model Numerical
gy HJB Equations methods
Near-optimal control
policy
(Zo Lo 7" Ly", Ly")
CoL . . . Control factors
Optimization Simulation modeling
P (Zo: Lo T Ly, L)

Figure5: Solving steps of the simulation-optimization approach

5.2 Simulation modd

In dealing with this kind of problems, it is usyattonvenient to develop a combined
discrete-continuous simulation model, since it isighly flexible option, and it permit
to accurately reproduce the complex and stochasti@vior of the production system
under consideration. We use the simulation softwsrena complemented with C++
subroutines, comprising a number of modules whidcdbe a specific activity or event
in the system. The simulation model is represebtethe block diagram of Figure 6,
where we can clearly see the strong relation betwbe different modules of the
simulation model, illustrating the amount of infation that is updated in the model at

each time instant.

27



; Import-Export
—{  INITIALIZATION
.............. .
{BREAKDOWN/PM [ .. \
: DYNAMICS : Arenaf Insert | file C++ : CONTROL POLICY
| 1

! FAILURES & : 4 STATE EQUATION I PRODUCTION 3 1
11 repams : —{ ax(t) . ROLRS !
[ { | DETERIORATION |— | —ar + [ SUBCONTRACTING | N
i ! T ule) « (1= Blad) + vlt) ~d |, ! POLICY [ 1
] - ]
Ly PREVENTIVE f da(t) _ - : M ] i
| MAINTENANCE | it i SoiicE '
1 I 1 key () 1
H | 1 [poRETr e EEYE e X
[ P R ey T

[ Tailure rate : )

| update 1 Age update Update

inventory levels |

I

defective rate |
update no

H

Figure 6: Simulation block diagram
5.3 Validation of the simulation model

We applied a set of verification and validationhteiques, based on dynamic testing,
event and operational validity to ensure that oomugation model represents accurate
system behavior, as suggested by Banks et al. J20D®e values of various
performance measures are shown graphically to rdeter whether they behave
correctly, as described in the equations of Table 2hat regard, Figure 7 represents a
sample of the dynamics of the simulation modelfovorking year, where the time unit
is defined as days, the control parameters aretséf, = 20, L,=19.5, 7 = 0.5,

L, =20andL, = 25. At time t = 0, (a = 0), arrow® shows the machine in AGAN
conditions, meaning that it works at the demane wt) = d, to maintain the stock
level in its optimal valu€, = 20. After that, it experiences several random faguend

at time t = 100, (a = 12), arrow @ shows the machine operating at rate =
d/[1 - B(a)], to compensate for the increase in the rate of teésc caused by the

deterioration process. At this point, subcontragctis not required. Then, at time

28



t =160 (a = 20), arrow® shows that the age of the machie) has reached the
value ofL,, hence triggering subcontracting activities witraterofv(t) = d - . We note
that while subcontracting is required the stoclelalecreases to(t) = 0, as indicated
by arrow® , since it is assumed that subcontradtirdways reliable, and so there is no
need to maintain stock and there is no productiolmw ) . Witht = 0.5, only 50% of
the product demand is satisfied by subcontractiigle the remaining 50% comprises
flawless and non-conforming products. Then, at ttme 195, (a = 22) the level of
deterioration of the machine is considerably higlk, observed in the failure and
defectives rates, arro® . Thus, subcontractingfeadi the whole product demand, as

highlighted by arron® . At the same time, preventiwaintenance is conducted, as

shown by arrov® , hence,d(t) = 6. Then at time = 200, preventive maintenance is
completed, and we have a £ 0) once againand so the failure rate and the rate of
defectives are restored to AGAN conditions, as show arrow® . Notice that the
system is restored after 200 working days. With pgeformance of preventive
maintenance, the deterioration cycle reinitiatestie t = 215, (a = 2) the stock level

is under the threshold, = 20, and so, the production unit works at its maximate
u(t) = u, as shown by arro® . Then at time- 225, (a = 4) the system has reached

the thresholdZ,, thus it operates at the demand rate) = d, as noted by arro\)
From this point, the production system followsh#gitual deteriorating process.

