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Abstract. The paper aims at investigating the industrialliappility of models
for joint production and maintenance planning. B8tifie community has paid
attention to this issue for decades and more riycerany researchers proposed
models to optimize such kind of planning. Nevertssleach scientific work is
based on its peculiarities and hypothesis, whioghtprevent the applicability
within different industrial contexts. This is aldae to the very theoretical roots
of many models, often tested only within numericsinulation scenarios. This
paper aims at presenting a case study analysiewherindustrial test-bench is
analysed to understand how these types of modeldaptable and extendable
to a real context. To support the case study aisalfree main literature on the
topic is reviewed, with the purpose to provide baekground for the model
deployment and test within the selected industaaltext.

Keywords: Production Planning, Maintenance planning, Ecoroftoduction
Quantity (EPQ), Manufacturing Industry.

1 Introduction

Production and maintenance management are respiviesitof different functions
often corresponding to different departments ofaamufiacturing company. This could
lead to an un-optimized management that does mdt fee the overall maximization
of operations performance, but only of productiod anaintenance. Conversely, a
joint vision would allow to get an optimized managmt, in coherence with the
single objectives of the two departments, but alggned with the overall goal of the
company. In this regard, all practices, rules amdjeneral, models that allow a joint
and coordinated management are herein considergdaaels” for joint production
and maintenance planning in different time horizdngher on, within this research,
a specific concern is given to mathematical mottel®ptimization.

Considering these models, it is worth pointing thatt in literature many works are
dedicated to the optimization of production and @p&mization of maintenance, but
a practical point of view on a joint approach i$ so diffused. Recently, models have
been distinguished based on the time horizon teéy to in their planning scope. In
particular, according to [1], models are used foe (i) long term strategic and
maintenance concept, (i) medium term planning. iaetical level) and (iii) short



term scheduling; besides, another category of sieworks is specifically focused
on control and performance indicators.

This paper deals with models supporting decisidrtactical level and it is based
on a case study. The case allows studying the induapplicability of such kind of
models within a real context. This is aligned witte long-term objective of our
research: contributing to fulfill the gap betwede scientific theories and industrial
practices with regard to the joint production andimtenance management. After a
brief literature review (section 2), the model deped for industrial applicability is
presented with related testing cases (section @)faen used within a manufacturing
industry case study (section 4); conclusions aemtally provided (section 5).

2 Literature Review

21 Brief state of theart analysis

Literature background is mostly based on two papdiish revise the state of the art
[1,2], presenting a classification of models fogegyate planning and scheduling.

According to [1], a first group of models — strategecision models — is used
during the system design phase, in order to iderdttf a high level the type of
maintenance policy that should be applied in viédwhe production requirements of
the designed system. The second group of mode&sticdl decision models — is
focused on decisions over a mid-term (i.e. betwe®m month and one year as time
horizon). Such models support decisions for imptrt@aintenance interventions,
deciding whether and when they should be perforbeskd on their impact on the
production plan for what concern the delivery of tiemand of the planned period;
this kind of models often considers the finite adfaof the maintenance crew in
terms of hours that they make available for théviiets of the maintenance plan. The
last group of models — short term scheduling — iclems a short time horizon, in order
to schedule the interventions on lines or on segiachine based on an elaborated
plan; this type of models takes care of decidingnvh planned intervention must be
scheduled within (often) one day timeframe.

