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|. Introduction

Machines are an important asset to most production facilities. Several fleets of machines may work
on different stages of the production process, either in series or in parallel. Unfortunately, machines
are prone to failure, which may cause downtime and hence production loss for the company. A
sufficient number of spare parts and a sound repair policy are therefore needed to prevent the loss of
profits due to machine failure. However, the optimal number of spare parts and the optimal repair
policy, such that costs are minimized, depend on many factors of the production process.

In this paper, we consider the repair policies developed by Liang et al. (2013). They propose several
ways to schedule repairs and determine the optimal number of spare parts for a given policy.
Additionally, they develop a new repair policy, which they refer to as a Myopic(R) policy, and show
that this policy gives results close to optimal.

The model studied by Liang et al. (2013) assumes however that a fleet has the same composition for
an infinite horizon, which is often not the case in companies. The number of machines in a fleet is
changing over time, as the demands for products and technologies for production are far from
stationary. Additionally, the assumption that a failed machine can always be repaired is infeasible in
reality, as no machine functions forever. As a consequence, fewer machines may be available at the
end of the horizon, which should be taken into account when determining optimal base-stock levels.

The aim of this paper is twofold. First, we want to reproduce and analyse the results found by Liang
et al. (2013) to see if we have mastered the repair policies. After that, we will analyse the short-term
behaviour of some of these policies, and relax a number of assumptions made in the original model.
More specifically, we will look into cases where the failure rate is influenced by the machine age and
cases in which machines cannot always be repaired. With these insights, managers can then decide
on a policy for a short span of time, which allows for easier adaptation in ever-changing markets.

This paper is structured in the following manner. Section |l gives a more formal description of the
problem setting. Section Il discusses the literature relevant to this topic. The different repair policies
considered in this paper are explained in more detail in Section IV. The mathematical models used to
implement the policies are also described in this section. Sections V and VI respectively discuss the
long-term performance and short-term performance of the implemented policies. These results will
be discussed and will be compared to the results found by Liang et al. (2013) in Section VII. Finally,
Section VIII gives a conclusion of the obtained results and suggestions for future research.

ll.  Model description

In this section the model considered in this paper will be described. This is done extensively in Liang
et al. (2013), but it will be rephrased here for clarity.

We consider r fleets of machines, indexed i = (1, 2, ..., r). Every machine is subject to failure if it is
used for production. For a machine in fleet i, the time to failure follows an exponential distribution
with rate ;. A broken machine can be repaired in a repair shop. Repair times for a machine in fleet i
are exponentially distributed with rate p;. The number of machines used for production in fleet i at
time t, which will be called the number of working machines in this paper and is denoted by W;(t), is
required to be N; at every point in time. If less than N; machines are working, a downtime penalty
cost of b; per time unit per machine is incurred.



Evaluating Repair Policies

Spare machines are kept in inventory to replace broken machines to reduce the risk of having
downtime costs. Each fleet has a separate inventory, which follows a base-stock policy with level S;.
Let [;(t) denote the number of functional machines in the inventory of fleet i at time t. The number
of available machines in fleet i at time t, denoted by A;(t), is then defined as 4;(t) = W;(t) + I;(t).
Holding costs, denoted by h;, are considered to be constant, so that the total holding costs for fleet i
are equal to h; - S; per time unit. When a machine breaks, a new machine is installed without any
delay, provided I;(t) > 0. If I;(t) = 0 when a machine fails, the fleet will have one less functional
machine and incur downtime costs until a machine is sent from the repair shop.

The repair shop can follow several repair policies, which will be explained in Section IV. Given a policy,
one can characterize the problem by a continuous-time Markov Chain, from which the steady-state
probabilities can be derived. Let p; (n) denote the steady-state probability of being in a state in which
n machines are functional (both in fleet and in stock) in fleet i. Recall that the aim of the paper is to
find optimal base-stock inventory levels for each policy, so that the results can be compared. As such,
we take § = (54, S,, ... S;-) as the decision variable of the cost function under a policy X, which is given

in Equation 1.
Equation 1.
-
C;(8) = min {Z Cl-(S)}
i=1
in which

Ny
Ci(S) = h;-S;+b; Z(Ni —n)p;(n)
n=0

O

Given a policy X, one can find all p;(n) by solving the underlying balance equations for a given set of
parameters. The optimal solution Cx(S) can then be obtained by searching over different vectors of
S. More details on the optimization per repair policy are given in Section V.

Ill. Literature Review

As mentioned in the introduction, this research extends previous research that has been done on this
topic. This section aims to give a concise overview of the most relevant literature to this problem.

This research builds on the research done by Liang et al. (2013), who suggest several policies to
schedule repairs in a repair shop. The main contribution of this paper is the development of the
Myopic(R) scheduling policy, which was found to give results close to optimal while having a severely
smaller computation time than the optimal policy. A closely related paper is that of Sahba et al. (2013),
which was used extensively by Liang et al. (2013) in their research. Sahba et al. (2013) consider several
solutions to deal with the repair shop problem sketched in Section Il. More specifically, they look at a
First-Come-First-Served (FCFS) repair policy with possible shared inventory. Especially relevant to this
paper is the model without shared inventory, which is referred to as the RIF model in their paper.
Under the assumption of no shared inventory, they formulate analytical expressions and numerical
approximations to determine the performance of a repair shop following a First-Come-First-Served
(FCFS) repair policy. These results were used by Liang et al. (2013) to evaluate the performance of
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their policies. Since we also consider a FCFS repair policy in this paper, the expressions found by Sahba
et al. (2013) are useful for evaluation of the policy. Both papers are therefore used extensively in this
paper for gathering results.

Fleet composition is a thoroughly researched topic, as the fleet usually accounts for a large part of the
operational costs (Etezadi & Beasley, 1983). Especially in transport, the fleet size is adjusted
continuously to ensure that all demand is satisfied, while minimizing operational costs. This supports
the idea to allow variations in the number of required machines and the number of machines on stock
over time.