Based on the assessment of the operational graptesgnted in Figure 7, we verify
that our simulation model is an accurate representaf the production system under
study, and that it properly reproduces its dynamigsl the twofold effect of
deterioration. In the next sections, we use thisufation model to conduct a statistical
analysis and parameter optimization. We will alsaduct sensitivity analyses through

numerical examples.
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6. Numerical example

6.1 Integration of the subcontracting supply as a decision variable

As stated earlier, one of the objectives of the ehadd to optimize the fraction of
demand satisfied by subcontractingin Table 2, we observe that subcontracting
fulfills a fraction t of the product deman < r < 1) during the period,; < a < L,.
Hence, a contract is needed to establish the amoumdroductd -7 satisfied by
subcontracting during such periods. Unfortunatatythe numerical method; is a
given constant. We should recall that a design rpater is directly dependent on
whether or not it is penalized in the objectivediion. In our case, the subcontracting
cost is considered in function (9), and this castally penalizes the subcontracting
rate. Hence, we conjecture that the optimizatiotheffraction of demand satisfied by
subcontractingr, through our resolution approach could influence plerformance of
the manufacturing system. The control parameterthefoint policy are illustrated in
Figure 4b. Additionally, in the next sections, wdlanalyze the case in which the

control parameter is considered as a decision variable.

6.2 Reduction of a control parameter

The true usefulness of our simulation-optimizatiendeavor is illustrated with a
numerical example. We note that we can simplify giecedure to determine the
optimal value of the control parametégs, Ly, 7, L1, L,). In particular, we can reduce the
number of parameters by considering condition EQt convenience, regarding the
subcontracting policy, it is possible to directgtermine the control parametgr, given
that we can know the trend of deterioration at gidiguation (3) and Equation (4).
Formally, this means that from condition (7), itpgssible to know the exact age after

which the production system is no longer capableaifsfying the product demand
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(ageL,). In other words, we can define the ag® when:z - [1 - B(a)]m,(a) =d.
Based on this consideration, the number of conpatameters is reduced to

(ZOl LO: T, LZ)

6.3 Numerical instance

Based on the previous discussion, the original Iprabreduces to define only four
control factorgZ,, Ly, 7, L,), leading to the application of a complete faciadizsign3*.

If we replicate this design three times, we wilede3*x3) = 243 simulation runs to
fully characterize our joint control policy. Simtitan runs are therefore conducted
according to a complete factorial desigfhto fit a cost function, where the simulation
horizon for each replication is set to 200,000 tinngits to ensure steady state
conditions. Table 3 presents the cost parametex inghe numerical instance, with the

remaining of parameters defined as previously shovirable 1.

Parameter: c+ c- Coro Csub Com Cq (o
($/products/ ($/products/ ($/product)  ($/product) ($/pm)  ($/product) ($/repair)
day) day)
Value: 2.6 28 10 45 1000 20 400

Table3. Cost parametersfor the statistical analysis

The statistical analysis is conducted through aalysrs of variance (ANOVA), where
we define four independent variabl€g), Ly, 7,L,) and one dependent variabletal
cos). To facilitate the procedure for determining th#ects of the independent
variables we define L, = k- L,, where k € [0,1], thereby ensuring thatL, < L,, as
observed in Figure 4bFrom off-line simulations, we define the values tbie
independent variables as presented in Table 4 AN@VA is conducted through the

statistical software STATGRAPHICS.
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Factor Low level High level Description

Zy 5 30 Production threshold of the machine

k 0.84 0.99 Preventive maintenance variable

T 0.30 0.95 Fraction of demand satisfied by
subcontracting

L, 21 30 Stoppage age of the machine

Table4. Cost parametersfor the statistical analysis

Three responses are analyzed fromZhelesign, with the aim of obtaining uniformity
of the variance and increasing the coefficient ofrelation R?, as in Lavoie et al.
(2010). In our case, one surface estimates theageenventory and backlog, the second
surface is for the average in-house production sutatontracting, and the third one
refers to the average maintenance and defectivesh &sponses have the following

form:

Y & Bo+ XiBi Xi + 22 Bij Xi Xj (17)

WhereY denotes the estimated responce, Znohdicates the control factors multiplied
by their estimateg; coefficients. The responses are then multipliedHgyunit costs,
(c™, ¢7,¢r CpmsCar Cpros Csup) TESPECtively, and the functions are added togefhiee
optimal configuration cost estimate is obtainedrnbiyimizing the resulting function
with non-linear programming. In Figure 8, we prddhe standardized Pareto chart and

the R? coefficients for the responses considered.
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Figure 8: Standardized Pareto charts

A logarithm transformation was used in the firstpense to increase tiRé coefficient,
obtaining a value oR? = 94.60. Meanwhile, no transformation was needed in the
second and third responses where the valu& afere 92.09 and 92.70, respectively.
These results indicate that a high percentage efveriability of each response is

explained by the models. The obtained responsditunscare:

Y (ZO; k,z, LZ) =
19.1405 — 0.167 - Z, — 10.8554 - k + 17.8182 - 7 — 0.945252 - L, +
0.000240198- Z2 + 0.0626173 - Zyk + 0.0556125-Z, - T +
0.00314239 - ZyL, + 3.5775 - k? — 11.4568 - k - T + 0.362963 - k - L, —
1.93265 - 72 —0.336562 - 7 L,% + 0.0131657 - L,> (18)
Y, (ZO; k,z, LZ) =
31.0798 — 0.449675 - Z, — 1368.98 - k — 700.455 - T + 56.4258 - L,
—0.00404188 - Z2 4+ 0.775012 - Zyk + 0.541949 - Z, - T
—0.00566091 - ZyL, + 1092.07 - k? + 272.638 - k-7 — 259111k - L,
+173.168 - 7% + 13.2738 - 7+ L,% — 0.695961 - L,> (19)

Y3(Zo, k, T, LZ) =
300.294 + 0.388253-Z, — 217.495 - k + 227.385- 17— 18.1678 - L,
+0.00191052 - Z2 — 0.366914 - Zyk — 0.313983 - Z, - T
—0.00181399 - ZyL, + 55.6049 - k2 — 151.521 -k -7+ 9.53086 - k - L,

—28.9091 - 72 —3.0716 - 7+ L,% + 0.227078 - L,* (20)
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Equations (18)-(20) are then added together, ardréBulting total cost function is
minimized. The optimal values of the control parteng the total cost and the

cross-check validation from 50 extra-replications gresented in Table 5.

7§ k* T* Ly L" L, Total cost Cross-check Cl (95%)
estimate
()
Factor 22.74 0.871 0.635 19.25 20 22.11 158.50 [154.97,160.48]

Table5. Optimal control parametersand cross-check validation

The value oft* = 0.871 vyields to defind.," = 19.25, and based on the data of Table 1
and condition (7) the age required for triggeringdb&ntracting isL,* =20. These
values(Zg, Lo, t%, Ly, L,") are the best parameters for our joint control golighich
controls the production, subcontracting, and prgven maintenance rate
simultaneously, at a minimum cost. Based on tlatistsical analysis, we can state that
our simulation-optimization approach determines \takies of the control parameters
adequately, and that the total cost given by tloersgorder model is appropriate for

application in this case.