[2] propose to analyze the scientific works by neeaf three areas of interest:
Quality, Maintenance, Production. The authors tiimide the works based on how
these areas of interest are considered, by a gmptoach, within the mathematical
models provided by the papers surveyed from liteeatFocusing on the relationships
between two areas, Production and Quality are worthe firstly discussed. They are
intrinsically linked, considering that a productiprocess is imperfect. This implies
that scraps and WIPs are generated in an un-ogiiimizanner, thus economically
impacting on the performances of the productioncess. A quality factor is then
included in models for the Economic Production QiaEPQ). These models are a
variant of models for Economic Order Quantity (EQ@gfined when a production
process is considered (instead of acquisition m®)cd he imperfection of the process
is generally modelled by its deterioration as acfiom of time with, for instance, a
linear or exponential model. Quality problems migbtthen detected by inspections,
often considered by the models, including theitt.cbkis approach allows to optimize
the EPQ and the inspection interval to minimize t¢kerall costs. Instead, for what



concern the joint approach on Production and Maartee areas, the main highlight
concerns the relationship between production andterzance in planning, often seen
by separated approaches, pursuing an optimal nmainte plan, given the production
plan or vice-versa. Also in this case, the EPQ r®dee used, considering the trade-
off between preventive maintenance cost and thé associated to the risk of
corrective maintenance during the production petindome cases also including the
risk of defective products, that is the lack of lifjya Further on, still within the
relationship between Production and Maintenancasari is worth considering that
the negative effect of stoppages might be alsaatitid by the material kept on stock,
which can be used to supply a given demand whegugtmn is not possible: in this
regard, a good number of models considering theymtion systems with buffer
capacity is proposed in literature. Eventually, ite@intenance and Quality areas are
also sometime jointly addressed while neglectirgy Bnoduction area. This is done
basing on typical approaches as the following oaestudy of how maintenance, as
an imperfect activity, impact on quality; an origibn towards using maintenance to
reduce the quality gap with respect to a targate:al

2.2 Selection of reference modelsfrom literature

Starting from the literature surveys of [1,2,3]eithreferences have been considered
for more in depth analysis (respectively, [1] ci@8l papers, [2] 116 papers, [3] 45
papers). The references, integrated with othernsgpéblished during the more recent
years, allowed us to select a sample of 90 papeidsaakground for our research.
Firstly, the analysis of this sample allows to asfigat not all the scientific works
provide a validation or verification of the propds@odel. Moreover, only few of the
sampled papers verify the models by means of alicafipn in real world (6 papers,
out of 90 papers of the sample), while the largewm of works considers validation
only through numeric example (59 out of 90) or dation (15 out of 90). This result
further justifies our intention to concentrate adustrial applicability. Moreover, the
objective of this analysis was to identify someerefice models to be used for the
definition of a model candidate to be tested initithustrial case study. Thus, as the
90 papers present optimization models for jointnteiance and production planning
and scheduling, models were initially classified¢@ding to 7 clusters. The clusters
are primarily inspired by the classification of [lAmongst them, 3 clusters are
grouping the tactical models, as main concern af research: EPQ models with
quality issues; EPQ models with failure issues, Bledconsidering systems with
buffer capacity. EPQ with failure issues is thestdn of models this research has been
concentrating on: more than a quarter of papemumsample presents EPQ models
with failure issues; based on this simple statidfiese models can be reasonably
considered as the most addressed by the sciectiifittnunity.

Thus, focusing only on the EPQ models with failissues, we identified some
decision drivers in order to fine-tune the selettid models. The linearity and easy
understandability of the models have been congidagerelevant properties for the
industrial application, assuming that they woul@dtde a more transparent approach
to the industrial user. Moreover, production andntemance have been focused as
main target, not neglecting necessarily models ¢basider also quality as third area
covered by the model. Eventually, the type of patiden system assumed by the



model was also taken into account, in order tocsdlee joint planning models that
apply on properly detailed systems, thus at leastparable to real industrial systems.