Relevant to our paper is the research on the relation between machine performance and age. These
so-called hazard rate functions are a well-researched topic in reliability theory. Most papers, such as
Wang et al. (2002) propose a bathtub shaped curve shown in Figure 1 (Lochbaum, 2015).
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Figure 1 Bathtub curve

In the first stage, the machine experiences a lot of infant mortality failure, resulting in a relatively high
failure rate. This gradually decreases over time to the point where the failure rate due to infant
mortality is at a constant low. At the end of the lifetime, the machine will experience more wear-out
failures, resulting in a higher overall failure rate. The result is a bathtub shaved curve, in which machine
failure rates are relatively high at the start and end of the machine lifecycle. We will use this curve to
model failure rates in our evaluation of the short-term performances of the policies.

Repair policy description
Orders in the repair shop can be processed in different ways depending on the policy. This section
describes the different policies and their consequences for the model.

We consider three repair policies in this paper. The first is a Base Case policy, in which every fleet has
a dedicated repair shop. The repair shop is then pooled in a Centralised Repair Shop (CRS) in a static
First-Come-First-Served policy, which is the most basic policy considered with a shared repair shop.
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Finally, we consider the dynamic Myopic(R) policy developed by Liang et al. (2013), which uses the
repair time as a look-ahead time to determine which machine should be repaired next. In each of
these cases, the repair shop is assumed to have a single server and have an infinite queue. Since both
the departure times and interarrival times are exponentially distributed, we can model the server as
an M,./M /1 multiclass queueing model.

It should be noted that Liang et al. (2013) also consider a static preemptive-resume priority policy, in
which jobs can be halted temporarily in favour of more profitable jobs. Furthermore, they also
formulate the problem as a Markov Decision Process, from which the optimal solution can be
obtained. Due to time restrictions, these policies were not considered in this paper.

i. Base Case

The Base Case policy is the most basic policy considered in this paper. As mentioned in the previous
paragraph, each fleet has a dedicated repair shop available, which is modelled as a single server. Jobs
are processed in the order they arrive and preemption, that is interrupting a current job to start on
another, is not allowed. We denote the service rate of the repair shop of fleet i by u?c < Y.

ii. First-Come-First-Served

The First-Come-First-Served policy is the most basic policy with a Centralised Repair Shop. The CRS is
again modelled as a single server with infinite queue, but is now shared among all fleets. Jobs are
processed in a FCFS fashion, which means that they are completed in the order they arrive. Liang et
al. (2013) point out that we do not only need to know how many jobs the repair shop has from each
class, but also their ordering. As a consequence, the problem becomes intractable when the size
increases, because one needs to consider all possible permutations in the queue. Analysing the
problem by a continuous-time Markov Chain (CTMC) is therefore infeasible, as analytical expressions
are difficult to find. Sahba et al. (2013) however find exact expressions for cases where the repair rates
are equal among all fleets. Therefore, we only consider problems with equal repair rates in this paper,
so that we can use the formulae found in Sahba et al. (2013) for the evaluation of this policy.

iii. Myopic(R)

The Myopic(R) policy is the main contribution of Liang et al. (2013). Unlike the Base Case and FCFS
policies, it is a dynamic policy, which means that it tries to anticipate on the future, rather than react
to what happened in the past. The idea is to look a repair time ahead and see for every fleet how much
it is better to repair a machine than to idle. This is done every time a machine fails or when a repair is
completed. In this policy, preemption is allowed, which means the repair shop can decide to start a
more profitable job in favour of the job they are currently working on.

To determine which machine should be repaired next, cost rate differences are calculated for each
fleet. Let x; denote the inventory position of fleet i when making the decision. For x; > 0, or x; =0
when 4;(t) = N;, the cost rate difference for inventory position x;, denoted by AcR(x;), is then
defined as in Equation 2. A derivation of this formula is given in Liang et al. (2013).

Equation 2.

Xi+Nj

Acf() = —b; ) pEGm)

m=x;+1
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Here le (m) is the probability of having m failures in fleet i during the look-ahead time. Furthermore,
Liang et al. (2013) point out that for x; = 0 and 4;(t) < N;, it holds that AcR(0) = —b;, which is in
line with similar policies mentioned in Liang et al. (2013) that are outside the scope of this paper.

Cost rate differences however are not the only factor that determine which machine is the most
profitable to repair. Failure rates and service rates are of importance as well, as it might be more
profitable for example to repair a machine that has a much smaller repair time than another, despite
. , . - Ack(x;
being less profitable overall. Therefore, Liang et al. (2013) propose a repair index %(x‘) for every
L
fleet i to rank the jobs. The fleet with the lowest index is scheduled for repair next.

Liang et al. (2013) provide two expressions to find pf (m) and prove these formulae in Proposition 1
of their paper. For this paper, we are only interested in the results, hence the proofs will be omitted.
Equation 3 shows these expressions.

Equation 3.
For x; > 0,0or x; = 0 when A;(t) = N; then

e /f0<m<x,then
AN \™ A;N;
R iVi itV
TENEUE L
' AiN; + AiN; +
e If0<x; <m,then
N;! wi  (AiNy)*
(N; =m 4+ x)! A (Nid; + py)™i
m—x; Hi .
Hj:o (Nl + A_;_])

pi(m) =

O

- Ack (x; . . .
We are now able to compute repair index %(x‘) for every fleet i using Equation 3 and Equation 2.

4

For a given vector S, we can then construct a CTMC, from which the steady-state probabilities can be
computed. Costs can then be obtained using Equation 1. Searching over different values of S will then
give the optimal objective value.

