Proceedings of the 2009 Winter Simulation Conference
M. D. Rossetti, R. R. Hill, B. Johansson, A. Dunkin and R. G. Ingalls, eds.

MULTI CRITERIA PREVENTIVE MAINTENANCE SCHEDULING THROUGH ARENA BASED SIMULATION
MODELING

Gonca Altuger
Constantin Chassapis

Department of Mechanical Engineering
Stevens Institute of Technology
Castle Point on Hudson
Hoboken, NJ, 07030, USA

ABSTRACT

Line performance and equipment utilization have been major points of interest for many companies due to their direct impact
on productivity. Achieving the highest possible utilization while maximizing throughput will improve the line performance;
will also show significant increase on the line productivity. There are many variables that affect the line utilization and per-
formance and preventive maintenance schedule is one of them. In this paper a multi criteria decision making approach will
be implemented to select the preventive maintenance schedule that gives the best utility and performance values. To demon-
strate the selection process a bread packaging line is used as a case study. Environmental conditions and line behavior are
developed and simulated by using an Arena-based simulation model. The Arena model is to be used as a support tool for the
multi criteria decision making process.

1 INTRODUCTION

The importance of line performance and utilization was increased as competitiveness of the global market place is forcing
companies to look for ways to more efficiently utilize their existing production lines especially when considering new prod-
uct introduction. Even though increasing line utilization and performance can be done through various costly ways such as;
replacing the existing machines and stations with new ones, it is not always financially feasible to replace the whole line.
Instead companies have started to look into improving the reliability of the existing line so that the downtimes are minimum
and the machine reliability levels are under control. One way to do that is to focus on the preventive maintenance schedul-
ing. Dekker (1996) summarized the maintenance objectives under four headings as: ensuring system function (availability,
efficiency and production quality), ensuring system life (asset management), ensuring safety and ensuring human well-being;
and suggested that for production equipment, ensuring the system function should be the prime objective where the prime
maintenance objective is to provide the right reliability, availability, efficiency and capability. Among those objectives, pro-
viding the right system reliability gained more importance, the first Reliability Centered Maintenance (RCM) approach was
developed and published by Matteson, Nowlan, Heap and several other United Airlines engineers with a goal of achieving
the optimum maintenance needs for an aircraft. Production scheduling and preventive maintenance (PM) planning decisions
and activities are inter-dependent, even though most of the time they are performed independently (Cassady and Kutanoglu
2003, 2005). With the goal of obtaining optimum preventive maintenance (PM) scheduling researchers have utilized queuing
theory approaches when determining the order of maintenance in a manufacturing line, such as; first in first out (FIFO), last
in first out (LIFO), serve in random order (SIRO), and priority queuing (PQ). Priority queuing lead engineers to develop
priority based maintenance schedules. A system value based method (SVB) was proposed by (Yang et al. 2007) where value
of the system is being measured by the shortest time to finish for each station, and the “value” of the stations close to the end
of the line are higher than the ones in the beginning of the line. With this approach, they assigned preventive maintenance
priorities to each station and machine. The station with the highest value was the first machine to get preventive mainten-
ance.

Setting up a schedule for a production line is not always easy. Predicting the outcome of the scheduling without running
the line creates a certain level of uncertainty for the design engineers. Newer technological developments have enabled the
use of simulation models to test the performance of the manufacturing lines even before they exist, and define and implement
the scheduling. Various researchers have reported significant benefits from the use of simulation based models for process
improvement, scheduling, and scenario comparisons. In a recent study (Adams et al. 1999) two case studies are examined to
show how simulation supports the continuous process improvement. A real world semiconductor example was discussed to
highlight the extra benefits received from implementing simulation at a semiconductor manufacturing plant (Hickie and Fow-
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ler 1999). In Harrell and Gladwin (2007) an application was presented in which simulation was used to identify the bottle-
neck of a dishwasher tub manufacturing line, where the engineers were then able to determine and verify a solution to the
bottleneck which resulted in an annual savings of $275,000. There are different ways of building and performing simula-
tions. A recent study (Al-Aomar 2000) stated that with the aid of discrete-event simulations, companies were able to design
efficient production and business systems, validate and tradeoff proposed design solution alternatives, troubleshoot potential
problems, improve system performance metrics, and, consequently, cut cost, meet targets, and boost sales and profits. An
outline was provided in their study by Knoll and Heim (2000) for the companies to determine if or when they need to adapt
discrete-event simulation in their manufacturing environments. In a discrete event simulation model (Sharda and Bury 2008)
which was developed to identify and understand the impact of different failures on the overall production capabilities in a
chemical plant, concluded that the present work shows the potential of discrete event simulation for such applications. In
Chong, Sivakumar, and Gay (2003) a simulation-based real-time manufacturing mechanism for dynamic discrete manufac-
turing was presented, where the basic idea of the mechanism is to engage discrete event simulation to combine different
scheduling approaches based on the past performance. A real-world application of the iterative use of simulation results as
an input to scheduling was presented by (Vasudevan et al. 2008), where the schedules generated used as a simulation input
parameter, where iterative use of simulation and scheduling presented a powerful technique for making all-round productivity
improvement recommendations. Johansson and Kaiser (2002) examined that to what extent discrete event simulation can be
applied to the evaluation of resetting performance in manufacturing systems, where a discrete event simulation model of a
factory unit in Sweden is used as a case study; their outcomes suggested that there is a large potential to increase the produc-
tivity in the manufacturing model by implementing the findings from the discrete event simulation model into the manufac-
turing system. Seppanen (2005) described an Arena-based operator-paced assembly line simulation model, where the model
presented demonstrated the feasibility of including intermittent operator duties in addition to the standard assembly line
paced duties. In Kelton, Sadowski and Sadowski (2002) several case studies provided for discrete event simulation processes
in their book along with techniques and tutorials on building Arena models.  Production engineers and managers benefit
from the simulation applications as they mimic the line behavior, to perform extended analyses and to compare different sce-
narios. This is clearly illustrated by McLean and Shao (2003), where they stated that manufacturing managers commission
simulation case studies to support their decision-making processes.

