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Abstract 
This thesis describes the creation of a decision support tool. This tool helps the planners at 
KLM Equipment Services minimize over capacity and fine costs by balancing the available 
capacity with the required capacity. Because the available capacity is assumed to be fixed 
we focus on the required capacity. This required capacity consists of work that is available 
and work that is expected to arrive. KES’ initial idea was to create a forecast of the work that 
is expected to arrive. We tried to make a forecast by looking at seasonal patterns. We did 
not find any seasonal patterns therefore it was impossible to forecast using seasonal 
patterns. We also tried to forecast using predictor variables (i.e. temperature, rain, and 
flight movements). We found that these variables can be used to predict the number of 
arrivals, however because of the low amount of variance that is explained (R2 = ,297) a 
forecast was not useful. The forecast cannot be used to predict the work that is expected to 
arrive. To be able to control the required capacity we made a distinction between work that 
can be planned (MP) and work that cannot (MN). This distinction allows us to control the 
work that enters the workshop to a certain extent. To optimize the number of MP jobs 
released in certain situation, we created four concepts: model I, model II, model II and a 
heuristic. We created mathematical models for model I, model II and the heuristic. Model III 
is at most equal and probably less optimal than model I, and is therefore left out at an early 
stage of the study. We applied data from the LT team of KES to model I, model II and the 
heuristic and discovered that model I outperformed model II and the heuristic. Model I is 
also found to be more optimal than the actual decisions made by KES. Because of the lack in 
time and expertise we were not able to implement the model. Our main recommendation is 
to implement the model as a tool for the planners to release MP jobs. Furthermore we 
recommend that the tool is extended by adding multi period and multi team settings.  
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Executive summary 
The following study has been performed at KLM Equipment Services (KES). The main activity 
of KES is to maintain the Ground Service Equipment (GSE) at Amsterdam Airport Schiphol. 
This GSE is required for the ground handling of airplanes.  

The research done in this thesis is the result from the effort of KES to improve their 
operations. The uncertainty of the arrival of MN jobs makes it difficult to balance the 
available capacity with the required capacity. Therefore, the required capacity is kept high 
by releasing extra MP work to prevent over capacity. This is defined in our problem 
definition: 

The current way of working requires the release of enough MP work to level variation in 
demand, which result in high WIP and thus a high probability on over capacity costs. 

The initial question by KES was to create a prediction of the arriving workload. However, we 
found that the problem stated requires a broader approach. In order to balance the 
available capacity with the required capacity we want to create a way of assisting KES in 
making the decision about how much MP work to release. The assignment as posed in the 
second chapter is as follows:  

Develop a decision support tool to reduce the costs due to over capacity and fines. 

Analysis of the current situation 

Because we want to reduce the costs due to over capacity and fines we need to find a 
balance where we have neither over capacity nor exceed the off-position (when we exceed 
the off-position we have to pay a fine). We study the maintenance process of a team within 
KES, and limit ourselves to the arrival, release and maintenance of jobs.  

We first did an qualitative analysis to map the problems and possibilities with in the process 
in which we examined the process through interviews of the personnel. We analyzed the 
activities regarding the process and in accordance to that information, the processes of the 
maintenance activities appear as given in the process diagram in Figure 1. 

 

Figure 1: Process model of overall maintenance process 

We did a quantitative analysis to check the data for patterns. KES expected that there was a 
seasonal pattern in the arrival rate of maintenance jobs. In order to check for patterns, the 
arrival data of maintenance jobs was checked for a seasonal pattern. However, no seasonal 
patterns were found. We expect that seasonal patterns are not present because the 
consistent data is limited. With this we mean that when arrival data of a longer period is 
taken, this data is biased by vehicles that are not in the set of vehicles maintained by the 
specific team anymore. Vehicles are replaced, are added, age, and new types of vehicles are 
added, which all influences the characteristics of the arrival process. By the time enough 
data is collected to do a proper analysis the set of vehicles has changed already which 
makes the data useless.  
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KES mentioned that the cause of the seasonal pattern might be the weather. That is why 
after the analysis of the seasonal patterns a regression analysis has been done to find out 
whether arrival of maintenance jobs is related to the weather. We also added the number 
of flights (called flight movements) as a predictor since we expect more failures when there 
are more flight movements. The number of MN jobs that arrive per month is best predicted 
by the average number of frost days (R2= ,297), and the number of MN jobs that arrive per 
week is best predicted by the average maximum temperature and the flight movements 
(R2= ,228).  

One of the reasons why the predictors do not yield a strong relation is the distinction 
between the mean time between failure (MTBF) and the operating hours. We expect that 
the weather influences the MTBF of a vehicle (i.e. when it freezes there is more chance on 
failures) and the operating hours are expected to be influenced by the number of flight 
movements (i.e. more flights means more work for the vehicles). The MTBF is best predicted 
by the average maximum temperature with R2= ,590 and the amount of operating hours is 
best predicted by the flight movements with R2= ,773. However, the R2 of the combined 
model is ,117 and therefore the model is not usable. We expect that this is because the 
weather is worse leading to a higher MTBF but the number of flight movements are lower 
leading to less operating hours.  

In order to balance the available capacity with the required capacity we created three 
models and a heuristic to determine the optimal amount of MP work to release:  

1. Model I:  Direct release of MN work 
2. Model II:  MN work is released one period after arrival 
3. Model III:  Dedicated capacity for MN and MP work 
4. Heuristic:  Release all work and return MP work to prevent the off-position from 

exceeding 

In model I we release the all the MN work that arrives in a period, and before the beginning 
of the period we have to release MP work. We determine how much work to release based 
on a minimization of expected costs due to over capacity and fines.  

Model II releases the MN work one period later, therefore we know exact how much MN 
work we have. We determine how much work to release based on a minimization of the 
expected costs.  

In model III we dedicate capacity to MN and MP work. In this model the capacity dedicated 
to MP work does not result in costs because we know how much MP work we release. The 
capacity we dedicate to MN work is based on the expected amount of MN work that arrives.  

The heuristic releases all work, the MN work that arrives and all the MP we have in the 
buffer. However, we are able to return MP jobs to prevent the off-position from exceeding.  

Hereafter we created mathematical models of the concepts we just discussed. Model III is at 
the best equal to model I and therefore it is left out of the remainder of the study. These 
models are applied with data from KES to find out which one performs best.  