V. Long-term analysis

In this section we aim to reproduce the results of Liang et al. (2013) to see if we have mastered the
repair policies. Furthermore, reproduction of the results will give us valuable insights into the problem,
which will improve the quality of the short-term analysis. All numerical results found by Liang et al.
(2013) are given in the master thesis of the main author (Liang, 2011). The values obtained in this
paper were compared to these figures. It should be noted a smaller set of parameters was used than
in Liang et al. (2011), as our primary objective is to gain insights in the policies. More specifically, we
considered all combinations of the following parameters:

o Fleet sizes: N €{(10,5),(10,10),(10,15)}
e Repair rates: Uy = 2,% e {21, g}

e Holding costs: hy =1,h, € {0.5,0.7,0.9}

e Downtime costs: Z—i = Z—z € {20,80}
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_ MNy _ AN,
D

e Serverrate utilization u € {0.45,0.35,0.25}

In total, this gives 162 combinations for the Base Case and the Myopic(R) policy and 54 combinations
for the FCFS policy. Furthermore, we only consider problems with two fleets in this paper for
simplification. A full list of numerical results for all the policies considered is shown in Appendix iii.

i. Base Case
As mentioned in Section |V, the Base Case policy considers a separate repair shop for every fleet. As a
consequence, all fleets can be modelled separately as a birth-death process.

We define the state spaces §; by all possible values for 4;(t), so that §; = {0,1,...,N; + S;} for i =
1,2. Arrivals are obtained by a completed repair from the shop, whereas a failure of a machine signifies
a departure. Since the repair shop only has a single server, the repair rates are equal in every state,
except when A;(t) = N; + S; when there are no broken machines. In this case, the repair rate is 0.
Note that in the Base Case policy, we define ZMfC = u;. Effective failure rates for fleet i in state s € §
are given by 1;(s) = min{s, N;}A.

Much research has been done on solving birth-death processes, such as by Ross (2014). Steady-state
probabilities can be found easily by expressing all probabilities in terms of P, and using the condition
that the sum of the probabilities must be equal to 1. In our approach, we chose to express all
probabilities as a scalar multiple of Py, ignoring that the probabilities must sum to 1 initially. We then
incorporate this normalization constraint by dividing every scalar multiple by the sum of all scalars.

Optimization of an instance was done by searching over different values and combinations of S;. Lower
and upper bounds for S; were obtained by looking at the results of Liang et al. (2011). More
specifically, we looked at all combinations where 0 < S§; <30 and 0 < S, < 30. The ranges are
relatively large, so computation time can be saved if better bounds can be found. However, at this
point there is no known method for this.

It was found that our results match the results of Liang et al (2011). Therefore, we conclude that we
implemented the policy correctly.

i.  First-Come-First-Served

Following the description in Section 1V, the FCFS policy considers a centralised repair shop in which
repair jobs are processed in the order they arrive. Using a CRS makes the problem harder to solve
analytically as the size increases, as one has to consider all possible combinations of orders in the
gueue of the repair shop. As a consequence the problem can no longer be modelled as a birth-death
process. This means that analytical expressions for the probabilities are unknown when the repair
rates of the different fleets are not equal. Therefore, we only consider instances where the repair
rates are the same.

Sahba et al. (2013) propose a method to find the steady-state probabilities for a more general problem
with possible shared inventory and a certain number of required working machines to have a
functional system. In their paper, they refer to this model as the RIF model, which will be applied to
the problem considered in this paper. In particular, we consider the problem instance where only two
fleets are used and there is no shared inventory. Furthermore, at least 1 machine must be working to
have a functional system.

Following Sahba et al. (2013), we define y = (y,,y,) as a vector with y; type-i orders in the repair
shop for i = 1,2. At each point in time, the state of the RIF model can be characterized using this
vector y. Effective failure rates per fleet are defined in the same way as for the Base Case policy.

8
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However, since we have a CRS, we are interested in the minimum of failure rates of the two fleets,
which gives us the state-dependent failure rates A(W, (t), W, (t)) = A, (W;(t)) + A, (W5 (t)), where
A;(W;(t)) denotes the failure rate of fleet i when W;(t) machines are working. As mentioned before,
repair rates are considered equal for the two fleets.

When solving the balance equations, it must be noted that a state with n orders in the repair shop
(such that y; + y, = n) can be aresult of different values for y;, y,. Therefore, it is important to take
into account all possible combinations of y;, ¥, in which this state is achieved. Sahba et al. (2013) use
this observation to obtain equations to express all steady-state probabilities, denoted by
p(W,(t), W, (t)), in terms of p(0,0), which is the steady state probability of having all machines in
repair. We express every steady-state probability as a scalar multiple of p(0,0) and normalize the
probabilities afterwards, similar to the solution technique for the Base Case policy.

Since this section only considers problems with two fleets, it is possible to display the state space as a
matrix. This makes expressing the probabilities in terms of p(0,0) much easier, as each cell in the
matrix is a function of two neighbouring cells. Furthermore, by summing over the columns and rows,
it is easy to obtain the marginal probabilities of having y; and y, orders respectively.

Using the same optimization technique as for the Base Case policy, we found the same numerical
results as Liang et al. (2011). Hence, we conclude that we understood and implemented the policy
correctly.

iii.  Myopic(R)
The Myopic(R) policy is the only dynamic policy considered in this paper. Under this policy, preemption
is allowed, so that the repair shop can decide to postpone a job it is currently working on if a job with
a higher priority arrives.

Prioritization is done based on the cost-rate indices defined in Section IV. As these indices only depend
on the parameters of the model, they can be computed in advance before solving the underlying
CTMC. That is, one can determine for every state a-priori from which fleet a machine will be repaired.
Naturally, no machine will be repaired if there are no broken machines present. We will denote the
effective repair rate of a state in which k machines are working in fleet 1 and [ machines are working
in fleet 2 by pg py for (k, 1) € S.

Given that we only consider problems with 2 fleets in this paper, the states can be conveniently
represented in matrix form. We use this notion to model the CTMC as a system of linear equations in
the following manner.