The objective of the study presented in this paper is to benefit from discrete event simulations to assess different preven-
tive maintenance scheduling techniques, and to incorporate simulations as a decision-making support tool to the decision
process. In this paper, the authors consider the outcomes of three different preventive maintenance techniques for a packag-
ing line. Arena simulation software is used throughout the study to define the packaging line machines’ characteristic and to
mimic the line behavior under different preventive maintenance schedules given different reliability constraints. The out-
come results from all three preventive maintenance techniques are then compared with respect to system criteria to obtain the
most suitable preventive maintenance technique for the case study.

2 SIMULATION BASED PREVENTIVE MAINTENANCE SCHEDULE DEVELOPMENT

The purpose of this case study is to provide a decision-making method when selecting the preventive maintenance schedule
and to demonstrate how the Arena software’s packaging module can be used to simulate and analyze an existing packaging
line, including how the simulation model is prepared and run and how the outcomes of the simulation process can be used as
an input data for preventive maintenance schedule selection. A bread manufacturing facility is used as a demonstrative ex-
ample. The performance of the equipment will be individually examined as their reliability levels are individually set for
each of the different preventive maintenance schedules. The line is made up of series and parallel connected packaging ma-
chines as shown in Figure 1. The bread loaves arrive to the packaging line, and go to the slicer station (station one). After
they are sliced, they move to the shrink wrap (station two) station. Shrink wrapping is a crucial process in keeping the fresh-
ness of the bread for longer periods. The shrink wrap machine uses a food grade film, takes the sliced bread loaves in and
discharges a fully wrapped package. Once the shrink wrap process is completed, the sliced and wrapped bread loaves arrive
to the weighting stations (stations three and four). In this packaging facility there are two weighting stations connected in pa-
rallel to each other. The incoming parts either go to station three or four based on availability. The weighting station weights
each loaf and marks the weight values on the shrink wrap as well as records the data for future statistical analysis and results.
Once the loaves are weighted then they are transferred to the vertical filling station (station five), where they are vertically
inserted into the plastic bags. Once the loaves are inserted into the plastic bags, they leave the vertical filling station and ar-
rive to the sealing stations (station six and seven). Like the weighting stations, sealing machines are also parallel connected.
Once the plastic bags are sealed, they are moved to the last station in the line, the labeling and boxing station (station eight).
In the labeling station, nutritional information, expiration date, barcode, company name and brand name along with the facts
and standards are printed on the packages. Once the loaves got labeled, they are placed in cartoons that held 12 bags each,
and once they are boxed, they leave the packaging line for shipment.
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In this packaging process, due to machine failures and preventive maintenance stoppages, lines can form in between the sta-
tions. In any case when a line forms, the parts follow the first in first out (FIFO) queuing theory principle. There are also
two buffers located in this system, with a fixed buffer capacity.

Sealing Station
Station Six

Labeling and Boxing Station
Station Eight H Parts Leave

Sealing Station
Station Seven

Weighting Station
Station Three
- Slicer Station Shrink Wrap Station Vertical Filling Station
(REBLILD H Station One H Station Twa Station Five
Weighting Station
Station Four

Figure 1: Bread packaging line layout

2.1 Problem Definition

Proper preventive maintenance schedules in production lines require high attention as they have major impacts on line per-
formance, reliability and utilization. There are different approaches of setting a preventive maintenance schedules leading to
different performance, reliability and utilization levels. For this example case, three different preventive maintenance sche-
duling and ordering methods are being considered: Global Maintenance Order (GMO), Reliability Maintenance Order
(RMO) and Value-Based Maintenance Order (VMO). To quantify the outcomes of each approach, and to observe the line be-
havior an Arena-based simulation model will be built and run for each preventive maintenance scheduling technique. The
outcomes (performance, utilization, time and cost) of the three techniques will then be compared and a multi criteria decision
making analysis to facilitate the selection of the most desirable preventive maintenance (PM) scheduling technique. Each
PM techniques will be run for three different minimum allowable reliability levels; 85%, 90% and 95%. These are the relia-
bility levels required for each individual station to reach before undergoing a scheduled PM. Difference in reliability levels
will lead to differences in the time needed between PMs, which ,in turn, change the overall line reliability, line performance,
utilization, cost and time parameters. Considering different reliability levels will provide an insight on how the line responds
to that particular PM technique and will provide more broader data when performing a multi criteria decision making process
to select which PM technique should be used for the considered packaging line.