3 Deployment of the proposed model

31 Overview of the proposed model

Literature analysis led to select some of the meseént models: [4,5]. [4] propose a
model oriented to follow a given production optiation. The maintenance plan is
subordinated to a strict constraint: the realizatbthe entire demand of each type of
product. Backlog is not considered and demand imustrictly respected. The model
considers a series of machines (a production lingpducing flexibility to represent
both the system as a whole and the single phaskstations. Finally, each machine
is subject to a Preventive Maintenance (PM) onlgeowithin the production planning
bucket. [4] has been selected as good referenaaraidel that properly takes care of
production priorities. [5] propose a model orientedfollow a given maintenance
plan. Optimal PM frequency is then fixed and mustreéspected. Based on a certain
maintenance behavior of the system, representeddhrfailures’ models, the model
optimizes the production plan of orders, providdgthiw a given time window (i.e.
defined by the earliest and latest time for progumt Backlog is considered through
the related backorder costs; also overtime, if ededan be exploited. Finally, the
system is represented as a whole, even if failurexlels provides a good lever for
detailed modelling of the system. [5] was sele@sdjood reference of a model that
give adequate priority to maintenance plan. The twamlels are, thus, representative
of two different attitudes, that is priority to ghaction and priority to maintenance.
Both models then reveal pros and contra. [4] m@lgbod for a well deployment of
the production system model by considering the im&shy subsystems, while it lacks
in a detailed modelling for overtime work and fleikity in the number of PM within

a production time (only one PM is allowed). [5] nebdinstead, is good for its
modelling capability of overtime work, but does ratow decomposition of the
system and represents PM as fixed in its scheduiegce, this research aimed at the
preparation of a new model as a fusion of the featprovided by the two models.
Hence, based on their pros and contra, requirenfenta new model were firstly
elicited. Requirements come from the need to suppodecision maker within a
manufacturing industry with a good flexibility toope with both production and
maintenance planning issues. A company producinitevgoods offered a test-bench
to this end. The company operates a mass-produditos production system of the
test-bench is a manufacturing line; therefore, sysem reliability is in accordance to
a series logic: a stoppage of one of the machimeke line implies the stoppage of
the entire line. This strongly requires an accuragntenance planning, coordinated
with production, to optimize availability of thenk with the purpose to guarantee the
production targets. Further details of the appiicadf the model in the case study are
proposed in section 4. Then, the following are tbquirements identified for the
deployment of a new model: i) frequency of PM ig figed a-priori; ii) one PM
always occur at the first period in order to restthie system at an “As-Good-As-
New” state; iii) PM can occur more than once (gahgitwice) within the production



time horizon; iv) the production system is consatedivided in sub-systems, like
machines, for quantifying the maintenance performeanv) the production system is
considered as a whole for the production perforraang backlog is allowed; vii)
overtime work is also exploitable. Overall, accaglito the requirements, the [4]'s
model has been extended by the introduction of deoision variables — overtime
work and backlog — and some new specific conssdaerived from [5]).

32 Testing scenarios

An experimental plan was defined for a numericdidagion of the developed model.
From the literature, considering the typical valgabinvolved in the analysis, the
followings have been considered for the plan: potidn mix variability, demand
predictability, aggregate planning strategy. Eaahiable can be considered with two
levels: high (H) or low (L) value for variabilityna predictability, Level or Chase for
the planning strategy. Thus, with the two leveld #ree variables,*Xscenarios are
possible. Nevertheless, some key scenarios have dmesidered, out of all possible
scenarios, envisioning their meaningfulness in sceaéindustry. This led to identify
three experimental conditions: i) Level strategghhdemand predictability, low mix
variability; ii) Chase strategy, high demand préabdity, low mix variability; iii)
Chase strategy, low demand predictability, high warability. These scenarios were
then created with numerical examples and appliedhto proposed model, after
representing the uncertainty (subsequent to derpaadictability) based on Monte
Carlo simulation. The numerical examples helpeddatihg the new model, which
has achieved similar or even better performancas tie original models of [4,5].
Indeed, the case study corresponds to one of theasos used for numerical
testing, namely the first one featuring a Levehtgtgy, high demand predictability
and low variability of the production mix (like wking under conditions of a “quasi-
constant” mix, with a low uncertainty for what cenc the demand prediction). In
this scenario, it has been seen that stocking rahter a solution to prefer than
requiring overtime work. To this end, the modelgosed by [5] is not able to flexibly
manage the preventive maintenance scheduling asultrim a schedule that cut
considerably available working time, forcing thancbnsider overtime working (even
in a scenario where nominal capacity can satisfyahle demand). The new model,
instead, manage the risk of possible stoppagesnbialy such risk, creating a
scheduling that more reasonably consider the etgpion of the production capacity
of the system. The new model was, thus, considesady for an application in
industry and judged as good reference in ordeurthér work on a test in a real case.