7. Policy implementation

The technical advantage of the proposed joint ocbpinlicy is based on the fact that it
serves to operate the manufacturing system moretsilgcand predictably. Moreover,
its implementation is facilitated at consideringuation (2), since at combining with the
data of Table 1, the obtained control paramggér= 19.25 implies that the production
system must produce at leag” = 664 parts to justify the conduction of preventive

maintenance. Furthermore, at dgé =20, the system has to produgg” = 690 parts
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to trigger subcontracting, and if preventive mamatece has not been conducted at age
L,* =22.11, thenN," = 762 parts are needed to stop production. In tarse, the
quantitie§N,*, N,*, N,*), provides a more physical definition of the cohprarameters

in terms of the number of parts produced (denotethl). Additionally, to properly
implement the control policy, we must continuousipnitor the stock level and the
number of parts produced. For instance, at consglethe optimal parameters of
Table 5, Figure 9 illustrates a sample of the decisnaking process for the case when

(x,n) = (—5,700), where the blond boxes indicate the appropriatg¢robrates for the

illustration.
The machine is functional with
state variables (x,n) = (=5,700)
at the interval Ny < n = N,.
Production Subcontracting Preventive
Policy Policy Maintenance
R y R
u* = (u=>5.5) products/day v* = (d-7=2.54) products/day No PM

Figure9: Sample of the policy implementation

8. Senditivity analysis

A sensitivity analysis based on a series of nuraeggamples was conducted with the
aim of increasing the operational validity of ouodhel, and confirm the effectiveness of
the obtained joint control policy. In particularevetudied the sensitivity of the joint
control policy according to variations of differenbsts scenarios and changes in

increment of the rate of defectives, as well addliare intensity.
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8.1 Effect of cost variations

Several cost categories were considered in thats@gsanalysis to gain insight into
the behavior of the production system and assessimwlation control approach. The
numerical example discussed previously was usegettorm a set of cost scenarios
presented in Table 6, where we highlight the stnahationship between cost variations
and control parameter&,, No*, v*,N,*,N,*) and their respective incurred costs. The
basic case of Table 6 was obtained with= 1.109 andr; = 1.106, leading us to
define L;* = 20 from condition (7), implying thatv;* = 690 parts. Moreover, in
Table 6 we include complementary performance iredggch as the long-run average
quantity per unit of time of items produced by thachine,Q,,; the long-run average
quantity per unit of time of items supplied by sobiracting,Q;,,; and the long-run
average quantity per unit of time of defectiv@g, . These indices were obtained from
the simulation model when the optimal solutionsenapplied. The following variations

are analyzed and compared to the basic case:
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Total

Cost variations Optimal parameters variations Cost

Cases Par. C+ c” Cq Cpro Csub Cpm Cr ZS k* T NO* NZ* Q;ro Q;ub Q:ief cr Remark
Basic case - 2.6 28 20 10 45 1000 400 2274 0871 0.635 664 762 4.027 0.09®.123 158.50 Base for the comparison

Case | ct 2 28 20 10 45 1000 400 25.65 0.868 0.627 635 732 4.095 0.034 0129 156.73 Z;T,Ny" L, t* |, N, 1

Case ll 3.6 28 20 10 45 1000 400 789 0.884 0.676 779 881 3.128 0993 0.121 166.27 Zjl,Ny" T, 7" 1,N," 1
Case lll c” 2.6 20 20 10 45 1000 400 19.38 0.872 0.627 640 734 4.091 0.037 0.128 15454 Z;l,Ny" L, t* |, N,* 1
Case IV 2.6 38 20 10 45 1000 400 27.90 0.870 0.659 682 784 3.885 0.235 0.120 16411 Z;T,Ny" T, t*T,N,° 1
Case V Ca 2.6 28 10 10 45 1000 400 2428 0.870 0.624 634 730 4.092 0.038 0.130 146.74 Z;T,Ny" L, t* L, N," 1
Case VI 2.6 28 50 10 45 1000 400 21.72 0.873 0.688 702 804 3.316 0.791 0.107 19243 Zjl,Ny"T,z* T,N," 1
Case VIl  Cp, 26 28 20 5 40 1000 400 24.70 0.869 0.625 632 728 4.094 0.034 0.128 153.38  Z{ T,Ny* L, 7% |,N," |
Case VI 2.6 28 20 20 40 1000 400 1543 0.893 0.745 798 894 2.664 1.444 0.108 190.09  Z{ I, Ny* 1,7 T,N," 1
Case IX Coup 2.6 28 20 10 35 1000 400 13.35 0.900 0.775 820 912 2.471 1635 0.106 148.41 Z{ I, Ny*T,7* T,N," 1
Case X 2.6 28 20 10 50 1000 400 2494 0.868 0.625 630 726 4.098 0.031 0.129 15949 Z; T, Ny Lt*LN," L
Case XI Com 2.6 28 20 10 45 700 400 24.69 0.869 0.626 633 729 4.092 0.038 0.130 15548 Z; T, Ny Lt* L, N," 1
Case XII 2.6 28 20 10 45 1700 400 17.09 0.881 0.676 755 857 3.078 1.035 0.112 169.54  Zi L Ny" 1,7 T,N," 1
Case Xl cr 2.6 28 20 10 45 1000 50 1849 0.878 0.661 732 834 3193 0917 0.111 15188 ZjI,Ny*T,T°T,N," 1
Case XIV 2.6 28 20 10 45 1000 600 2444 0.869 0.628 637 733 4.090 0.038 0.128 160.26 Z5T,Ny" L, t* L,N," 1