Global Maintenance Order (GMO): The basic assumption of the GMO is to stop the packaging line altogether and
perform preventive maintenance on each station whenever scheduling dictates such an action. Once preventive maintenance
is completed at all the stations, then the line starts again and runs until the next scheduled preventive maintenance stoppage.
The order of the maintenance does not matter, since none of the machines start working until the PM is over.

Reliability-Based Maintenance Order (RMO): Reliability-Based Maintenance Order (RMO) assigns preventive
maintenance schedules and order depending on the station reliability levels. The method assumes that all station carry 100%
(or any other value) reliability when the line first starts and decreases over time with a probabilistic distribution (which could
be specified separately for each station). The design engineer sets the minimum acceptable reliability level for all stations in-
dividually, and stations go under preventive maintenance as they reach their minimum allowable reliability level. Since sta-
tions in a production line may have different probabilistic distributions attached to them, and since processing time for each
station may be different, the line doesn’t get stopped all at once. The order of maintenance is dependent on the machine relia-
bility and time to perform PM. Machine reliabilities for any given time will be calculated using Equation 1, where R(t) de-
notes the reliability of a station at time t, where A is the distribution parameter and can be obtained from station’s lifetime as
shown in Equation 2. Mean Time to Fail (MTTF) denotes the mean time before a station fails and based on machine’s life
time distributions and time between failures. Once the individual station reliabilities are obtained, the overall system reliabil-
ity can be calculated by using Equation 3.

t

—[ Adt
R(t)=e ° (D
R(t)=e M
MTTF:% 2)
Rijne =Ry * Ry *(1-(1-R3)*(1-=Ry ) *Rs *(1-(1-Rg)*(1-R7)) * Ry €))

Value-Based Maintenance Order (VMO): Value-Based Maintenance Order (VMO) is built based on the value me-
thod, where each station carries a value. The station values can be defined and calculated differently for different applica-
tions, such as; time to finish, processing time, good units produced, etc.... Generally the station close to the end of line is as-
sumed to carry higher values then the stations close to the beginning of the line. Final station value (V;) is calculated by
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subtracting the product of Total Parts Lost (TPL) in that station and the penalty value for each lost product from the product
of Total Parts Processed (TPP) in that station and the value of each part reach that station, as shown in Equation 4.

V; =(TPP _in_Station); * (Value _of _ Station); — (TPL _in _ Station); * (Penalty _Value _of _ Station); 4

2.2 Building the Model

In order to generate results for the different maintenance approaches, a computer based simulation model is used. Even
though there are various software available to carry the needed simulation, the Arena simulation software package provided
(Arena’s Factory Analyzer module offers the Packaging template) the most suitable templates for the case study at hand. The
Arena model, shown in Figure 2, is built based on the facility layout provided in Figure 1. All packaging stations are built
using the machine module (line start, process and line stop), where the “Parts Arrive” and “Parts Leave” signify the begin-
ning of the line and end of the line, respectively. By using the machine module, each station’s reliability along with failure
distributions, repair times, number of units lost after failures as well as scheduled stops (time before stop and stop duration)
for preventive maintenance can be defined, as shown in Figure 3. Machine links are used to link any two machines together
in the layout, they do not carry any properties, and they do not affect the outcome result. The model, involves two buffers,
both of which are defined via the Conveyor module. Since the Arena Packaging Template does not offer buffer modules, a
conveyor module is employed to mimic the behavior of a buffer by appropriately adjusting its size and speed as shown in
Figure 4 (Regions A&B of Figure 2). The material handling portions of the line are modeled using the conveyor module,
where the run speed and conveyor properties are defined accordingly. Before each of the parallel connected station sets, a
split module is used to divide the incoming parts into two. An adjustable splitting option is selected to maximize the system
performance and utilization for both split stations. Once the parts leave the parallel connected stations, they are combined
together with the Merge module. Finally a separate simulation module is placed in the model, to trigger the simulation for
the packaging line simulation. This module helps the design engineer to determine which statistics will be measured, for this
case study machines and conveyors statistics will be collected. Prior to running the simulation, run parameters are defined;
no warm up period is defined for any of the machines, and the replication length is set to 3840 hours, which equals to one
year’s processing times for the machines, 20 days/monthly, 2 shifts/daily, and 8 hours/shift. To be able to properly observe
the change in the equipment reliabilities and line behavior, instead of using replications, a single run has been used. The
main benefit from doing so is that it avoids any simulation interruption due to replication length and also enables the user to
define the simulation as a single process as it would be in the real packaging line, rather than replication. Once the simula-
tion run is completed and the results are obtained, Arena provides a report (Run Overview Report) that enables the user to see
how the line performance, line utilization, input/output ratio along with the reliability and cost have changed.
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Figure 2: Arena-based modle_:f of the bread packaging facility
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Figure 4: Building the Buffer Using a Conveyor Module

Data Generation: Recalling that the operating principle of GMO is to stop the packaging line all at once for a certain
period of time and perform preventive maintenance, the imposed constraint for this example is that no station should fall be-
low the 85%, 90% and 95% reliability levels, for the three consecutive scenarios that were conducted. The line’s stoppage
times for each reliability level is different and shown in Table 1. The maintenance schedule row of Table 1 indicates that Sta-
tion 4 is the first station to reach the imposed reliability constraints, therefore all the other stations follow the time pattern and
go under PM when station 4 reaches 85%, 90% and 95% reliability levels at 5, 10", and 16" hours respectively.
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Table 1: System and run parameters of the GMO for the Arena model