We found that model I gave the lowest costs due to over capacity and fines, when applied 
to the data of KES. We expect model I to outperform model II because model II focusses on 
preventing over capacity at the expense of fines. The heuristic is less optimal because it tries 
to prevent costs due to fines at the expense of returning vehicles. We expect that model I is 
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best because it optimizes without making any concessions. The average costs per week that 
result from the models are: 

- Average current cost per week at KES:  €1.101,42 
- Average cost per week when using model I:   €1.022,12 
- Average cost per week when using model II:  €2.340,13 
- Average cost per week when using the heuristic: €1.382,08 

Model I is not always optimal, depending on the fines/over capacity costs ratio model II can 
be optimal too. We found that when the fine costs are relatively equal or higher than the 
costs of over capacity model II is most optimal. We expected model II to perform well for a 
ratio with relatively low fine costs because model II reduces the probability of over capacity. 
This is because in model II we know how much MN work needs to be done, the amount of 
MP work that is required to make the available capacity equal to the required capacity. 
Therefore it is not possible to have over capacity when the buffer is sufficient.  

There is a ratio for which model II and model I are optimal. We have not searched for this 
ratio since this is dependent on the data that is used. This ratio minimizes the costs by 
searching the optimal ratio between over capacity and fine costs, and that is not included in 
this study. Further research about this optimal ratio should be done. 

Our main recommendation is to implement the model as a tool for the planners to release 
MP jobs. Furthermore we recommend that further research is done about extended the tool 
by adding multi period and multi team settings.  
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List of concepts 
Available capacity the capacity that is available for maintenance in a period 

Failure code the code that is given to a maintenance request (e.g. S = “storing” 
(breakdown) or B = “banden” (tires)), “storingscode” in Dutch 

Flight movements the number of flights that depart or land during a certain period  

Maintenance workshop all the mentioned maintenance teams combined make the 
maintenance workshop.  

MN work maintenance that cannot be planned, maintenance that is 
absolutely necessary in order for the vehicle to be available to the 
customer 

MP work maintenance that can be planned, maintenance that is not 
absolutely necessary in order for the vehicle to be available to the 
customer (and therefore can be planned)  

Off-position the number of vehicles of a vehicle-group that are unavailable to 
the customer at a certain moment in time (there is also a 
maximum to this off-position, which is the maximum number of 
vehicles that can be unavailable. If more vehicles become 
unavailable KES has to pay a fine to this customer)  

Over capacity there is more capacity available than is required 

Precipitation rainfall (including rain, snow, hail, etc.), “neerslag” in Dutch 

Preventive maintenance inspections, modifications and repairs that are done to prevent 
corrective maintenance 

Required capacity the work that needs to be done in a period (also called workload) 

Run-contract when a customer has such a contract the vehicles of this customer 
are brought in and returned by employees of the service 
department  

Runner an employee that only retrieves to be maintained vehicles from 
customers, and returns the maintained vehicle back to the 
customers.  

Team a group of mechanics that is responsible for the maintenance of 
several vehicle-groups. These vehicle-groups are chosen similar 
concerning the required maintenance 

Vehicle-group a group of vehicles that serve a similar function (e.g. toilet 
wagons, plane-pullers, or cars) 

Vehicle-type:  a vehicle-group can consist of different types of vehicles (e.g. the 
vehicle-group CARS can have the vehicle-types VWFOX, POLOD, 
FIAT5, etc.) 
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List of abbreviations 
CW “Constructiewerkplaats” (construction workshop) 

DG “Dieseltrekkers en generatoren” (diesel tractors and generators) 

EM “Electrisch materieel” (electrical equipment) 

FCFS First Come First Served 

GA “Garage automobielen” (automotive garage) 

GSE Ground Service Equipment  

GV “Garage vrachtwagens” (truck garage) 

KES KLM Equipment Services; Company in which the study is performed 

LT “Loaders en transporters” (loaders and transporters) 

MN Maintenance that cannot be planned 

MP Maintenance that can be planned 

TB “Transportbanden” (conveyer belts) 

TE “Tankwagen equipment” (tanker equipment) 

WIP Work In Process 
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1. Introduction  
In this thesis we study the balance between required capacity and available capacity in the 
maintenance operations of KLM Equipment Services.  

In this chapter we introduce the company and the project context. In paragraph 1.1 the 
company characteristics are briefly discussed. This is followed by the context of the study in 
paragraph 1.3. In paragraph 1.4 we outline the report in the readers guide.  

1.1. Company description 

KLM Equipment Services (referred to as KES hereafter) dates back to 1952 when it was 
created as a department of KLM to maintain the airports Ground Service Equipment (GSE). 
Since 1992 KES is a subsidiary of KLM situated at Amsterdam Airport Schiphol, and is still 
fully owned by KLM. However, KES does not only maintain GSE from KLM, but also GSE from 
other fleet owners at Amsterdam Airport Schiphol (e.g. Transavia and Martinair).  

The core activity of KES is to maintain GSE, while maintaining a given availability of the 
equipment. The business of KES include: “Maintenance; Major repair and reconditioning; 
Planning; Equipment customizing; Engineering and consulting; Purchasing support; 
Distribution and storage of spare parts; Fuel supply; Assessments for equipment 
conditioning and warranty claims; Supply of new/used motorized and non-motorized 
equipment; Fleet management” (KLM Equipment Services, 2012).  

KES tries to keep the unavailability of vehicles within predetermined bounds, which are 
determined in agreement with the customer. This agreement leads to priorities, dependent 
on the status of a the vehicle-group (we will come back to these priorities in paragraph 1.3).  

1.2. Definitions 

The following concepts and definitions will be used throughout the thesis.: 

- Maintenance that cannot be planned (MN work): the maintenance jobs that are 
caused by a failure that makes it impossible for the vehicle to perform its primary 
function. 

- Maintenance that can be planned (MP work): all maintenance that can be planned 
because even with the failure the vehicle can still perform its primary function. 

These two concepts are closely related to preventive and corrective maintenance. However, 
we choose not to use those terms because they can be misleading. We are interested in the 
work that can be or cannot be planned, preventive and corrective maintenance can be both.  

The vehicles that are maintained are very diverse and there are multiple vehicle-groups. 
Vehicle-groups with similar functions are grouped together and maintained by one team. 
Each maintenance team is responsible for the maintenance of different vehicle-groups. 
These maintenance teams are selected only on functionality of the vehicles-groups.   

- Team: is a group of mechanics who work on vehicles with similar characteristics, a 
team can maintain multiple vehicle-groups. 

- Vehicle-group: is a collection of vehicles with similar characteristics, and one vehicle-
group can contain one or more vehicle-types. 

- Vehicle-type: is a group of the same vehicles (in function and purpose), there can be 
differences due to earlier/later versions. 
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These are the most basic definitions needed to understand the introduction, other concepts 
will be explained when necessary. 