Let Q denote the |S| X |§| matrix with all instantaneous transition rates. For states (k,l) € § and
(i,j) €S, let q,i,j) denote the instantaneous transition rate from state (k,1) € S to (i,) € S.
Furthermore, let d(, ;) € {1,2} denote the fleet of which a machines is repaired in state (k, ) € §. We
distinguish the following cases:

M), ifk=i+landl=]j
0, ifk=iandl=j+1

(
|

Qunp = M U k=i=Tandl=]anddg, =1
|2y ifk=iandl=j+1land dy, =2

—V(k,1), if (1) =(,))
where

Vi = (k) + (D) + e
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Let P denote the |S|x 1 vector with the steady-state probabilities p(,), where (k1) €S.
Furthermore, let 0 be a |S| X 1 zero vector. We can then represent the balance equations, along with
the normalization constraint, in the following way:

Q'P=0

Pan =1
(kDeS

This expression can be further simplified by noticing that the balance equations are linearly
dependent. As such, we can incorporate the normalization constraint in the balance equations. Let Q,
be the matrix with the same elements as Q, except for the z’'th row which is a row of 1’s. Furthermore
let e, be a zero vector with a 1 on its z'th element. The adjusted system of equations is then:

Qép =€,

Solving this system of equations yields P, from which the marginal probabilities for each fleet can be
obtained. Using Equation 1, one can then compute computes the costs for given values of S; and S,.
Optimization is done similarly to the Base Case and First-Come-First-Served policies.

The results found in our study are the same as those found by Liang et al. (2013), which means we
understood and implemented the policy correctly. It should be noted however that our optimization
algorithm is relatively inefficient, especially for larger instances. We found running times up to 10
minutes, compared to the running times of less than a minute found by Liang et al. (2013). This is most
likely due to the optimization method and relatively inefficient programming. Furthermore, we
implemented all code in Matlab, which is notably slower than C++ used by Liang et al. (2013).

VI. Short-term analysis

A problem with the policy evaluation in the previous section is that they all assume steady-state
properties for the system. In reality however, the timespan a fleet remains the same may be relatively
short, as companies have to adapt their assets to changing market situations. As such, assuming
steady-state properties may not be appropriate to measure performance of the policies.

In this section, the Base Case and FCFS policies will be re-evaluated with a finite horizon to see if they
show similar performances for a smaller time frame. To evaluate the costs, we will slightly redefine
Equation 1, as we do not consider steady-state probabilities. Instead, we will use simulation as our
main tool to analyse the short-term performance. The simulation setup is discussed in subsection i.
Furthermore, we will relax some assumptions from the original model. The model scenarios will be
described in the second subsection of this section. Finally, the results for the two policies are given in
Subsections iii and iv respectively.

i.  Simulation setup
The most important element of the simulation are the fleets, which are sets of machines. A machine

is modelled as a vector containing the fleet number, age, the time it will fail and the time it will be
done repairing. When a machine is in repair, the time to fail will be set to infinity. Similarly, the time
to repair will be set to infinity if a machine is not in repair. When a machine is functional, but not used
in the system (that is, the machine is in inventory), both the time to repair and the time to fail will be
set to infinity. Machine age is defined as the total time a machine has worked and is tracked so it can

10
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be used as an input variable for the failure rate. We assume that machines do not age when they are
in inventory.

Advancing the simulation clock is done based on events. We consider two types of events: machine
failure and repair completion. When a machine fails, it is sent to the repair shop and cannot be used
in the fleet until the repair is complete. The repair shop holds all machines that are in repair and is
modelled as an M/M/1 server. Repair priority is done according to the policies discussed in Section IV.
When a repair is completed, the machine will be removed from the repair shop and installed in the
fleet (if W;(t) < N;) or placed in the inventory (if W;(t) = N;).

Counters are kept for the holding costs and downtime costs for every fleet and are updated every
event. Equation 1 is not used here, as we no longer assume that the system reaches steady-state. The
total costs are saved for every run, along with the optimal base-stock levels found for that run. Since
the optimal base-stock levels and associated costs are largely influenced by the randomness of the
simulation, we chose to run every parameter instance a number of times.

More specifically, we ran every simulation so that the half-Cl length, denoted by §(a,n), is at most
y% of the sample mean. That is:

S(a,n)  zqs; sE/Nn vy
cx cX 100

where z,,, denotes the z-value for a standard normal distribution with significance level a/2, cX
denotes the average costs over all runs and instances under policy X, sX denotes the standard
deviation in that same sample and n denotes the sample size, which is equal to the number of
instances multiplied by the number of trial runs. C¥ and s* were approximated by a trial simulation
of 50 runs. Using values of @ = 0.05 and y = 5% we then find the following expression for the
required number of runs for a policy X, denoted by ny:

) (1.96 : §§‘0>2
ny = 400 | ——
Cso

where 5, and CX, denote the average standard deviation and sample mean of the costs found in the
trial simulation of 50 runs under policy X. It should be noted that in this approach, each instance under
a policy X is run the same number of times. A different approach would be to determine ny for every
instance separately. This was not implemented in this paper due to time constraints. The minimum
number of simulation runs, along with the sample means and standard deviations obtained from the
trial runs, are given in Appendix i. It should be noted that a new random seed was used for every
instance in every run. That is, no simulation was done with the same seed.

Optimization is done by enumerating all options. That is, we look at all possible combinations § =
(51,52). We decided to set 0 < 5; <20 and 0 < S, < 20, following the approach we used to
determine the optimal base-stock levels for the long-term. After ny runs, cost averages were taken
for each combination of S. The optimal solution is then the value for S with the lowest mean costs.

i.  Model scenarios
For every repair policy, we consider two cases. The first case is the most basic one and does not relax
any assumptions made in the original model. It is used to compare the two policies under the same
conditions as in the initial model. In the second case, we will relax the assumption that a machine can
always be repaired. Upon failure, a machine has a probability to be permanently broken. This

probability is a function of the machine age and is defined as P[Machine unrepairable] = %, in
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which a,, ; is the age of machine min fleet i and T is the length of the simulation run. Alinear function
was chosen for simplicity, but we recommend using regression analysis to find a better fit, if data for
machine failure is available. Permanent failure is checked before the machine goes into repair, so that
the repair shop does not waste time on machines that cannot be repaired. We furthermore implement
the bathtub-curve for failure rates in the following manner:

2 —ami)ri, if0< an; <T/10
lm,i(am,i) _ Jli:} N B if T/10 < a,,; < 8T/10
Ami—T .
#Ai, if 8T/10 < ap,; <T

The resulting function is a piece-wise linear function, in which the phase with infant mortality failure

is half the length of the wear-our failure phase. The lengths of these phases are functions of T, which

is feasible under the assumption that the simulation run is long enough to have both stages occurring.