Table 6. Sensitivity analysisfor different cost variations
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Variation of the Inventory cost;* (case | and Il):When the inventory cost*
increases (case Il), the production threstgjldlecreases, because the inventory is
more penalized. Further, this threshold reductitso alecreases the preventive
maintenance zone, consequently increadip because the machine spends less
time operating at its maximum rate; this leadsss|deterioration, meaning that less
preventive maintenance is needed. At increagipg the machine operates for a
longer time period before preventive maintenancecasducted, and then the
subcontracting supply*increases to compensate for the amount of defactive
generated; as well subcontracting, contributes maceeasing;,,. At increasing
c*,the machine is less utilized at its maximum ratkictv allows it to operate for
longer periods (increasiny,*) before it stops. Additionally, in the long-runeth
machine satisfies less product demand, decreagjng and so the average of
defectives,Qz., decreases. It should be noted that a lower invgrtost produces
the opposite effects (case I).

Variation of the Backlog cost,” (case Ill and IV):When we increase™ (case V),
the model reacts by increasing the production tulesz; because the product
backlog is more penalized, and so we need morek siocpalliate shortages.
Nevertheless, with a more penalized backlog, mabeantracting is needed, thus
increasinge” since it is assumed that subcontacting is alwalabte and does not
fail. Also, at increasingc™ the machine remains operational for longer before
preventive maintenance is conducted, with more @ufibacting used. Therefore,
N,* and N,* increases. With preventive maintenance delay, subacting
contributes more to the total demand in the long-thereby increasing;,,. Thus,

the contribution of the maching;,, decreases, leading to a lower production of

defectivesy;, ;. A decrease in the backlog cost has the opposketsf{case lII).
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Variation of the Defectives cogt; (case V and VI)At increasing,; (case VI), the
need for a more reliable systems rises, and sarttiements* andQ;,,;,, because
subcontracting is assumed to supply only flawlessdycts. Meanwhile, the
production thresholdZ; decreases mainly because with more subcontradtag t
system is more reliable. Also with more subconitr@cparticipation, the long-run
average of defectiveg;,.,, decreases. Moreover, an increment of the defectives
costc, leads to decrease the contribution of the macQijg, because the machine
is less used, and so its deterioration decreasdsthis delays the performance of
preventive maintenance (thus increasiyj) to allow the machine to be operated
for longer, and this also increases’. The opposite occurs whep decreases (case
V).

Variation of the Production cost,,, (case VIl and VIII):With an increase of,,,
(case VIII), it is normal to see an increase in tise of subcontracting, and this
implies a more reliable system because subcomges assumed to be free of
defectives and failures, thus the production thoEsld; decreases. Consequently,
with an increasing,,,, it is logical to expect that the machine spereis Itime
operating, deteriorating less, and 8@ and N," increase and less preventive
maintenance is conducted. With a higher productost, it is normal for the
contribution of the maching,,, to drop, and so the long-run average of defectives
Qaer» decreases, while the contribution of subcontractinthe total demandy,;,,
increases considerably to compensate. The inveag®when the production cost
decreases (case VII).