KES is characterized by the number of different vehicles and by the 50/50 division of work 
that can be planned and work that cannot be planned. KES maintains about 1500 vehicles 
allocated in 62 vehicle-groups, and most of the vehicles are tailor made for their purpose. 
Due to uniqueness and limited engineering hours some failures are unexpected and this 
poses challenges when predicting required capacity as well as required spare parts. Finally, 
there is a difference between work that can be planned and the work that cannot be 
planned when we consider an ideal situation (e.g. when we do work that can be planned we 
want the utilization of the capacity to be as high as possible, while with work that cannot be 
planned we want the throughput time as low as possible). We have to combine the two and 
find an ideal situation for this division of work.  

1.3. Project context 

Due to various reasons the workload that arrives at KES has a highly erratic pattern. 
According to the managers and team leaders, the mechanics are not happy with either too 
much or not enough work, in other words, they like a steady utilization (and they assume 
±15% to be ok). Therefore, the amount of work should be aligned with the available 
capacity. Figure 1.1 depicts the number of hours spend on maintenance of vehicles that 
arrived in a certain week. 

As can be seen in Figure 1.1, the workload, due to maintenance jobs that arrives at KES, can 
differ around 1000 hours from week to week, which is about 40% of the average workload. 
Even though part of the work can be done by overwork or the like it is clear that, taking the 
average required capacity as the available capacity will not suffice half the times, and will be 
too much other times.  

The work that cannot be planned (MN work) is currently released upon arrival. Vehicles with 
MN jobs are brought to KES and are not available until finished. As long as a vehicle is not 
available to the customer we call it Work In Process (WIP).  

The work that can be planned (MP work) can be divided in two parts, work that is known in 
advance (inspections and modifications) and work that is not known in advance be can be 
planned anyway (repairs, like a broken mirror). This MP work is used to level the workload 
from period to period, because a planner can decide when to release MP work.  

Currently the workload is leveled by keeping the WIP high to reduce chance on over 
capacity. This is also to make sure that mechanics are never without work. Because the 
amount of MN work that arrives is unknown, the WIP is usually high. From Little’s law it 
follows that a high WIP leads to a high throughput time:                   ⁄ .   

Each vehicle-group has a certain number of vehicles that are required to be available to the 
customer. Extra vehicles are purchased by the customer to prevent that there are less 
vehicles than required. The number of these extra vehicles is called the off-position, and is 
determined in consultation with KES. KES uses three different levels of priority, and the 
other work is done First Come, First Served (FCFS).  
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The three priority levels are:  

- Not critical (1 or more extra vehicles are available to the customer) 
- Critical (0 extra vehicles are available to the customer) 
- Exceeding the off-position (1 or more too many vehicles are unavailable to the 

customer) 

There are to agreements, made with the customers about availability of the equipment (the 
number of extra vehicles). When the off-position is exceeded a fine is to be paid to the 
customer. When this off-positions is exceeded regularly, the agreements are discussed with 
the customer. This can lead to either more extra vehicles or KES can even lose a customer 
when they keep performing bad. Therefore it is important to prevent exceeding the off-
position.   

 

Figure 1.1: workload that arrived per week, 2011 – 2012 [in hours] 

There is a mismatch between the required and available capacity, the available capacity is 
fixed over time while the required capacity shows the erratic pattern given in Figure 1.1. A 
possibility to solve the issue would be to hire temporary capacity. However, the mechanics 
are specialists that cannot be hired within short time Hiring specialized mechanics requires 
time and energy, therefore it is difficult to have a flexible workforce.  

Even though the issue cannot be solved by hiring (temporary) capacity, personnel can be 
exchanged changed between teams to change the capacity. In Figure 1.1 we can see the 
workload due to MN work that arrived. When we equal the available capacity to the 
average arrived workload (2266 hours per week), the MN work will never exceed the 
available capacity. To level the required capacity with the available workload we merely 
have to pay attention to the MP work we release.  

This poses a problem since it is unknown how much MN work will arrive, and there are 
differences of 25% from one week to the next. It would be useful to have insight in the 
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cause of this difference, so we can predict with more accuracy what the amount of MN work 
will be (otherwise extra MP work has to be released to make sure there is little over 
capacity).  

At the moment KES has no specified method of predicting the workload for coming weeks or 
months. According to KES the arrival of work has seasonal effects. For example, there are 
more flight movements in the summer (Schiphol Group, 2013). Due to the higher usage in 
the summer it is expected that there will be more failures in the summer too. Another cause 
could be that the major part of the GSE is stationed in the open air. Because of the worse 
weather conditions in the winter, the GSE is expected to fail faster then. We put these 
assumptions to the test in paragraph 3.3. 

This can be done by either altering the available capacity or redistributing work. Because it 
is difficult to find temporary workers, the available capacity can only be exchanged between 
teams (within KES). Changing the capacity for KES requires a longer decision interval, we will 
come back to this later in the report. Redistributing work is shifting work from one period to 
the next in order to level the workload per period. A forecast could give an idea about what 
is coming and thus help the planners to redistribute. More information about these 
forecasts can be found in chapter 3.  

The issue that arises at KES, is the fact that because of MN maintenance (and because it is 
not possible to hire temporary workers) there is either a required overcapacity of workforce 
or there is a high throughput time. Since there is a requirement from customers to have a 
certain availability of machines, the WIP time needs to be low. Next to that, overcapacity is 
costly, and as we have seen it is not possible to hire temporary workers. So, in order to cope 
with the variance in the arrival of MN work we can forecast the arrivals of MN jobs and use 
the MP work to level the total workload. 

1.4. Readers guide 

In chapter 2 the assignment is discussed. The third chapter contains the qualitative and 
quantitative analysis of the current situation. In the fourth chapter we create conceptual 
models based. In chapter 5 mathematical models are made from the conceptual models. In 
chapter 6 we perform a case study for the model we found most fitting to the problem at 
hand. In the chapter 7 we discuss our finding and give recommendations for further 
research.  
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2. Problem description 
In this chapter we describe the problem in detail. The literature is searched for similar 
problems as we find at KES, this is done in a literature study. An overview of this literature 
study is given in paragraph 2.1. In paragraph 2.2 we define the problem, which  leads us to 
the research question, from which we can define the assignment. In paragraph 2.3 we 
describe the scope and deliverables. We conclude this chapter with the approach in 
paragraph 2.4 

2.1. Literature overview 

This is a partial overview of the literature review done by the author about the subject 
forecasting of workload in a maintenance area (Verdaasdonk, 2012). Readers who want 
more information are referred to the entire literature review. In this paragraph only 
research in the field of forecasting of workload/maintenance and the gaps found in the 
literature study are discussed.  

2.1.1. Forecasting of workload in maintenance operations 
The study of the available literature was limited to articles found in the databases IEEE 
Xplore and ScienceDirect. Three different concepts are searched for in the literature: 
Workload Forecasting, Forecasting Maintenance, and Forecasting Maintenance Workload.  