In reality however, a decision maker can decide on these intervals, as it largely depends on the

problem setting and the horizon considered. Finally, we introduce a new decision rule for repair. A

machine will only go into repair if the repair is finished before the end of the horizon. For this, we

assume that the manager has knowledge of the timespan and that the employees in the repair shop
can accurately predict when a repair is done.

iii.  Results Base Case
Two cases of the Base Case were run, as explained in the previous subsection. Table 1 shows the
results of the simulations. The costs are given for a full simulation length of T = 10.

Mean Std. Dev. Min Max
BC1 108.74 28.58 59.30 192.13
BC2 181.52 53.68 89.85 334.91

Table 1 Short-run results Base Case

We can see that on average, the second scenario yields much higher costs than the first scenario. This
will be analysed in more detail in Section VILI.

iv.  Results First-Come-First-Served
Similar to the Base Case, we ran two scenarios using the model defined by Liang et al. (2013) and our
own extended model. Unlike the long-term analysis, it is possible with simulation to analyse instances
with different repair rates, hence 162 problems were considered. The results are shown in Table 2,
again for a full simulation length of T = 10.

Mean Std. Dev. Min Max
FCFS 1 91.79 24.54 48.31 157.96
FCFS 2 174.21 52.40 90.21 318.14

Table 2 Short-run results First-Come-First-Served

Again, we see that the second scenario yields higher average costs than the first scenario.
Furthermore, we see that the mean costs of the FCFS policy are smaller than the mean costs of the BC
policy in both scenarios, which is in line with what we found for the long-term performance.

A full list of results for scenarios 1 and 2 can be found in Appendices iv and v respectively.
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VIl. Discussion

This section aims to compare the results found for the different policies. We will first introduce some
metrics for this purpose, after which we will evaluate the performance of the policies in long-term and
short-term horizons respectively.

Liang et al. (2013) make use of relative cost savings for comparison, which will also be used in this
paper. Let Cy denote the optimal costs for a given policy X. They then define the cost savings between
a policy X and a policy Y in the following manner:
Cx — Cy
Ay = ———
Cx

The results for pairwise comparison of the policies is shown in Table 3.

Mean (%) Std. Dev. (%) Min (%) Max (%)
AECFS 37.4% 1.5% 33.7% 39.5%
1) 44.6% 3.4% 38.1% 57.3%

ABC

AM®) 10.9% 4.2% 4.4% 22.9%
FCFS

Table 3 Pairwise comparison repair policies (long-term)

The first column confirms the conclusion of Liang et al. (2013) that a Centralised Repair Shop with a
larger capacity is more cost efficient than a separate repair shop for every fleet. Cost savings up to
57% were found when comparing the Myopic(R) policy to the Base Case policy for the instances
considered in this paper. Furthermore, we confirm the conclusion that the Myopic(R) policy
outperforms the FCFS policy in all cases, with a mean cost savings of nearly 11%.

A similar comparison was done with the results for the short-term policies. We compared the same
policies for cases 1 and 2 (denoted by superscripts) to one another, and compared different policies
in the same scenario. The results are shown in Tables 4 and 5 respectively.

Mean (%) Std. Dev. (%) Min (%) Max (%)
ABC? -65.7% 10.2% -88.3% -37.5%

AFCFSZ1 -88.3% 12.1% -114.5% -58.8%
FCFS

Table 4 Comparison Scenarios (short-term)

Mean (%) Std. Dev. (%) Min (%) Max (%)
AFCFS? 15.6% 3.8% 6.3% 25.6%

AZL;};SZ 4.1% 3.8% -5.9% 15.2%

Table 5 Pairwise comparison repair policies (short-term)

The results from Table 4 show that by relaxing the model the costs increase. This is caused by the
probability of machines being permanently broken, which requires companies to have more
inventory, or to suffer more downtime costs. Furthermore, having an increased failure rate as a
consequence of aging also reduces the average number of working machines. It is worth noting though
that the differences in costs are higher when comparing the FCFS policy cases.

We see in Table 5 that repair shop pooling is, on average, also cheaper in the short-run. This holds for
both policies, although the average cost savings are higher for the original model. In particular, we see
in Scenario 2 that it is better in some cases not to pool the repair shop, but to use a dedicated repair
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shop for every fleet. At this moment, it is unknown if there are common factors in these cases.
Therefore, further research is necessary to investigate this phenomenon, as it might be useful for the
decision maker to know when to use a CRS.

We can analyse the results more formally using statistical tools. Wackerly et al. (2008) argue that a t-
test can be used to determine whether the means are significantly different from 0 under the
assumption that the values come from a normal distribution. The QQ-plots shown in Appendix ii
confirm a normal distribution, which means that we can use the t-test for statistical inference. In these
QQ-plots, the values obtained from the comparisons were used, as we are interested in the statistical
properties of these numbers.

More specifically, we are interested if the means given in Table 5 are significantly larger than 0 to
confirm our hypothesis that a pooled repair shop is also more cost-effective for a finite horizon for
both scenarios. Table 6 summarizes this and reports the null hypothesis, the associated t-statistic and
the associated p-value for a significance level of « = 0.05 and v = 161 degrees of freedom. In this
table, . denotes the mean value (column 2 of Table 5) of comparison ¢ (column 1 of Table 5).

H, H, t-statistic p-value Reject H?
K pepst = 0 K pepst > 0 52.25 0.0 Yes
Apct Apct
K pepsz = 0 K persz > 0 12.73 0.0 Yes
Apc? Apc?