Parts o tion One Station Two DUl Station o Four Station Five P giationgix o oouen  Station  Parts
Arrive r One Three Two Seven Eight Leave
Run CyclesMinute a0 a0 50 A 50 50 50 ML a0 50 50 a0
Parameters Units/Cycle 1 9 1 1 1 1 1 1 1 1
Trigger Type Processing Time
5 g = = g 5 g )
2 S 2 3 g 5 2 S
= =2 o r-_ = & = ]
Time g = 2 =] = g g S
Between et & 2 et B 2 d et 5 = 5 gt
Reliability Failures E g g e 2 g g 2 g g ] =
Failure (minutes) & = = 2 = = = =
and T T a T T =4 Sl Z
Maintenance .n_: F_Z 'n_: E = .n_: r E
Parameters = -
T'""f’uTr"cRnfpa" M2, 0.42h 0.82h M2, 0.48h 0.65h 0.63h M, 0.75h 1.00h 0.37h M,
— 16h (85%)  16h (85%) 16h (85%)  16h(85%)  16h (85%) 16h (85%)  1Bh (85%)  16h (85%)
S Mg 10h(90%)  10R(90%) WA 10h(30%)  10h[90%)  10R(90%)  MAA  10h(90%) 10K (90%) 10R(90%)  MA
Sh[95%)  5h(95%) Sh[95%)  Sh(95%)  Sh(35%) 5h [95%) Sh(95%) 5k (95%)
Scheduled Stop 2h Zh M, Zh Zh 2h M, 2h Zh Zh M,
for PM
Loss Units
. g 12 14 17 10 3 12 12 18
Unit Loss After Fallt_lres A i, 21N [RI20
Parameters Lost Units a 0 0 0 i 0 ] 0
After Stops
Buffer Buffer Capacity  MNi& hr, R, a0 hr, R, R, a0 hr, s, Mi, hr,
Parameters

Under the RMO preventive maintenance scheme every time a station’s reliability hits the 85%, 90% and 95% mark for
the three scenarios under consideration, the station will be stopped and a preventive maintenance will be performed. Once
the preventive maintenance for that station is completed, the station will resume operation with a 100% reliability. The main-
tenance row of Table 2 provides a listing of when each station reaches the constraint reliability level, and how long it will be
stopped for PM.

Table 2: System and run parameters of the RMO for the Arena model

Parts o ation One Station Twa Dule  SWUON o tion Four Station Five PUN0" gtationsix ~ ooouon  Station  parts
Arrive rone Three Two Seven Eight Leave
Run CyclesMinute a0 50 =0 i, a0 50 a0 . a0 a0 a0 a0
Parameters Units/Cycle 1 1 1 1 1 1 1 1 1 1
Trigger Type Processing Time
~ = = ~ g . = 5
S e 5 S -
=3 =2 =3 [ — o = ™
Time = 5 8 =] g g g S
Between o @ =] o = o 5] o @, = b=, o
Reliability Failures = § g = g § g = § é— o =
Failure (minutes) W 2 = @ =} = = @
and T T T T o I 2 4
- i = ey T L i = E
Maintenance = = = = r = F_: o
&
Parameters Ti To Repai
'""‘:ur"cm Pl s, 0.42h 0.2k M, 0.48h 0.65h 063k M, 0.75h 1.00h 037h (s
— 17h (85%) 24k (85%) 22h(85%)  16h(85%)  32h (859%) 24h(85%)  20h(85%) 24h (85%)
s M8 11R(90%)  15h(90%)  MEA  14h(O0%)  10hC90%)  21h090%6) RS 15h(90%) 19 (90%)  15h(90%) R
Sh(95%)  Th(95%) Bh(95%)  Sh(95%) 10k (05%) 7h (959 Sh(95%)  7h (95%)
5“"";‘:';:“3*“" MiA 0.2h 0.27h Ni& 04Eh 043k 02h NS 048k 0.22h 048k M
Loss Unite
_ 12 14 17 10 g 12 12 18
Unit Loss After Failures rrR, T, T, TR,
Parameters Last Units o 0 0 0 0 0 0 0
After Stops
Buffer Buffer Capacity M2 M, ML, 0 NS, R, NS, 0 ML, ML, P, M,
Parameters

Recalling that in the VMO scheme the closer the part to the end of the line when it is damaged, the higher penalty value
will be associated with that lost, preference to maintenance is given to stations that are closest to the end of the line as their
reliability approaches the minimum acceptable level. Running the simulation without any PM schedule and applying Equa-
tion 4 on the results will provide an order in which the PM should be performed. For the bread packaging line at hand, the
order of maintenance is calculated from first through last as: S8, S7, S5, S4, S2, S1, S6, and S3. Once the order of mainten-
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ance is obtained then the VMO preventive maintenance schedule can be set as shown in Table 3, for all three reliability con-
straint scenarios (85%, 90%, 95%).