To determine if previous research is useful it is determined in which fields research is done. 
By far the most research was done in the areas computing resources and computer 
networks, which are quite different from KES (high amount of data and low impact form 
people). More similar are defense systems, which are subject to very specific and elaborate 
maintenance policies, as well as hospitals which have similar characteristics. The latter two 
share the characteristics of arrivals, spare parts, and the capacity challenge.  

Next, the forecasting methodology is determined for each research. A lot of researchers use 
Artificial Neural Networks, Regression, and time-series models. It is notable that very simple 
models are used, which could indicate that the focus is not on the model. So in order to 
have an accurate forecast, the key is to have accurate and sufficient data. 

It is noteworthy how little research has been done, and most of it is applying forecasting in 
practice. Another issue is the limited amount of research in the field of 
maintenance/workload forecasting. This could be due to the limited adoption of the theory 
into the field of maintenance and workload prediction.  

A more elaborate review of the research done can be found in the literature review 
(Verdaasdonk, 2012). 

2.1.2. Gaps in the literature 
In the literature study we found several parts that are open for more in depth research. We 
distinguished four gaps that were both theoretical and about applicability. (Verdaasdonk, 
2012). Four research gaps are mentioned below, a more in depth description can be found 
in the literature study.  

- First, combining maintenance theory with forecasting theory is expected to result in 
models that yield higher capacity usage and lower WIP 

- Second, the usage of neural networks (a form of data mining) is expected to be 
useful in maintenance situations due to the self-learning aspects of this theory 
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- Third, the relation between preventive and corrective maintenance (it is expected 
that more preventive maintenance leads to less corrective maintenance, the 
question is how this is related) 

- Finally, there is the lack of integration of the theory of forecasting in the field of 
maintenance/workload prediction 

2.2. Assignment 

In this paragraph the objective of the research is discussed in depth. First, a more detailed 
definition of the problem is given. From that, the research question follows.  

2.2.1. Problem definition 
There is a lot of variation in the arrival of MN work. To cope with this KES releases enough 
MP work is deal with this variation. The available capacity cannot be altered because is it 
not possible to hire skilled temporary workers. This creates a high WIP and thus longer 
throughput times for vehicles. Because of these higher WIP there is more chance on 
exceeding the off-position. We need to balance between having costs due to over capacity 
and fines. The costs of over capacity are the costs of having employees doing nothing. 
However, preventing over capacity by releasing more MP work increases the risk that the 
off-position to be exceeded, which results in fines. The problem can be defined as (as stated 
by KES): 

The current way of working requires the release of enough MP work to level variation in 
demand, which result in high WIP and thus a high probability on over capacity costs. 

2.2.2. Research question 
KES expects a seasonal pattern in the arrival of maintenance jobs. Variations between peaks 
(summer/winter) and valleys (autumn/spring) are expected to be more difficult to cope with 
than the week to week variation. It might be difficult to face this difference with only the 
release of MP work, and because we cannot hire temporary employees it might be useful to 
look at the possibility to exchange personnel between teams.  

An analysis of the seasonal pattern can help to create an expectation of workload on which 
the team leaders can match their workload. This can be done by holding MP work in busy 
periods and releasing that MP work in the more quiet periods. The data is checked for 
correlating factors and other variables as well concerning the WIP as well. This results in the 
following general research question:  

Can a decision support tool assist team leaders decide in the amount of MP work to release 
in order to reduce the costs due to over capacity and fines. 

2.2.3. Assignment 
The research question given above leads to the following assignment: 

Develop a decision support tool to reduce the costs due to over capacity and fines. 

2.3. Goals & deliverables 

The goal of this thesis is to create a decision support tool to assist planners in their task to 
balance the available capacity with the required capacity. The decision support tool  should 
optimize the costs related to over capacity and fines.  
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2.3.1. Scope 
The research will be conducted at KES, which is located at Schiphol. It will only include the 
maintenance teams. An overview of the maintenance operations is given in Figure 2.1. 
Moreover, only the causal relations between the factors and the workload will be tested 
(see Appendix I).  

The thesis will be restricted on the following: 

- Focus is on the maintenance teams 
- Due to data availability, historical data is limited to the interval 2010-2012 
- The result will be decision support tool based on a mathematical model that is 

created  to minimize the costs due to over capacity and fines 

 

Figure 2.1: overview maintenance operations at KES 

2.4. Approach 

In this paragraph the way of working will be described shortly.  

Data collection 
The unit of analysis (the dependent variable) is the workload in hours, which is a 
combination of the arrival of maintenance jobs and the average duration of a maintenance 
job. The arrival rate of maintenance jobs is a stochastic variable, the duration of 
maintenance jobs is assumed to be fixed. 

Analysis of the AS-IS process 
In order to improve a process, the current process needs to be analyzed. Three analyses are 
done: 

 Creating As-Is process model 

 Seasonal pattern analysis 

 Relations between factors and arriving maintenance jobs 
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To create an As-Is process model, interviews are held with different people in the process. 
These interviews are combined into a process model. This is a more qualitative approach to 
get more insight in the company, and this is done in chapter 3. 

Develop models to minimize the costs 
From the analysis we create models to minimize the costs related to over capacity and fines. 
In chapter 4 we describe the current situation, define the assumptions that are made, and 
name the costs considered. We describe the concept of what we want the models to 
accomplish. 

In chapter 5 we create mathematical models from the concepts and we define all the 
variables we use.  

The case study  
The mathematical models that are created, are than tested with data from KES to see which 
performs best and whether they perform better than the current system at KES. 

We also test whether the optimal model depends on the ratio of fine costs, over capacity 
costs. 

Develop a decision support tool 
In the Implementation (chapter 7) we will take a closer look at the challenges the model 
poses when we want to implement it at KES. 
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3. Current situation 
The current situation at KES will be described using process definition, a qualitative analysis 
and a quantitative analysis. It is meant to generate understanding of the problem, so the 
reader is able to put the problem in the right context.   

A maintenance team is a group of mechanics that have the responsibility to maintain a set 
of similar vehicle-groups. These vehicle-groups are, as the name suggests, sets of similar 
vehicles (e.g. DEICE: De-Ice machines, TRSPB: Conveyer belts (Transportbanden), etc.). More 
information about the teams and the vehicle-groups related to them can be found in 
Appendix II.  

The processes are described in paragraph 3.1., after which the qualitative analysis is given in 
paragraph 3.2. The quantitative analysis is given in paragraph 3.3..  

3.1. Processes 

In this paragraph the maintenance process will be looked at in more detail. These processes 
will be mapped using a technique as presented by (Dijkman, 2012).  

A process can be in different states, that are depicted as the circles. To go from one state to 
another state an action needs to be performed, which are depicted as the squares. The 
arrows show which actions can be done when in a certain state.  