Variation of the Subcontracting cost,,;, (case 1X and X)We notice that when we
increaseCy,;, (case X) it reduces the use of subcontracting, thus deicrgas and
Q:.p, and leaving us witla less reliable systenn this context, the system protects
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itself against backlogs by increasiag and as the machine is more utilized, its
deterioration pace accelerates, and more prevemia@tenance is needed, then
decreasingv,”. Also, N,* decreases, since the machine deteriorates fabiem w
operates with a higher threshafy, and it must be stopped earlier because its
operation is not profitable. Furthermore, with ghar subcontracting cost, it is
normal for its contribution to the total demang,, to decrease, and hence, the

long-run average of the units produced by the nmecy,.,, increases instead, and

with this increment, the quantity of defecti\@jgf, also increases. A decrease in the

subcontracting cost has the contrary effects (Pése

Variation of the Preventive maintenance casgf, (case XI and XIl)At increasing
cpm (case Xll),it is normal to delay the performance of preventiaintenance, and
thus N,* increases. Consequently with less preventive maamiee, subcontracting
fulfills a higher fraction of product demand, hengecreasing t*. Since
subcontracting is free of failures and defectives have a more reliable system that
decreases the threshokj . Additionally, because of the reduction @f, the
machine spends less time operating at its maxinate) deteriorates less, and thus
increases its stoppage ayg’, in addition to reducing its contribution to thetal
demand Q.. With this reduction, subcontracting contributesorey hence
increasing?g,,,» Which this leads to a reduction in the long-ruarage of defectives
Qaer- A reduction of the preventive maintenance cost the inverse effects (case
X1).

Variation of the Repair cosk, (case Xlll and XIV):An increase inthe repair
costc,, (case XIV) promotes the conduct of more preventivaintenance, hence
N, decreases; we have less need for subcontractidghas,@;,;, andt*decrease.

With a reduction in the subcontracting supply, ve@éna less reliable system that
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protects itself against backlogs and defectivesrethy increasing the production
thresholdz;. With this increment, the machine spends more tiperating at its
maximum rate, deteriorates faster, and the stoppsge N, decreases. With
increased repair costs, the contribution of the himac Q,,, increases, and
consequently, the long-run average of defectiggs, increases as well. The

opposite effects occur when we decrease the regsitir(case XIll).

This sensitivity analysis assesses our resolufogmaach, and corroborates the structure
of the joint control policy and parameters obtainéa the next section, we will
complement the sensitivity analysis with an exatmmaof the effect of two system

parameters, namely, the variation of the rate &at&ves and the failure frequency.

8.2 Effect of therate of defectives and failurerate parameters

Two more issues remain to be addressed in thetistlysanalysis to provide a better
understanding of the control fact@és, Ny*, 7%, N,*, N,*) when varying two system
adjustment parameters. Therefore, in this secaonextra set of simulation runs are
conducted to study the sensitivity of the contratgmeters with respect to variations of
rq andr,. Table 7 presents the results of four configuratitested, where the value of
the remaining parameters were defined, as in Thbléhe influence of the variation of

T4 andr is discussed as follows:

= Variation of the adjustment parametej (case i and ii):before examining this
parameter, we must recall that the roleofs to modify the pace of deterioration of
the machine (as illustrated in Figure 2). Partidylavhen we increaseg; (case i),

we accelerate the trend of deterioration of the hime; then generating more
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defectives and this decrease$,”, also, this promotes the use of more
subcontracting, hence increasin@;,;, and t*. With more subcontracting
participation we have a more reliable system, &g the production thresholg
decreases. Furthermore, with the increment,ofthe machine deteriorates faster,
which decreased,”, and this reducel,". At increasingr,, the contribution of the
machineq,,,q decreases while the long-run average of defect@gs, increases,
because the system produces defectives at a higteerWe observe the inverse
effects when, decreasescése).