Table 3: System and run parameters of the VMO for the Arena model

Parts o tion One Station Two DUNC  StaUON o ion Four Station Five PYTC" giationsix  Louon  Station  Parts
Arrive rone Three Tw Seven Eight Leave
Run CyclesMinute 50 50 0 i, 50 50 50 ik, 50 0 50 a0
Parameters Units/Cycle 1 1 1 1 1 1 1 1 1 1
Trigger Type Processing Time
~ = — — g - = =
- s g ¢ S R
= = o [ hr cn_ = ]
Time = = 2 5 g g g S
Between a B = e o ] o £ o = = £
Reliability Failures = 2 =1 = 3 2 =1 = 2 o o =
Failure {minutes) ) § = ) ‘8— S e %
and %{ a g g T g & T
Maintenance [= = [= - T = E e
Parameters Time To Reoai -
'"“:Dr"CM palr s, 1.42h 052k i, 0.43h 0.65h 0.53h i, 0.75h 1.00h 0.37h M,
Maintenance 25 04h (B5%) 24.77h (B5%) 25.47h (B5%) 24 B4h (85%) 24.4h (85%) 25 24h (85%) 24.18h (B5%) 24h (B5%)
cehadule Mi%  16.04h (90%) 15.77h (90%) M 16.42h (90%) 1564h (90%) 15.4h (90%)  Rs  16.27h (90%) 15.18h (90%) 150 (30%)  hia
8040 (95%) 7.77h(85%) BAZh(95%) 7.54h (95%)  7.4h (95%) B.24h (95%) 7.18h (35%) 7h (95%)
S”hef'l‘r"g:dm“" Mk 0.2k 0.27h Nig& 0.6k 0.43h 024h s 0.18h 022k 0.15h M,
Loss Unite
] ] 12 14 17 10 ] 12 12 18
Unit Loss After Falll._|res FrE, T, T, R
Parameters Lost Units o 0 0 0 0 0 0 0
After Stops
Buffer Buffer Capacity  MNi&, MR, MR, 50 M, MAR, M, 50 hF, MR, hi, MR,
Parameters

Once the input tables are built for all three scenarios (85%, 90% and 95%) for the three preventive maintenance schedule
orders under consideration simulations can be run. Simulation results will be examined under several comparison criteria.
For this case study, Table 4 lists the calculation and formulation for the four major criteria namely: performance (perfor-
mance index, average output factor, and average output rate), usage (utilization), time (total time blocked and total time
starved) and cost (equipment operating cost, cost of good product, and cost of lost product) that will be used to determine the
most appropriate preventive maintenance scheduling scheme.

Table 4: Evaluation Criteria for the Three Scenarios (85%, 90%, 95%) under consideration

Performance Index pr— (Yield)* (Utilization)* (Average Output _Factor)
(PD 100
Average Output Factor The ratio of the Average Output Rate greater than zero statistic to the nominal run speed
(AOF) of the machine
Average Output Rate The average output rate of the machine when the output rate was greater than zero
(AOR)
Utilization o (Total __Time Output _Rate Greater Than _ 0)
Utilization =
L) (Simulation _Run_Length—Total _Time _Stopped )
Total Time Blocked The total time the machine was in the Blocked state
(TTB)
Total Time Starved The total time the machine was in the Fast, Working, or Slow state but was starved
(TTS)
Equipment Operating Cost EOC = ((Simulation _Run _ Length) — (Total _Time _Stopped))* (Cost / Hour)
(EOC)
Cost of Good Product CGP = (Total _Good _Units Produced)* (Cost/ Good _Unit)
(CGP)
Cost of Lost Product CLP = (Total _Units _Lost)* (Cost/ Lost _Unit)
(CLP)
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2.3 Simulation Results

Once the simulation runs are completed, the overall line behavior can be monitored through the output values (evaluation cri-
teria) and overall line reliability which can be calculated using Equation 3. The simulation outcomes of the three scenarios
are collected in four different evaluation criteria categories as: performance (performance index, average output factor and
average output rate), usage (utilization), time (total time blocked and total time starved) and cost (equipment operating cost,
cost of good product and cost of lost product). Sample criteria outcomes from each category are provided in Tables 5, 6, 7,
and 8 as an example to demonstrate the data collection from simulation outputs. Table 5 provides the outcomes for the Per-
formance Index (PI) criterion, which measures and evaluates system performance, Table 6 provides the outcomes for the Uti-
lization (U) value for every station, which denotes system efficiency. Table 7 provides the outcomes for Total Time Blocked
(TTB), which measures the down times for each station, and Table 8 provides Cost of Good Product (CGP), showing the fi-
nancial value of the good units produced during the simulation period. The remainder of the criteria are examined in the
same fashion, and included in the calculations. A total of nine simulation runs have been performed for three different scena-
rios (85%, 90% and 95% reliability constraints) for three preventive maintenance techniques.