- State of the system:   
- Action:      

o OF-join and OF-split     

o AND-join and AND-split  
- Direction of the process:  

Overview 
In Figure 3.1, an overview is given from the process under investigation, the maintenance 
process. In Figure 3.1 the six major parts of the process are depicted, namely:  

I. Sign up a failure 
II. Attend to vehicle 

III. Release vehicle 
IV. Bring in vehicle 
V. Repair vehicle 

VI. Sign out (return) vehicle 

In this process model the possible routings are given by the arrows between the sub-
processes and the working stocks.  

 

Figure 3.1: Process model of overall maintenance process 
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Sign up the failure 
The service department is responsible for signing up failures, bring in vehicles, and returning 
vehicles. Most of the customers pay KES to bring in and return the broken vehicles, other 
customers have to bring in and retrieve the vehicles themselves. The reception of the 
service department is where the notification of a failure arrives. The process starts with 
recording the failure in the system. This is done either at the arrival of an automatic print 
(when customers put a failure in the shared system), or when a customer calls to report a 
failure. In either case the services department decides whether the vehicle is attended by a 
service car or is brought to KES without the service car. 

When the vehicle is brought to KES it is given an arrival-number (or job number), the vehicle 
is than planned by the planner of the maintenance team that is responsible for the vehicle-
group that the vehicle is from. 

Attend broken vehicle  
The broken vehicle can be attended when it is still on the platform, this is done by 
specialized mechanics on a so-called service car. A service car attends failures on basis of 
the same priority rules as we discussed in paragraph 1.3. The service mechanics do a  basic 
diagnosis, and when possible, repair the vehicle. A mechanic can spend a maximum of about 
one hour on a vehicle, after this the failure is assumed to be too extensive to be treated on 
the platform. However, this is only a rule of thumb and the decision is up to the mechanics 
in the service car.  

The work attended by the service car is MN work, MP work is planned and done by 
mechanics at the workshop of KES.  

Release vehicle 
A broken vehicle can either be released after being attended by a service car or directly 
when the failure arrives at the reception of the service department. When releasing failures 
a distinction is made between MN and MP work. The MN work is always released upon 
arrival because since the vehicles that have MN work are unavailable to the customer 
anyway. The release of MN work is done by the reception of the service department (at this 
department the failures arrive at KES).  

The workload within a team is overviewed by the planner, whose job is to balance the 
available capacity with the required capacity (make sure there is not too much nor too little 
work). The MP work does not have to be done immediately and is placed in an 
administrative buffer (the administrative buffer which is shown in Figure 3.1, as the 
‘1(MP)’). This means that the vehicles that need MP maintenance are available to the 
customer until the maintenance jobs are released. MP work is released by the planner, and 
by releasing the MP work the planner can regulate the amount of required capacity to a 
certain extend. 

Bring in vehicle 
A vehicle needs to be brought to KES when a failure on that vehicle is released. Depending 
on the contract this is done by the customer or by KES. With most customers there is a 
contract about bringing and returning the vehicles (which will be referred to as a run-
contract from now on). In case the customer has a run-contract the customer is informed 
that the vehicle will be unavailable for maintenance for MP jobs. When the customer has no 
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run-contract, the customer is contacted in time so the customer can bring the vehicle when 
it is planned at KES. 

No official statement is done about when the vehicle is expected to be returned to the 
customer, the vehicle will be returned when it is ready. The vehicles from customers with 
the run-contract are brought/returned by employees of the service department, the so-
called runners.  

Repair vehicle 
A new maintenance job is selected by the team leader when a mechanic has finished the 
previous maintenance job.  

The mechanics checks the preliminary diagnosis from service car, or when this is not 
available the comments of the customer, to have an idea of the failure. When mechanics 
conduct maintenance, he usually started with a diagnosis.  

After the cause of the failure is found, all required spare parts are gathered. It happens that 
not all spare parts are available, and if not all parts are available a decision is made to either 
continue or not. MP vehicles can only be released when the parts are available, the vehicles 
are added to the administrative buffer until then. However, sometimes the mechanic 
partially repair a vehicle with an MN job to make it safe for the vehicle to function (this 
concerns only MN jobs that would otherwise wait for a spare part). In this study we assume 
that spare parts are always available and therefore this is not part of the study. 

Emergencies (orders that need to be done due to high off position of certain vehicles) can 
put aside a current vehicle to maintain the emergency first. In other cases mechanics work 
until a vehicle is finished. Mechanics do not handover work after their shift.  

Sign out vehicle 
When the vehicle has been repaired the mechanic reports this to the reception of the 
service department. The vehicle is signed out by the reception and the vehicle is returned to 
the customers by the runners (or picked up by the customer, depending on the contract).  

The planner controls the materials and hours spent on the repair and if all is correct the bill 
is forwarded to the administration after which it is sent to the customer. KES states that the 
administrative process can delay the time an order is ‘processed’ in the system. This can 
cause and inaccurate amount of WIP, throughput time, and the finish data. 

3.2. Capacity characteristics 

In the previous paragraph we saw the maintenance process as a whole, in this paragraph we 
will discuss only the capacity (which we research in this thesis). The thesis is about how we 
balance the required capacity and the available capacity. This paragraph is about the 
available- and required capacity.  

3.2.1. Required capacity 
We will first discuss the required capacity, which equals the work that needs to be done in a 
certain period. This work consists of the work that is leftover from the previous period, the 
MP work that is released for the period, and the MN work that arrives in the period. 
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MP work 
The basis of the flexibility of MP work is that it can be postponed almost without 
consequences. However, some MP jobs might have an expiration date (e.g. worn out tires 
needs to be changed within some weeks or they will fail/be unsafe) after which they 
become MN work. There are also inspections and the repairs that follow from them, which 
can be postponed some time, but failures can occur when postponed too long. 

The MP work arrives in a so-called administrative buffer, which means this buffer exists only 
on paper (the vehicles are still available to the customer). This buffer contains MP work that 
still needs to be released. Once maintenance jobs are released (on which the jobs are to be 
done) the vehicles are not available to the customer any more. The MP work is currently 
released by the planner. The planner uses the MP work to balance the workload with the 
available capacity. However, the balance is based upon the judgement of the planner. In this 
thesis we seek to structure this balance, and ground it with data. This does not mean we 
exclude all the judgement from the planners and team leaders, their judgement is required 
when decisions are made about emergency jobs, overtime, etc. 

The administrative buffer has limits, which are related to the expiration date of MP work. 
When the buffer grows the probability that failures occur due to lack of maintenance 
increases. The amount of work that is in the buffer should therefore be kept steady (i.e. 
when it increase there might be a point when failures due to the postponed maintenance 
start to occur so frequently that there is no more time for the regular work). A buffer that 
increases throughout the year means that the available capacity is too small (the available 
capacity needs to be able to do the work that on average arrives throughout the year). 