Table 6 Testing hypothesis mean cost savings equal to 0

In both cases, we reject the null hypothesis. Therefore, we conclude that there is significant evidence
to assume a mean cost savings larger than 0, which means that is more cost effective to have a
centralised repair shop in both scenarios.

VIIl. Conclusion

In this paper we aimed to reproduce the results found by Liang et al. (2013) and check their validity.
Furthermore, the insights obtained by implementing the policies were used to extend the model, and
analyse the performance of the considered policies for a finite horizon.

With the results found in Sections V and VII we can confirm the conclusions of Liang et al. (2013). In
particular, we find that using a pooled repair shop is cheaper than using a dedicated repair shop for
every fleet. Furthermore, we confirm the notion that a First-Come-First-Served policy yields positive
costs savings over a Base Case policy. The Myopic(R) policy developed in Liang et al. (2013) was found
to outperform the FCFS policy in all cases.

We conclude from Sections VI and VII that the results found by Liang et al. (2013) are also valid for a
finite horizon. This holds for the original model and our own extended model, in which some
assumptions are relaxed. We find however that a FCFS policy does not necessarily outperform a Base
Case policy in the extended model. Future research can build on these findings by searching for causes
of this phenomenon.

Due to time constraints, we were unable to check the short-term performance of the Myopic(R) policy.
This can be done in future research, to see if this policy shows similar behaviour to the two policies
considered in this paper.
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X. Appendices

i.  Required number of simulations for 5% half-length Cl

Policy c¥ 5% ny
100.18 42.25 274
FCFS! 84.23 35.77 277
168.13 60.33 198
FCFS? 160.99 57.81 199

Appendix 1: Results trial simulation and minimal required runs

%]

ii.  QQ-plots comparison values vs. normal distribution
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Appendix 2: QQ-plots comparing values found in comparison to a normal distribution

FCFSt and AFCFSZ

In Appendix ii, the QQ-plots shows the comparison of the values for Ag ;1 pez. respectively

to a normal distribution.
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Full list of results long-term analysis

Appendix 3: Long-term results for Ny = 10, N2 =5

A
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

4z
0.09
0.09
0.09
0.18
0.18
0.18
0.27
0.27
0.27
0.07
0.07
0.07
0.14
0.14
0.14
0.21
0.21
0.21
0.05
0.05
0.05
0.1
0.1
0.1
0.15
0.15
0.15
0.09
0.09
0.09
0.18
0.18
0.18
0.27
0.27
0.27
0.07
0.07
0.07
0.14
0.14
0.14
0.21
0.21
0.21
0.05
0.05
0.05
0.1
0.1
0.1
0.15
0.15
0.15

u

NNNNNNNRNRNRNRNNNNNNNNNNNRNNNNRNRNRNRNNNNNNNNNNNNNNNNNNRNDNRNRNDRNDNDNDNDNDS

Parameters
H2 hy
1 1

W W WNNNRPRPRRWWWNNNRERRRWWWNNNRRRWWWNNNRRRWWWNNNRERERRERWWWNNRNNIRERLPRE

PR RRRRRPRRRPRRRPRRPRRRPRRRRRPRRPRRRPRRPRRRRPRRPRRPRRRPRRRERRRRPRRPRRRERRRRRERRLR

0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5
0.9
0.7
0.5

WWWwwwwwwoooooo oo o VW OV v wwuwuwuwuwuwuuuouwumouomouoooouooowouwoouwuoo

Base Case

W WwwWwwwwwwwouuouou oo oo ooo oo o oo o o Ul it L Ll L1 U1 U1 00 00 00 00 00 0O 0O 00 0

12
12
12

w

H

w w w

w b~ b

29.856
26.654
23.393

13.670
12.249
10.827

7.949
7.125
6.301

17.938
15.975
13.989

9.403
8.438
7.471

5.477
4.909
4.342

N NN NNNNNNNWWENWWNNNWONWWRPREWWWWWWWWWWWWPULOSDDOUEPEPO

Myopic(R)

N NNNNNMNNNNPDEWNPDEWWDDE DS PAENPDPWNYNONNNYWWWWWWWWWNOUEAENYNOO OO OO

Costs
24.468
20.783
16.389
26.807
22.826
18.039
26.279
23.879
19.467
11.743
10.272
8.618
12.267
10.740
9.157
12.292
11.049
9.688
7.194
6.405
5.616
7.264
6.454
5.644
7.404
6.564
5.725
15.317
13.151
10.413
16.260
14.025
11.198
16.144
14.410
11.854
8.260
7.199
6.013
8.528
7.525
6.434
8.663
7.671
6.766
5.071
4510
3.949
5.142
4.563
3.984
5.240
4.640
4.040

17



| Evaluating Repair Policies

Appendix 4: Long-term results for N; = 10, N, = 10
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Appendix 5: Long-term results for N; = 10, N, = 15
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V.

Full list of results short-term analysis, scenario 1

Appendix 6: Short-term results scenario 1 for N; =10, N, =5
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Appendix 7: Short-term results scenario 1 for N; = 10, N, = 10