Table 5: Simulation outcomes for GMO (85%, 90%, 95%), RMO (85%, 90%, 95%) and VMO (85%, 90%, 95%) — PI

Bvalualion  goionName  GMO -05%  RMO-05%  wMo.-g5% [| FvaMaon qegonname  GMO-s0%  RMo-g0%  vMo-sow [| FYUMAEOM  gudonName  GMO-95%  RMO-95% VMO -95%
Criteria Criteria Criteria
Parts Arrive 45031 wasl2 92756 ParsArive 20435 897223 901118 Parts Arrive 5134 81.6272 828470
Station One 501151 W@ 9349m Stafion One 248075 91353 91,2301 Station One 85775 84,6735 54,0950
SatonTwo 501136 935143 937500 Station Two 24507 91,3387 91 5483 Station Two ~ B5773 84762 857107
Station Three 17605 04115 315 Station Three 17571 02699 01986 Station Three 17742 012% 00944
Performance Station Four 48.1758 92,6084 92,9188 Performance Station Four 2427 90,6101 90,6501 Performance Station Four 6132 836129 34.1495
Index (P Staton Five 451984 92755 G333 Index (P Station Five 224305 504700 913007 Index (P) Station Five 51568 83.4450 85 4172
Station Six 068804 04116 01559 Station Six 08812 04350 00973 Station Six 08912 01114 00450
Staion Seven 472093 W02 911069 Station Seven 217742 000307 91,1009 Station Seven 43190 83,3660 85,2220
Station Eight 472073 G238E 920842 Station Eight 213848 00749 w717 Station Eight 49183 83,4685 BAB1T
PartsLeave 419702 916447 922658 Parts Leave 176219 90107 89,7963 Parts Leave 3515 81.372 52,6907

Table 6: Simulation outcomes for GMO (85%, 90%, 95%), RMO (85%, 90%, 95%) and VMO (85%, 90%, 95%) — U

Evaluation Station Name ~ GMO.-85%  RMO.85% VMO .85% Evaluation Station Name ~ GMO.90%  RMO.90% VMO .90% Evaluation Station Name ~ GMO .95%  RMO .95% VMO .95%
Criteria Criteria Criteria

Parts Arrive 445831 92,4812 2 7562 Parts Arrive 20,4365 897293 50,1118 Parts Arrive 61340 816272 82 8470

Station One 50.1189 93.5680 53.4954 Station One 24,5085 91,3565 912332 Station One 85778 84,5763 54,6987

Station Two 501155 935178 337627 Station Two 245078 913392 915498 Station Two 85776 847662 857138

Station Three 34822 0819 06316 Station Three 34973 05331 03972 Station Three 35314 0 2466 01889

Utlization @ Station Four 50.1194 93.2237 53.2401 Uilization @y Station Four 24.4863 90,8804 30,9540 Uilization @y Station Four B.5572 837425 84.2485
Station Five 501372 931641 336530 Station Five 24.4381 907368 91508 Station Five 85718 835712 855149

Station Six 34826 12085 06238 Station Six 34918 11199 03894 Station Six 35157 03400 01811

Station Seven 50,1283 93,1631 93.5818 Station Seven 24,4858 90,7371 91.3399 Station Seven 8.5504 53.6030 85,3851

Station Eight 501251 93,1532 53 4300 Station Fight 244969 07725 911711 Station Eight 85451 83 7052 84 9568

Parts Leave 44 5537 52,4597 927345 Parts Leave 20,4149 89 6968 50,0811 Parts Leave 51068 516069 828272

Table 7:

Simulation outcomes for GMO (85%, 90%, 95%), RMO (85%, 90%, 95%) and VMO (85%, 90%, 95%) — TTB

Evaluation Station Name ~ GMO-85% RMO-85% VMO -85% Evaluation Station Name ~ GMO -90%  RMO -90% VMO -80% Evaluation Station Name ~ GMO -95%  RMO -95% VMO -95%
Criteria Criteria Criteria
Parts Arrive 212801 288.72 278.18 Parts Arrive 305524 39439 379.71 Parts Arrive 3604.45 70552 E58 58
Station One 169776 231.20 234,84 Station One 241432 313.49 32001 Station One 2509.62 547.26 55462
Station Tweo 1266.76 17018 17489 Station Two 1854.23 22865 2697 Station Two 1490.80 3608.72 410.21
Station Three 3659 64 3807 88 381573 Station Three 3E79.69 81863 382473 Station Three 3853.30 3829 63 383273
Total Time Station Four 86027 108.28 12152 Total Time Station Four 137213 14308 188 65 Total Time Station Four 46220 24940 209,27
Blocked (TTB)  Station Five 47087 86 61 94 60 Blocked (TTB)  Station Five 918.77 119.10 129.93 Blocked (TTB)  Station Five 325 21346 23689
Station Six 3650.09 375164 381599 Station Six 367994 3794.45 362498 Station Six 5355 302564 3298
Station Seven 57.42 384 3593 Station Seven 44774 51.09 5047 Station Seven 037 9750 55 51
Station Eight 000 0.00 0.00 Station Eight 0.00 000 000 Station Eight 000 000 000
Parts Leave 0.00 0.00 0.00 Parts Leave 0.00 0.00 0.00 Parts Leave 0.00 0.00 0.00
Table 8: Simulation outcomes for GMO (85%, 90%, 95%), RMO (85%, 90%, 95%)and VMO (85%, 90%, 95%) — CGP
Evaluation Station Name ~ GMO -85%  RMO -85% VMO -85% Evaluation Station Name ~ GMO -90%  RMO -90% VMO -90% Evaluation Station Name ~ GMO -95%  RMO -95% VMO -95%
Criteria Criteria Criteria
Parts Arrive 0 i 0 Parts Arrive 0 0 0 Parts Arrive 000 i 0
Station One 0543152 42613956 42740612 Station One 9416804 41345876 41522108 Station One 2826454 I7EI2544 37432
Station Two E1385E E3BIG020 B41090FO Station Two 14124884 B2017050  B2281398 Station Two 4235605 SE4I7136 57260435
Station Three 1807326 426609 327420 Station Three 1809405 275655 205920 Station Three 1814598 128079 57920
Cost of Good Station Four 44411391 95448492 95830667 Cost of Good Station Four 1937EBAD G7A2IF2 93212629 Cost of Good Station Four 4544001 84494537 85790007
Product (CGP)  Station Five 54301302 116661800 117126328 || Product (CGP)  Station Five 23701458 113353900 113524645 || Product (CGP)  Station Five 5575086 103260804 104851417
Station Six 1819035 853488 23352 Station Six 1821168 01944 201852 Station Six 1829106 230575 53852
Station Seven 5703309 190033464 191329830 Station Seven 36957672 184577634 186211890 Station Seven 7290162 16B747785 171473852
Station Eight 116039328 263379376 255096456 Station Eight 43274232 246097272 248274264 Station Eight SPIE200 22499744 228623280
Parts Leave 0 0 0 Parts Leave 0 0 0 Parts Leave 0 0 0