The MP work is released with respect to the priorities as we discussed earlier. We saw 
earlier that the priorities are dependent on the number of vehicles that are available to the 
customer. The three priority levels are:  

- Not critical (1 or more extra vehicles are available to the customer) 
- Critical (0 extra vehicles are available to the customer) 
- Exceeding the off-position (1 or more too many vehicles are unavailable to the 

customer) 

MP jobs on vehicles that are critical or exceeding the off-position are not released (in other 
words, we release only MP jobs that cannot result in exceeding the off-position). MP jobs on 
a vehicles are released First Come, First Served (FCFS). 

Finally, when a vehicle is already at KES for a MN job, it makes sense to check whether the 
MP job can be done as well. This might not always be possible due to the off-position of the 
vehicle, or because spare parts are not available. However, when possible MP work is done 
and costs are being spared by this bundling of jobs. This bundling of jobs is left out the scope 
of this thesis and it is assumed that the team leader or planner does this intuitively.   

MN work 
Currently all the MN work is released upon arrival, and there is thus no flexibility. However, 
there are ways to create more insight in quantity of MN work. There are two ways we 
consider in this thesis: 

First, we can decide upon the release, which is currently done upon arrival. If the release is 
delayed, a buffer of MN work is created. This removes some of the uncertainty because it is 
expected that the workload that is in the buffer can be estimated with more precision. This 
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way of creating more insight in MN work is expected to lead to more fines. The throughput 
time is expected to lengthen by this way of working. The advantage is that we know how 
much work there is and the cost due to over capacity are likely to reduce.  

The second way is to create more insight in the arrival of MN work. This can be done by 
predicting the amount of work that is expected to arrive in a future period. KES expected 
that there is a seasonal pattern in the amount of work that arrives. This would be caused by 
the number of flight movements and the weather conditions. Flight movements is the sum 
of the number of flights that land and the number of flights that departs in a certain period, 
and Ground Service Equipment (GSE) is required with every movement. Therefore the 
relation between the flight movements and the amount of work seems very 
straightforward. The weather is also expected to affect the amount of work due to the fact 
that the vehicles are stationed outside. Besides that, the vehicles work outside as well and 
weather conditions can affect their failure rate. We further analyze possible patterns in the 
MN arrival rate in the next paragraph. 

3.2.2. Available capacity 
The available capacity is the sum of hours mechanics are available for maintenance in a 
certain period of time. The available capacity is roughly known in advance, which means the 
amount of hours available for maintenance (Total hours available minus time for schooling, 
absence, meetings, and the like).  

Mechanics 
Mechanics are assumed to be able to solve all problems that arise at the equipment under 
the responsibility of their team. Mechanics are expected to be able to work independently 
from the moment they are hired, and no extra training is needed before a mechanic starts. 
There are educational programs in which KES works together with schools to train future 
mechanics. Mechanics also have possibilities to study next to their work. The knowledge of 
the mechanics is the expertise they have concerning certain vehicles (or vehicle-types). This 
knowledge is known to a large extend by the team leader (however, there is no record of 
this). There is a record about the mechanics with certificates of their education and training. 

Changing the available capacity on the short term is difficult when it concerns a company-
wide change. We saw earlier that attracting temporary personnel (that is as specialized as is 
required for KES) is almost impossible. However, we can think of other ways to add some 
flexibility to the available capacity. One example is to ask personnel to take vacation in quiet 
times and to not take vacation in busy times. A second way is to use overtime for 
unexpected busy times. This flexibility will not be taken into account during this thesis, but  
we recommend that the production manager considers this as a possible option to solve 
short term problems.  

Another option would be to exchange personnel between maintenance teams. At KES 
mechanics are assigned to a team and work for that team. However, in some instances 
mechanics are lend out to other teams to help when there is exceptionally much work. 
Currently this is only done in case of emergency, and thereby it depends highly on the 
communication between team leaders. To add more flexibility we could remove the team 
structure and assign the tasks to the most suitable available mechanic. Another less 
comprehensive way would be to review the team composition every period. This way we 
can optimize the composition of the teams such that there is the least chance on under or 
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over capacity (e.g. if the expected required capacity of team A is 100hours and of team B is 
200hours, team A should have 33% of the capacity while team B should have 66%). 

3.3. Arrival process 

The processes at KES can be described using Figure 3.2, and from this figure we can see that 
the processes can be divided in: arrival of work, release of work, and the processing of the 
maintenance jobs themselves. Before this we want to evaluate the difference between work 
that cannot be planned and work that can be planned.   

This analysis is done based on data retrieved from KES, the Dutch Meteorological Institute 
(KNMI), and Amsterdam Airport Schiphol (AAS). We did our analysis for data averaged per 
week and per month. We focus our analysis to MN work because MP work can be released 
when necessary. 

 

Figure 3.2: Schematic overview of the situation as described in the thesis 

3.3.1. Work that can or cannot be planned 
The maintenance jobs that arrive can be divided in two streams, work that cannot be 
planned (MN work) and work that can be planned (MP work). The MN work is the 
maintenance that is absolutely necessary for the vehicle to be available to the customer 
(e.g. a broken engine or a flat tire). It is not useful to postpone this maintenance because 
the vehicle will be unavailable to the customer anyway. Therefore we call this maintenance 
that cannot be planned. In the contrary, MP work can be planned because this is 
maintenance that is not absolutely necessary for the vehicle to be available to the customer 
(e.g. a broken heater or period inspections). These maintenance jobs can be planned 
because when not done the vehicle can still be used by the customer. 

3.3.2. Arrival of maintenance jobs 
In the previous chapter we stated that we can get more insight in the arrival process by 
checking for seasonal patterns and by checking for related variables (predictor variables). 
We check the data of MN work arrivals per week and per month. The minimum, maximum, 
mean and standard deviation of the arrival of MN jobs are given in Table 3.1.  

 

Table 3.1: Statistics of the arrival rate of MN jobs per week and per month for the 
team LT (2010-2012) 
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Seasonal analysis 
The arrival rate of maintenance jobs is believed to have a seasonal pattern. In this section 
we shortly review a time series analysis applied to the data to determine if seasonality is 
present. Two sets of conditions need to be met in order to be able to use this way of 
analysis, the data under analysis must be:  

- a stationary process,  
- an ergodic process 

We took data from 2010 – 2012 because this data is consistent and gives a stationary 

process (a process with the same characteristics during the whole data set). A process is 

ergodic when its statistical characteristics are deduced from one sufficiently long sample 

(Papoulis, 2002). We derived all data from one sample, and according to (Field, 2009) the 

minimum of doing seasonal analysis is three seasons. These conditions are met, and we will 

continue with the analysis.  