Parameters . BasecCasel ~ Fcrs1

A A2 m pz hy hy by b, S; S; Costs Scosts S1 Sz Costs Scosts

0.09 @ 0.05 2 1 1 0.9 80 72 7 6 149.163 @ 132.569 7 4 | 127.460 93.544
0.09 0.05 2 1 1 0.7 80 56 8 6 135.064 75.115 8 5 124.785 60.834
0.09 | 0.05 2 1 1 05 80 40 7 6 119.223 83.494 7 4 | 104.407 80.352
0.09 0.09 2 2 1 09 80 72 7 8 163.375 89.968 7 6  137.782 67.564
0.09 | 0.09 2 2 1 0.7 80 56 6 8 | 148.295 @ 136.953 6 7 | 126.069 79.500
0.09 0.09 2 2 1 05 80 40 6 6 135.395 142.317 6 8 116.411 88.154
0.09 0.14 2 3 1 0.9 80 72 7 9 184.658 160.039 6 8  153.706 99.298
0.09 0.14 2 3 1 0.7 80 56 8 9 162.087 84.843 7 9  143.422 72.132
0.09 0.14 2 3 1 05 80 40 7 9 138.871 100.322 5 7  122.158 131.657
0.07 0.04 2 1 1 09 80 72 7 5 116.954 22.756 6 5 109.455 45.324
0.07 | 0.04 2 1 1 07 80 56 7 5  110.444 42.032 5 4 95.185 99.112
0.07 0.04 2 1 1 05 80 40 6 4 99.505 83.362 5 5 84.429 78.647
0.07 | 0.07 2 2 1 09 80 72 6 6  129.453 70.439 6 5  111.704 46.971
0.07 0.07 2 2 1 0.7 80 56 6 7 119.111 69.514 5 5 100.523 84.537
0.07 | 0.07 2 2 1 05 80 40 6 6  102.435 58.736 5 5 87.909 69.926
0.07  0.11 2 3 1 09 80 72 6 7 151.270 109.534 5 7 122.505 72.809
0.07  0.11 2 3 1 0.7 80 56 6 7 133.068 @ 102.361 5 5  105.062 103.411
0.07 0.11 2 3 1 05 80 40 6 9 112.102 52.923 5 5 95.132 108.724
0.05 | 0.03 2 1 1 09 80 72 6 4 96.928 10.913 5 3 80.102 42.252
0.05 0.03 2 1 1 0.7 80 56 5 4 88.686 74.527 4 2 73.132 87.093
0.05 | 0.03 2 1 1 05 80 40 5 4 77.506 49.812 5 3 69.501 46.148
0.05 0.05 2 2 1 09 80 72 5 5 104.374 67.127 3 3 91.884 122.809
0.05 | 0.05 2 2 1 0.7 80 56 4 4 89.155 86.566 4 4 77.096 64.552
0.05 0.05 2 2 1 05 80 40 5 5 80.860 46.554 4 3 70.447 61.445
0.05  0.08 2 3 1 09 80 72 5 5  112.829 87.815 4 5 91.143 48.563
0.05 0.08 2 3 1 0.7 80 56 4 5 96.368 97.558 4 4 81.935 72.688
0.05  0.08 2 3 1 05 80 40 5 6 87.807 48.227 4 5 71.091 46.545
0.09 0.05 2 1 1 09 20 18 5 5 122.690 66.813 5 3  101.494 61.575
0.09 | 0.05 2 1 1 07 20 14 6 4 109.646 60.365 6 3 96.804 50.825
0.09 0.05 2 1 1 05 20 10 5 3 95.555 56.182 4 4 87.602 66.042
0.09  0.09 2 2 1 09 20 18 5 7 139.482 62.498 6 5  115.518 35.915
0.09 0.09 2 2 1 0.7 20 14 6 6 121.115 48.037 5 5 100.301 48.207
0.09  0.09 2 2 1 05 20 10 6 6 104.497 37.324 5 4 92.963 58.425
0.09 0.14 2 3 1 0.9 20 18 6 7 151.272 67.491 5 7 128.844 47.286
0.09 | 0.14 2 3 1 07 20 14 5 6  135.893 86.680 5 6 116.679 77.136
0.09 0.14 2 3 1 05 20 10 6 8 115.625 42.400 4 7 95.429 50.375
0.07 | 0.04 2 1 1 09 20 18 5 4 99.564 41.143 3 2 79.379 74.079
0.07 0.04 2 1 1 0.7 20 14 5 3 86.389 48.000 4 3 76.391 51.165
0.07  0.04 2 1 1 05 20 10 5 3 81.635 52.307 4 3 69.032 49.743
0.07 0.07 2 2 1 0.9 20 18 4 5 111.413 63.341 4 4 92.398 48.859
0.07  0.07 2 2 1 0.7 20 14 5 5 95.736 35.799 4 4 77.429 32.806
0.07 0.07 2 2 1 05 20 10 4 5 87.488 59.140 4 3 71.490 42.759
0.07 | 0.11 2 3 1 09 20 18 5 5  118.120 61.342 4 4 97.082 64.738
0.07 0.11 2 3 1 0.7 20 14 4 6 101.365 51.892 4 5 85.783 37.007
0.07  0.11 2 3 1 05 20 10 5 6 92.606 48.316 4 5 77.352 42.251
0.05 0.03 2 1 1 0.9 20 18 4 3 76.180 36.965 3 2 65.687 55.153
0.05 | 0.03 2 1 1 0.7 20 14 4 2 68.984 44.320 3 2 60.984 52.019
0.05 0.03 2 1 1 05 20 10 3 3 59.302 42.438 3 3 48.311 17.567
0.05 | 0.05 2 2 1 09 20 18 3 3 85.491 66.247 3 3 68.532 41.475
0.05 0.05 2 2 1 0.7 20 14 4 3 78.218 51.316 3 3 63.292 41.178
0.05 | 0.05 2 2 1 05 20 10 3 4 66.055 43.446 3 2 55.244 39.051
0.05 0.08 2 3 1 09 20 18 3 4 89.153 63.133 3 3 76.438 60.225
0.05  0.08 2 3 1 0.7 20 14 3 4 74.854 47.408 3 3 66.500 47.599
0.05 0.08 2 3 1 05 20 10 3 4 65.187 45.439 3 4 56.655 27.292
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Appendix 8: Short-term results scenario 1 for N; = 10, N; = 15