As one proceeds with the PM selection process, it is crucial to examine the individual station reliabilities along with
overall line reliability for each case. Figure 5 provides the reliability graphics for the “85% station reliability” constraint si-
mulation. When GMO preventive maintenance technique is applied, the line reliability level drops to the 64% mark just prior
to maintenance. When RMO preventive maintenance technique is applied, the line reliability level fluctuates between 56%
and 95%, As expected, since the line is never stopped all together, the overall line reliability never reaches to 100% as it did
in GMO. When VMO preventive maintenance technique is applied, the line reliability level changes between 54% and 98%.
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Figure 5: Machine and Line Reliability Results under GMO, RMO, and VMO for 85% Station Reliability Constraint

Figure 6 provides the reliability graphics for the “90% station reliability” constraint simulation. When GMO preventive
maintenance technique is applied, the line reliability level is reduced to 75% just prior to maintenance. When RMO preven-
tive maintenance technique is applied, the line reliability level fluctuates between 73% - 97%, not counting the starting point
of 100%. When VMO preventive maintenance technique is applied, the line reliability level changes between 69% - 98%.

Global Maintenance Order - 90% Reliability Constraint Reliability-Based Maintenance Order - 90% Reliability Constraint
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Figure 6: Machine and Line Reliability Results under GMO, RMO, and VMO for 90% Station Reliability Constraint

Figure 7 provides the reliability graphics for the “95% station reliability” constraint simulation. When GMO preventive
maintenance technique is applied, the line reliability level changes between 100% and 87%. When RMO preventive mainten-
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ance technique is applied, the line reliability level fluctuates between 84% and 97%, not counting the starting point of 100%.
When VMO preventive maintenance technique is applied, the line reliability level changes between 84% and 99%.
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Figure 7: Machine and Line Reliability Results under GMO, RMO, and VMO for 95% Station Reliability Constraint

Performing a selection in between the preventive maintenance techniques solely based on reliability does not provide any
insights on the line’s performance, utilization or line lead times and bottlenecks. Therefore it is always desirable to consider
multiple evaluation criteria when deciding which preventive maintenance method should be used when setting up the PM
schedule for a production line. A utility theory based approach (equation 5) will be used for the selection process: where U;
denotes the utility of the i™ jtem, M; denotes the weight value of the i"™ item, and u; denotes the numerical value of the i™ item.
The number of evaluation criteria and the extensiveness of said criteria is case specific and changes based on requirements
and expectations from that line. The challenge here is to decide the relative importance of each criterion over the others. To
overcome that challenge design engineers either define hierarchical rankings or employ rank assessment methods such as:
rank sum, rank exponent, rank reciprocal, etc... to calculate weight values. Change in rankings or weight values may result
in change in the outcome of the selection process. Once the weight assessment is completed, the preferences for each crite-
rion should be defined. Preference indicates if higher or lower values of a certain criterion is preferred over the others. For
the bread packaging case study: for performance index (PI), average output rate (AOR), average output factor (AOF), utiliza-
tion (U) and cost of good product (CGP) higher values are preferred, where as for total time blocked (TTB), total time
starved (TTS) and cost of lost product (CLP) lower values are preferred.

U, =p; *u; (%)

To be able to accurately comment on the selection process, and to be able to see the effects of different hierarchical rank-
ings and different weight values, in this case study four different hierarchical rankings along with different sets of weight
values have been considered. These four rankings and their utility outputs are shown in Table 9 as A, B, C and D. Once the
utility values for individual stations are obtained, than the overall line utilities can be calculated by simply summing up all
stations’ utility values. For all four cases (A, B, C, and D), and for all minimum reliability scenarios (85%, 90%, and 95%);
it can be seen from Table 9 that, RMO provided the highest overall utility values, suggesting that for the case study at hand
and for the scenarios considered using RMO to set up PM schedule will provide higher line performance, higher line utiliza-
tion, as well as low starvation and blockage times, along with higher number of good products.
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Table 9: MCDM Final Utility Values for GMO (85%, 90%, 95%), RMO (85%, 90%, 95%) and VMO (85%, 90%, 95%)