The operating hours of team LT are given in Figure 3.3, but no conclusions can be drawn 

from this figure itself. Therefore, time series analysis is done in order to detect and quantify 

any patterns in the data. The time series analysis contains the following set of steps; 

Identify, Estimate, Verify, and Validate (Rijpkema, 2010). 

 

Figure 3.3: Arrived maintenance hours (per month) 

The total number of arrivals of team LT, of the groups 4WTRH, 90KVA, and TRSPB are tested 
for seasonality, of which the calculations can be found in Appendix IV. Neither of these sets 
contain seasonal patterns, therefore we expect to find none in the remaining groups. We do 
not check all the groups in the same detailed manner, but we test them using the faster, but 
less accurate ‘Expert Modeler’ function of SPSS to get an overview of possible outcomes.  

We found two significant seasonal patterns (the total number of arrivals for the vehicle-
group CONT and the S-failure arrivals of the vehicle-group SPECM). However, these vehicle-
groups are so small and are most likely exceptions. Therefore we pay no further attention to 
seasonal patterns in this study.   
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Forecasting the number of failures that arrive using predictor variables 
Here we check whether it is possible to make a forecast using factors related to the arrival 
rate. According to KES the weather and the number of flight movements have an impact on 
the number of failures. We focus on these variables when doing the regression analysis. The 
analysis will be done for the arrival of MN jobs per month and per week. In Appendix V we 
find the forecast of the number of MN arrivals per month and in Appendix VI we find the 
forecast of the number of MN arrivals per week.  

For the number of arrivals per month we found that the most significant model was the 
model where we used an average of frost days per month as predictor, which yielded in a 
model with an R2 of ,297. In other words, about 30% of the variation of the number of 
arrivals is caused by the average number of frost days. The remaining variation cannot be 
explained using linear regression and will not be further investigated.  

For the number of arrivals per week we found that the most significant model was the 
model  where we used both the average maximum temperature and the number of flight 
movements as predictors, which yielded in a model with an R2 of ,228. In other words, about 
23% of the variation of the number of arrivals is caused by these variables. 

We have seen that there is a relation between weather and arrival rate, and since these 
arrivals are determined by the mean time between failure (MTBF) and the amount of 
operating hours per month, we will investigate whether there is a relation between weather 
& MTBF and flights & operating hours. We analyze both the vehicle-group TRSPB and the so-
called ‘Trekkers’ (which are the luggage tractors) because we assume that the amount of 
operating hours is related to a vehicle-group and not a team. To the experience of KES the 
MTBF is expected to be lower in winter (resulting in more failures), while the amount of 
operating hours is expected to be lower, due to less flights in the winter (resulting in less 
failures). It might be that these effects cancel each other out. The whole analysis can be 
found in Appendix VII.  

The relations between MTBF-temperature and operating hour-flight movements were as 
expected. The MTBF is predicted by the average maximum temperature with R2= ,590 and 
the hours is predicted by the flight movements with R2= ,773. However, the R2 of the 
combined model is ,117 and therefore the model is not usable.  

However, we have seen a strong relation between the MTBF-temperature and operating 
hour-flight movements which might be used in other ways to create understanding in the 
arrival rate (e.g. operating hours is directly related to inspections), and we recommend 
further research to be done on this relation between operating hours and inspections.  

3.4. Release of work 

In this paragraph we take a closer look at the necessity of timely inspections and  how the 
MP is released throughout the week.  

3.4.1. The amount of WIP throughout the week 
Usually planners try to get all the vehicles (the MP work that need is released) to be 
available at the beginning of the week. This is a safety that planners use, to make sure there 
is enough work at the start of the week. However, we expect this to be unnecessary due to 
the amount of MN work that has arrived during the weekend before. This MN work is not 
done due to the fact that KES is closed during the weekend (except the service cars, but they 
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do not fix more vehicles in the weekend than during the week, thus they do not reduce the 
number of arrivals during the weekend). We check how the WIP is distributed throughout 
the week, and suggest that the number of inspections that is released per weekday is linked 
to the average amount of WIP on that weekday.  

Figure 3.4 indicates the amount of WIP at the end of the specified weekday. As can be seen 
in Figure 3.4, the WIP increases with ten vehicles on average due to the fact that no vehicles 
can be repaired in the regular maintenance. This means that, next to the regular number of 
vehicles arriving on a Monday, ten vehicles are added to this stock. 

In Figure 3.5, we can see the amount of MP work that are released on a specific weekday. As 
can be seen, most of the inspections are released on Monday which is as we expected. 
However, we wonder if it would not be better to release later in the week. As we can see 
there is work leftover from the weekend which needs to be maintained. 

 

Figure 3.4: Average WIP per weekday (team LT, 2010-2012) 

 

Figure 3.5: Average number of MP jobs released per weekday (team LT, 2010-
2012) 

We also take a look at number of MN jobs that arrive during the week because these jobs 
are expected arrive completely random, without interference of the planners. As we can see 
in Figure 3.6, the number of arrivals on Monday to Friday is on average higher than in the 
weekend. The drop in the weekend can be explained due to the fact that mechanics in the 
service department fix more in the weekend because there is no regular maintenance team 
available then (the orders that are fixed by the service department are never released into 
the regular maintenance).  
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Figure 3.6: Average MN arrivals per weekday (team LT, 2010-2012) 

We have seen that the amount of work throughout the week is roughly equal, and because 
there is no regular maintenance team in the weekend the WIP builds up during this time. So, 
if we combine the amount of work left over from the weekend plus the inspections that are 
started in the beginning of the week we can see there will be a lot of work at the beginning 
of the week. We wonder if it would be sensible to adjust the number of MP release based 
on the expected work that arrives throughout the weekend.  

3.4.2. Duration of maintenance jobs 
In this thesis we mostly use the average duration of maintenance jobs to keep the 
calculations simple. However, we do make a distinction between work that can be planned 
and work that cannot be planned. This distinction is made because the average duration for 
a MP job and the average duration of a MN job differ a lot. Besides that it is expected that 
more information about the MP work is available, and thus a more precise estimation of the 
duration can be made. The distributions of the duration of MN and MP work are fitted using 
SPSS and MS Excel, and one can find the detailed description of the method to determine 
the distribution in Appendix IX and Appendix X. From it results that the expected duration of 
a MN maintenance jobs can be estimated by an exponential distribution: 
 [   

 ]    (    ), and the duration of MP maintenance jobs can be estimated by the 

gamma distribution:  [  
 ]  (           ). 

Team leaders and planners expect that the duration of a job takes is biased by the workload 
within a team (i.e. when there is little work mechanics will be more precise, less hasted, and 
slower than when there is a lot of work). In other words, it is expected that the performance 
of mechanics is dependent on the workload, which we found similar to the Yerkes-Dodson 
law (Wickens, 1992). This law models the relation between performance and arousal as a U-
shaped curve as depicted in Figure 3.7, taken from (Wickens, 1992). This law expect that 
there is an optimum level of arousal which yields in the best performance. In our case the 
optimum level of arousal (the work pressure) would yield in the shortest processing time.  