4 Manufacturing industry case study: analysis and results

By applying the model to the case the results #temally achieved are equal to an
overall saving of 57% of maintenance costs, contparigh the AS-IS situation. This
seemed a very interesting result, consideringithterature models for optimization
of maintenance and production scheduling are clditnebe able to provide a saving
of around 30% [6]. Starting from this potentiale thnalysis of the case was further



directed to critically understand the reasons, tifigng the hypothesis laying behind
this behavior. Indeed, what is worth to be herestussed is the sensitivity analysis,
performed on the model with the purpose to cheak thdbehaves. The methodology
for case study analysis, that has been thus apgb#dwed some steps related with
sensitivity analysis: i) the results given by thedal have been compared with the
actual practices of the company, ii) great diffeenbetween what suggested by the
model and what presently ongoing as practices & ¢bmpany were carefully
checked, iii) the weaknesses of the model, nameigesrestrictive hypothesis not
originally identified, were highlighted as a firaitcome.

41 Analysis on production capacity variation

First variable checked by sensitivity is productmapacity. Production capacity has
been intended by the company as a reduced timéahbleaior operations (shortly, in

the remainder, operating time), resulting from @ith reduction of shifts or closure
days. This was compliant with the hypothesis ofafsthe model.

As a general consideration on the model behavidias been observed that the
production capacity results correlated with prodgucsystem utilization: a decrease
of production capacity corresponds to an almostdinincrease of utilization. Further
on, the proposed model considers the PMs schedwildnih operating time; their
further impact should be then measured: subsegemtlen decreasing production
capacity, it has been noted that the model suddmolgoses to use overtime work in
order to guarantee the demand; on the other hhedjariation of production capacity
does not show any correlation with the plan of Pddggested by the model, that
remains unchanged. This can be explained basicalhgidering the ratios of costs
adopted for experimentation: the overtime work ésting less than backlogs and
PMs; then, the model shows a capability to adappliinning strategy based on cost
minimization. In other words, in order to countddree the decreasing capacity, the
overtime work is the resource used because issedosting.

In comparison with the actual practices of the canyy what suggested by the
model was instead judged as not properly alignefadt, the practice of the company
is to try to avoid the overtime work when the noatiproduction capacity is reduced
and, instead, to neglect some PM interventionsoimparison with the original plan,
in order to save some operating time for productidns has been proved, based on
experience over the years, not impacting on auétlalof the line. After discussing
such a behavior, the root cause of misalignmeiti@inodel with the real conditions
was identified: the reliability of the machinesiisfact considered by the model as
independent from the production capacity, henceofferating time of the line. More
precisely, our model followed what normally propadse literature: to consider the
reliability only as a function of the calendar tingut reliability is also a function of
the type of use, hence the operating time and athieor variables, especially true
with electromechanical systems, as the machindseofine, that should be normally
assumed behaving under so called Operating Depeiddinre (ODF). Thus, the
case study highlighted how the type of use andoherating time should not be
neglected, but instead should be taken into acdoytite model in order to represent
a reliability behavior that is influenced by thepeaity that the system deploys for
achieving the production targets.