Evaluation Criteria |Weight -
Pl 02 Station 85% 90% 95%
: No GMO RMO VMO | GMO RMO  WMO | GMO  RMO VMO
AOF 0.15 1 0.20 0.40 0.40 021 0.41 0.36 020 0.40 0.40
ADR 0.15 2 0.16 0.42 0.42 0.16 0.42 0.42 0.16 0.42 0.42
U 015 3 0.52 026 0.12 055 0.3z 0.13 072 0.15 0.13
A 5 K] 4 0.03 0.45 0.49 00z 0.49 D49 003 049 0.48
5 0.03 0.48 0.49 0.03 0.48 0.49 0.09 0.45 0.46
L} 0.1 6 043 040 042 | 048 040 042 | 050 | 03 0414
EQC 0.05 7 0.03 0.48 0.49 0.03 0.48 0.49 0.09 0.45 0.45
CGP 0.05 8 0.08 0.45 0.47 0.07 0.46 0.47 0.08 0.46 0.46
CLP 0.05 sumu 163 337 300 155 346 2.99 187 3.18 2.95
Evaluation Criteria |Weight Y 35% 0% 9%
Pl 0.3 No GMO RMO VMO | GMO RMO VMO | GMO  RMO VMO
A0F 018 1 0.18 0.41 0.41 0.19 0.42 0.39 0.18 0.41 0.41
AOR GRE 2 0.16 0.42 0.42 0.16 0.42 0.42 0.16 0.42 0.42
3 0.59 0.34 0.07 0.0 034 0.05 0.81 014 0.05
U 0.13 4 0.01 0.49 050 0.01 0.49 0.50 0.01 0.50 0.49
B 1TB 0.08 5 0.01 0.49 0.50 0.01 0.43 0.50 0.0s 0.47 0.43
T3 0.05 6 0.49 0.46 0.05 0.49 0.46 0.05 0.54 0.40 0.06
EOC 0,04 7 0.01 0.49 050 0.01 0.49 0.50 0.05 0.47 0.48
cop e 8 0.05 0.47 0.48 0.05 0.47 0.48 0.05 0.47 0.48
CIF O sumu 160 357 793 152 358 7.90 1.85 3.26 2.87
Evaluation Criteria |Weight Station 85% 0% 95%
] 04 No GMO RMO VMO | GMO RMO VMO | GMO  RMO VMO
20F 005 1 0.10 0.45 0.45 011 0.48 0.41 0.10 0.45 0.45
: 2 0.09 0.46 0.45 0.09 0.45 0.45 0.09 0.45 0.46
AOR 0.05 3 074 | 048 008 | 073 | 018 008 | o080 | 02 008
U 03 4 0.04 0.48 0.48 0.04 0.48 043 004 043 043
C TTE 0.08 5 0.04 0.45 0.45 0.04 0.48 0.48 0.09 0.45 0.46
= 0.2 6 0.54 0.29 0.07 052 031 0.0v 072 0.19 0.09
E0C 001 7 0.04 0.48 0.48 0.05 0.47 0.45 0.08 0.45 0.47
8 0.08 0.45 0.47 0.09 0.45 0.45 0.08 0.45 0.45
CGR 0.01 sumu_ 177 327 2.95 1.77 331 2.92 2.00 305 2.95
CLP 0.08
Evaluation Criteria |¥Weight Station 85% 90% 95%
B oK No GMO RMO VMO | GMO RMO VMO | GMO  RMO VMO
1 0.10 0.45 0.45 011 051 0.3 0.10 0.45 0.45
AOF 0.05 2 0.08 0.46 0.46 0.08 0.46 0.46 007 0.46 0.47
AOR 0.05 3 0.7s 0.16 0.03 074 017 009 (k)| 0.09 010
D ] 05 1 0.0z 0.49 0.49 0.0z 0.49 0.49 0.03 0.49 0.48
T o1 5 0.03 0.48 0.49 0.03 0.48 0.49 0.09 0.45 0.46
TS 005 6 0.56 0.26 0.08 0.5 026 0.0v 073 0.18 0.09
: 7 0.02 0.49 0.49 0.03 0.48 0.49 0.09 0.45 0.45
EOC 0.05 8 0.08 0.45 0.47 0.08 0.45 0.48 008 0.48 0.48
cGP 0.05 sumu 174 3.24 3.02 1.74 3.33 2.93 2.00 3.03 2.97
CLP 0.05

3 CONCLUSIONS AND FUTURE WORK

The objective of the study presented in this paper is to benefit from discrete event simulations to assess different preventive
maintenance scheduling techniques (GMO, RMO and VMO), and to incorporate simulations as a decision-making support
tool to the evaluation and decision process when selecting a preventive maintenance technique. A bread packaging line is
examined as a case study, where the line behavior and outcomes are obtained by using an Arena-based simulation model.
The case study involved three parts, where the minimum allowable reliability level for each station is set to 85%, 90% and
95% respectively. A multi criteria decision making approach based on utility theory is employed for the preventive mainten-
ance technique selection process to select the PM schedule that gives the best utility, performance and reliability values
Production line utilization, performance and reliability are very tightly connected to the preventive maintenance scheduling,
making preventive maintenance scheduling a major point of interest. Implementing the right preventive maintenance sche-
dule can be challenging considering that different production lines carry different parameters, specifications, layout and com-
plexity. The method outlined in this paper aims to provide an overall roadmap on how to incorporate simulation tools and
benefit form their outcomes in a multi criteria decision making problem.
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