Parameters . BasecCasel ~ Fcrs1

A A2 m pz hy hy by b, S; S; Costs Scosts S1 Sz Costs Scosts

0.09  0.03 2 1 1 0.9 80 72 9 5  149.713 93.116 7 5 1 132.203 92.091
0.09 0.03 2 1 1 0.7 80 56 8 5 134.606 110.519 8 4 121.105 60.327
0.09 | 0.03 2 1 1 05 80 40 8 5  120.343 66.950 7 4 | 108.504 75.267
0.09 0.06 2 2 1 09 80 72 8 8 172.768 100.852 7 7 | 143.047 59.850
0.09 | 0.06 2 2 1 0.7 80 56 8 8 | 152.398 78.855 7 6  131.301 92.832
0.09 0.06 2 2 1 05 80 40 8 8 130.841 61.186 7 6 114.688 85.187
0.09  0.09 2 3 1 0.9 80 72 9 9  192.128 94.185 6 9 157.956 @ 101.424
0.09 0.09 2 3 1 0.7 80 56 7 11 166.403 115.225 6 10 139.616 64.114
0.09  0.09 2 3 1 05 80 40 7 10 @ 142.218 87.849 7 8  120.368 54.084
0.07 0.02 2 1 1 09 80 72 7 5 120.808 61.774 6 4 103.498 57.476
0.07 | 0.02 2 1 1 0.7 80 56 7 4 | 108.377 62.530 5 3 88.543 79.345
0.07 0.02 2 1 1 05 80 40 6 5 97.692 65.231 4 5 85.741 88.561
0.07 | 0.05 2 2 1 09 80 72 7 6  135.327 81.419 5 7  120.005 53.564
0.07 @ 0.05 2 2 1 0.7 80 56 6 6 119.568 97.566 5 5 93.199 48.738
0.07 | 0.05 2 2 1 05 80 40 7 6 112.463 65.843 5 4 89.538 84.043
0.07 0.07 2 3 1 09 80 72 5 6 139.279 126.232 5 6 116.364 76.341
0.07  0.07 2 3 1 0.7 80 56 7 8 139.516 77.113 5 6  103.744 60.466
0.07 0.07 2 3 1 05 80 40 6 7 114.201 83.181 5 8 90.624 10.387
0.05  0.02 2 1 1 09 80 72 5 3 95.791 88.455 4 4 79.459 23.385
0.05 0.02 2 1 1 0.7 80 56 4 5 80.974 40.136 4 3 74.402 82.636
0.05 | 0.02 2 1 1 05 80 40 5 4 75.393 48.127 5 3 67.430 24.952
0.05 0.03 2 2 1 09 80 72 5 6 108.274 49.468 4 4 84.406 57.688
0.05 | 0.03 2 2 1 0.7 80 56 5 4 89.976 87.746 4 4 75.114 53.489
0.05 0.03 2 2 1 05 80 40 5 5 80.914 62.568 5 3 69.382 30.317
0.05 | 0.05 2 3 1 09 80 72 5 6 109.319 51.154 4 4 87.289 63.733
0.05 0.05 2 3 1 0.7 80 56 4 6 95.891 84.643 4 4 78.198 57.629
0.05 | 0.05 2 3 1 05 80 40 5 6 83.782 33.258 3 4 65.363 84.505
0.09 0.03 2 1 1 09 20 18 5 5 119.577 63.894 6 3 | 100.145 41.000
0.09 | 0.03 2 1 1 07 20 14 5 5  106.638 59.784 5 4 96.549 59.815
0.09 0.03 2 1 1 05 20 10 5 5 97.523 57.053 5 3 83.432 45.410
0.09  0.06 2 2 1 09 20 18 6 5 135.684 84.506 6 5  117.805 42.122
0.09 0.06 2 2 1 0.7 20 14 6 5 124.732 71.993 5 5 102.797 59.540
0.09 0.06 2 2 1 05 20 10 6 6 104.968 42.678 5 5 92.054 46.338
0.09 0.09 2 3 1 0.9 20 18 6 7 147.634 71.908 4 6 126.281 78.656
0.09 | 0.09 2 3 1 07 20 14 6 7  136.650 70.179 5 6 110.805 53.074
0.09 0.09 2 3 1 05 20 10 5 7 115.073 64.315 5 6 97.039 56.848
0.07 | 0.02 2 1 1 09 20 18 5 4 95.138 31.672 4 3 80.186 43.895
0.07 0.02 2 1 1 0.7 20 14 5 4 87.441 38.944 4 4 78.577 38.280
0.07  0.02 2 1 1 05 20 10 4 3 72.789 41.050 4 3 68.182 43.357
0.07 0.05 2 2 1 0.9 20 18 5 5 106.451 40.242 4 4 92.348 56.233
0.07 | 0.05 2 2 1 0.7 20 14 5 5 98.251 44.283 4 3 80.061 51.500
0.07 0.05 2 2 1 05 20 10 4 5 81.062 48.290 4 4 69.733 35.327
0.07 | 0.07 2 3 1 09 20 18 4 6 117.891 62.115 4 4 94.716 47.556
0.07 0.07 2 3 1 0.7 20 14 5 6 105.024 42.627 4 5 86.585 42.983
0.07  0.07 2 3 1 05 20 10 5 5 88.996 41.992 3 5 71.210 43.590
0.05 0.02 2 1 1 0.9 20 18 3 3 74.722 47.509 3 2 63.656 49.251
0.05  0.02 2 1 1 0.7 20 14 3 2 67.589 61.287 3 2 57.285 46.676
0.05 0.02 2 1 1 05 20 10 3 3 60.103 39.663 3 3 52.696 35.180
0.05 | 0.03 2 2 1 09 20 18 4 4 85.771 35.846 3 3 69.424 44.786
0.05 0.03 2 2 1 0.7 20 14 3 4 73.901 45.918 3 3 60.715 37.000
0.05 | 0.03 2 2 1 05 20 10 3 3 63.807 46.626 3 3 52.648 29.393
0.05 0.05 2 3 1 09 20 18 4 3 91.963 66.057 3 4 73.945 36.270
0.05 | 0.05 2 3 1 0.7 20 14 3 4 80.545 62.608 3 4 64.256 32.238
0.05 0.05 2 3 1 05 20 10 3 3 69.155 48.901 3 4 55.218 25.268
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V.

Full list of results short-term analysis, scenario 2

Appendix 9: Short-term results scenario 2 for N; =10, N, =5
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Appendix 10: Short-term results scenario 2 for N; = 10, N, = 10
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36.851

47.149

52.797
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Appendix 11: Short-term results scenario 2 for N; = 10, N, = 15
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171.621
234.749
211.267
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