= Variation of the adjustment parametey (case iii and iy. the effect of this
parameter is explained mainly with the conceptalufe intensity. For the case
where we increasg (case iv), the machine increases its failure ad,so it breaks
down more ofterWith more frequent failures, the system reacts bytgeting
against backlogs, increasing the production thieskfpand mainly requiring more
subcontracting supply, this redudeés and increases* and Q;,, in order to ensure
that product demand is satisfidelrther, with the increment ef, the stoppage age
N,* decreases, since the machine deteriorates fasigrthss also reduces agg”,
favoring a sooner conduction of preventive mainteeaOther parameters move as
predicted from a practical point of view, in order avoid further shortages and
defectives. At increasing the contribution of the maching,,, decreases, because
it is less reliable, and has more frequent failueesl so the average of defectives
Qs also decreases. The contrary occurs whelecreases (case iii).

We end the sensitivity analysis by observing that approach represents an effective

solution alternative, and that its operational disifi has been assessed through different

cost and parameter configurations.

43



Parameter’s

Optimal control parameters variations

Total

variations Cost
Cases Ty Ty zZ5 k* Ny* T N, Ny Qproa  Qsup Qdef c* Remark
Basic case 1.109 1.106 22.74 0.871 664 0.635 690 762 4.027 0.096 0.123 158.50 Base for the comparison
Sensitivity of the common ratip
Casei 1.05 1.106 23.56 0.840 684 0.594 759 814 4.041 0.024 0.065 141.79 Z;T,Ny"1,v° L, Ny" T,N," 1T
Caseiii 1.13 1.106 9.72 0.899 641 0.675 655 713  3.952 0.191 0.143 156.44 Zgl, Ny Lo" TN, L N7 L
Sensitivity of the common ratip
Case iii 1.109 110 18.06 0.847 727 0.628 724 859 4.083 0.057 0.140 159.25 Zjl,Ny" T, 7" L,N;"T,N;" 1
Case iv 1.109 112 2435 0.871 648 0.652 655 732 3.862 0.250 0.112 151.16 Z;T,.No" LT TN, LN,

Table7. Parametersfor the statistical analysis
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9. Compar ative study

The joint production, subcontracting and mainteeapolicies proposed in this paper
has not been addressed under the same assumptitims literature yet. The closest
works to our model only consider production andvprgive maintenances strategies,
where some of them integrates system deterioratsom Bouslah et al. (2016), while
others do not consider such deteriorations likeBarthaut et al. (2010). Given the
absence of an analytic solution, a comparativeystadpoerformed to show that our
proposed policy where subtracting is an optisml( outperforms that in the literature
where subcontracting is not an optiamo{sub). In particular, we will compare the
optimal total incurred cost, obtained from our jatontrol policy €:,,) with the optimal
total cost €;,_,,) derived from a policy based on Berthaut et 801(® Bouslah et al.
(2016) and considering the effects of deterioratiomt with the main difference that
subcontracting parameters are completely disredaiddesuch policy the optimization
of C;,_.p 1S limited to the parameters of the production shadd, the age required to

conduct preventive maintenance and the age tatseomachine4,, L,, L,).

We present in Table 8 the optimal total incurredtca;,, andc;, ., for all the
sensitivity analysis cases of Tables 6 and 7. Eselts presented in Table 8, were
obtained under the same conditions (simulation tlengxperimental domain, etc.)
following the same simulation optimization approasied in previous sections and with
the data parameters shown in Table 3. The restdtepted in Table 8 clearly show that
for all the cases, the optimal total incurred dagf,) considering the joint production,
subcontracting and preventive maintenance polisiedways inferior in the range of
[10.94% - 20.21%] than the optimal total cas}_,,, where subcontracting is not
considered.
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Optimal total cost Optimal total cost