4.2 Analysis on maintenance parametersvariation

Maintenance parameters, time and costs, are tlomddygpe of variables checked by
sensitivity analysis, to verify their effect on tbemprehensive cost of the plan, and
the number of maintenance interventions. In thgard, it is worth underlining that
the failure distribution model adopted for the casa Weibull function, according to
well-known reliability theory, while the parametarsthe Weibull have been derived
based on an analysis of the historical data recbideghe company’s maintenance
information system at machine level. Consideringiramnease of cost of Corrective
Maintenance (CM) interventions or of time needefix@roblems (equivalent to say
that failures become more critical events), the ehpdishes to carrying on more PMs.
More specifically, this trend is observed for thaahines of the production system
whose occurrence of failure is modelled by a Weilvith a form factor larger than 1,
representing the behavior in a wear-out phaseebéthtub curve, well-known in the
reliability theory. Conversely, for other machinedere the form factor is equal to 1
(i.e. the failure occurs based on a memory-lessn@menon, modelled by an
exponential distribution), the model does not sstigM, that practically would be
not necessary, being the failures not dependintherelapsing of time. Eventually,
when the form factor of the Weibull is minor thanttie model leads to reduce as
much as possible the number of PMs, that has retiy®impact on the reduction of
failures. All in all, the behavior observed withffdrent Weibull models, changing
based on different form factors, is aligned witlpectations from reliability theory, in
particular, with literature on maintenance cosiroation models.

Nevertheless, a misalignment with actual practafahe company was detected, in
the cases of Weibull with form factor minor thanFurther investigation then aimed
at checking whether practices of the company nghtonsidered wrong, or if some
data introduced in the model were not aligned with actual hypothesis. Indeed, the
machines whose failures are characterized by a Wallstribution with form factor
minor than 1 are currently maintained with much enBMs than what suggested by
the model. The mathematical formulation behind optimization model, instead,
considers that for these machines it is not worlrying out PMs. In particular,
according to how the model behaves based on itegaassumptions, the machines
are considered “As-Good-As-New” after each PM anahis case, they would start
to suffer of more failures due to the case of ibfaortality (i.e. the wear-in phase of
the bathtub curve, correspondent to a form factah® Weibull function minor than
1). According to this behavior, the model thus ssgg to carry out less PMs than the
ones presently carried out in the company. Nevisisethis is a blind application of
the mathematical model that risks to create a biab even errors in maintenance
planning. The most reasonable root cause of tle erusing the Weibull analysis at
a machine level. This hides the different failured®s that the machine can suffer
from, and how the PMs contrast such failure mode®ffect, in reality, not all the
PMs are an overhaul intervention on the machingpad, they are of different types
(e.g. minor regulations, cleaning, etc...) and addmsly few failure modes, thus
being far from the hypothesis of returning the niaes to an “As-Good-As-New”
condition. Therefore, the model certainly shows ohis drawback when the overall
behavior of the machine is modelled with Weibulthwfactor form < 1, while some



PMs are carried out just to contrast few failurede®that, at a detailed level, could
result modelled by a Weibull with factor form > laking a detailed modelling of

behavior of the machine is well discussed in rdiigbanalysis, and, from our result,

it seems worth of consideration within models foinf production and maintenance
planning. Indeed, by the herein presented casey,siublas been verified the strong
impact it can have on the industrial usability o€ls kind of optimization model.

5 Conclusions

The paper introduced the topic of joint productEmd maintenance planning and
scheduling by summarizing three main surveys inrdsearch area. A new model
based on existing scientific works has been preselony means of a brief explanation,
neglecting the mathematical formulation, out of stepe of the present dissertation
while focusing on its use in an industrial applicat Indeed, the industrial application
revealed some quite relevant differences betweeneitommendations resulting from
the model and the actual practices carried on bycttimpany. This has allowed to
highlight some weaknesses of such kind of modbk, we deem quite interesting in
terms of possible future research.

On the whole, the analysis revealed how the impéetariance or uncertainty of
inputs related with maintenance issues can be geitious, possibly more relevant
than the uncertainties due to production inputsfotdunately, the maintenance data
are the ones that are often less considered, heseenodelled, in the companies. The
case study then arises a warning on a proper mamagef maintenance data and, in
particular, on maintenance performance, which candally affecting overall plant
performance and, more specifically, a coordinatedipction and maintenance plan.
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