differences
Cases s*ub (C:m—sub) A C;ub/(crto—sub)
Basic case 158.20 180.22 12.21%
Sensitivity for the cases of Table 6
Case | 156.73 175.99 10.94%
Case ll 166.27 192.13 13.45%
Case lll 154.54 177.00 12.68%
Case IV 164.11 194.89 15.79%
Case V 146.74 166.87 12.06%
Case VI 192.43 219.97 12.51%
Case VI 153.38 172.68 11.17%
Case VI 190.09 217.90 12.76%
Case IX 148.41 177.73 16.49%
Case X 159.49 181.46 12.10%
Case XI 155.48 174.94 11.12%
Case Xl 169.54 192.50 11.92%
Case Xl 151.88 173.61 12.51%
Case XIV 160.26 184.00 12.90%
Sensitivity for the cases of Table 7

Casei 141.79 160.35 11.57%
Case i 156.44 194.04 19.37%
Case iii 159.36 180.34 11.63%
Case iv 151.12 189.40 20.21%

Table 8. Cost differences of the compar ative study

Consequently, our proposed policy leads to a |de&l incurred cost compared to the

case where subcontracting is disregarded.

10. Conclusions

This paper analyzed the impact of quality and bditg deterioration for an unreliable
and imperfect manufacturing system, when preventiamtenance and subcontracting
activities are available. We developed a stochasgitmization model taking into
consideration production, subcontracting and preévemaintenance decisions and two

state variables, denoted by the stock level anchgeeof the machine. We established
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optimality conditions in the form of HIB equatioresd we used a finite difference
scheme to approximate the continuous problem big@eate counterpart. Additionally,
a simulation-optimization approach is proposed &terdmine the parameters of the
obtained feedback policwhich is a derivation of the HPP with preventiveim@nance
and subcontracting activities. We have shown thextetis a strong relationship between
the number of parts to hold in inventory, subcartineg, preventive maintenance
parameters and deterioration. The structure obgtienal joint control policy, as well as
the usefulness of the proposed approach, arerdlest and validated through a
numerical example and a sensitive analysis. Thaimdd total cost under a joint
production, subcontracting and preventive mainteaacontrol policy was contrasted
with the case where subcontracting parametersareomsidered. The results show that
our total cost is always inferior up to 20.21% tieka to the total cost where
subcontracting parameters are disregarded. A dessibension of the proposed model
could involve the case where subcontracting is alatays reliable, with a random
proportion of defectives supply and the case ofermymplex manufacturing system

(i.e. multiple machines).
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Appendix A

The dynamics of the machine is described by a goatis time stochastic process, with
transition rates from mode& to modea’ called A,y (a,8) with a,a’ € {1,2,3}. The
transition diagram, describing the dynamics of ¢basidered machine is presented in
Figure A.1.
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Figure A.1. Statetransition diagram

In order to increase the system capacity at a gdegrrioration level, we control the
transition rate from mode 1 to 3 (i.el; = 8([)) with the machine age dependent failure

rate A,,(a) given by equation (4). For the considered systim,corresponding@x 3
transition matrixQ depends ond(Janda ¢ ) and corresponds to one of an ergodic

nonhomogeneous semi-Markovian process due to iegierepairs. Henceé(t) is
described by the following matrix:

Ay Ap(@) Ay
Q(ad)=| A, Ay Ay (A1)
Ay An Ag

where ) =6, A,;=45,=0 and ) _(a)is the increasing failure rate related to the dge o

the machine. The transition rates in equation (Aetjfy the following conditions:

raw(@,0) =20, (ax #d) (A.2)

(@ 6) == D (@) (a3)

o Fo
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Highlights

Production, maintenance and subcontracting are analyzed in an integrated model
The deterioration process considered involves effects on quality and reliability

The model defines control parameters though numerical techniques and simulation
The results can be applied in industries such as pharmaceutical, automotive, etc.

We keep a tractable state space at modeling deterioration with increasing functions