19 
 

 

Figure 3.7: The relationship between performance and arousal (Wickens, 1992) 

We test whether there exists a relation between the average Work In Process (WIP) and the 
average duration of a maintenance jobs. We start by evaluating the data per month. 

In Figure 3.8 we show the scatterplot of the average WIP per month and the average 
duration of maintenance jobs per month. This scatterplot gives us a hint about if we can 
expect a (strong) relation between the two variables, however from Figure 3.8 we cannot 
see a clear relation.  

 

Figure 3.8: Scatterplot of average Duration and average WIP per month of team 
LT (2010-2012). 

To test whether or not there is a relation between the WIP and duration, a bivariate 
correlation test (the Pearson’s Product-Moment Correlation) is done as well. This test tests 
the linear relation between the two variables. This bivariate correlation test indicates that 
there is no relation between the two variables.  

Next, we check if there is any relation between the amount of WIP and the average duration 
per week. In Figure 3.9 we show the scatterplot of the average WIP per month and the 
average duration of maintenance jobs per month. In the scatterplot in Figure 3.9 we cannot 
see if there is a clear relation either.  
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Figure 3.9: Scatterplot of average Duration and average WIP per week 

To test whether or not there is a relation between the WIP and duration. This bivariate 

correlation test indicates that there is no relation between the two variables.  

From these tests we can conclude that the expected relation between the amount of WIP 
and the duration of maintenance jobs is not present.   

3.5. Necessity of inspections 

In this paragraph we review the time between inspections. We were told by people at KES 
that inspections are not done exactly at the time they need to be done, and we tested 
whether this affects the MTBF of a vehicle.  

At the moment, inspections and other maintenance work that can be planned (MP work), 
are used to level the amount of work in the teams. In this paragraph we take a closer look at 
the timeliness of inspections and we determine if postponing inspections has impact on the 
number of failures. In this paragraph we analyze data from the vehicle-group 4WTRH. 

3.5.1. Data collection 
In order to check if the timeliness of inspections is essential, the time between two 
inspections are calculated. It is then determined how many maintenance jobs (both the 
total amount of maintenance jobs and only S-failures) there are between the same 
inspections. This results in a list with times between inspections linked to a number of 
failures between inspections. It seems obvious that there are more maintenance jobs when 
there is more time between inspections. In order to compare the instances the amount of 
failures per hour between inspections is calculated. We make a distinction between three 
datasets; A-, B-, and C-inspections. 

3.5.2. Calculations 
At the vehicle-group 4WTRH, the A-inspections should be done after 400 hours, and both 
the B- and C-inspections should be done after 800 hours. For each of the groups we 
determine four ‘time between inspections’-values (hereafter referred to as split-values). We 
split the datasets of A-, B-, and C-inspections using these split-values to generate two 
subsets. For example, we split the dataset of A-inspections in two subsets, one consists of 
instances that had more than 500 operating hours between inspections, and one subset of 
instances that had less or equal than 500 operating hours between inspections.  
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We compared the means of the instances that were greater than the split-value with the 
instances that were smaller. For each split-value this mean failure per hour is given for the 
sample that is greater than the split-value and the sample that is smaller. In 0 both the 
results for the total number of failures and only the S failures are given. We found that there 
is no split-value for which the ‘greater-subset’ has more failures per hour. This can have 
multiple causes on which no further research will be done (however, one can think of 
eagerness of mechanics, which see a vehicle come time after time back due to failures and 
decide a more thorough inspection is required).  

An analysis has been done at the groups TRSPB and HI144, which both show a similar 
outcome (only significant values for more failures when less time between inspections). 
After the analysis above no further effort is done to find a relation between inspections and 
the number of failures. 
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4. Conceptual models to balance capacity  
The problem at hand is the imbalance between the available capacity and the required 
capacity. In this chapter we construct the conceptual model to deal with this imbalance.  

First we introduce the general situation in paragraph 4.1. In paragraph 4.2 we describe the 
assumptions made in the current situation, and whether they are realistic or not. We then 
move to the cost that we consider in the models in paragraph 4.3. In paragraph 4.4 we 
discuss the conceptual models, and in paragraph 4.5 we review this chapter.  

4.1. Description of the current situation 

The assignment is to balance the required capacity with the available capacity. The required 
capacity is the work (in hours) that needs to be done in a period, and the available capacity 
is the amount of hours available to do maintenance in a period. Each team is independent of 
other teams in terms of required capacity (every team has their own vehicles to maintain), 
and we assume that every team can be studied separately from another. The situation we 
described here is shown schematically in Figure 4.1. 

Due to the difficulty of hiring the required specialists the available capacity is assumed to be 
fixed.  

The required capacity during period t consists of the WIP at the beginning of period t, work 
that cannot be planned (referred to as MN work), and work that can be planned (referred to 
as MP work). The WIP at the beginning of a period is that part of the workload of the 
previous period that was not finished. The MN work cannot be planned. MP work can be 
planned because the vehicle can be used until it is released for maintenance (and is thus 
available to the customer until it is released). This is the reason MP work is stored in a so-
called administrative buffer. We call it an administrative buffer because it only exists on 
paper and vehicles in the buffer are available for the customer until the maintenance job 
(related to the vehicle) is released. We stated earlier that MN work causes a vehicle to be 
unavailable anyway, and therefore MN work is not put in a buffer but released upon arrival. 

MP 
buffer

Release

Arrival Release

Arrival
MN work

MP work

 

Figure 4.1: Schematic overview of the situation as studied in the thesis 

Releasing a job means to make it available for maintenance. When a job is released, the 
vehicle needs to be brought to KES. When MN and MP jobs are released they enter the WIP. 
In the WIP the MN and MP jobs are subject to the same priority, because both are causing 
the vehicle to be unavailable to the customer until finished. MP work can be returned 
unrepaired to the customer to avoid a fine.  
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The WIP is the workload that is not yet finished. WIP that is not finished in the period will be 
part of the workload of the next period. WIP that is not finished at the end of the period 
increases the probability of exceeding the so-called ‘off-position’ (the maximum number of 
vehicles that is allowed to be unavailable to the customer due to maintenance). As we saw 
in the previous chapter this off-position was determined per vehicle-group, but to simplify 
the setting we assume that the off-position is determined per team.  

In this thesis we study the situation described above for a single team and single period 
setting, and we maintain all released work First Come First Served (FCFS). Maintenance jobs 
are assumed to arrive at the beginning of a period.  

The purpose of the model is help planners and team leaders in making the decision about 
how many MP jobs can be released at the beginning of period t. The bringing in of MP work 
takes time, the customer needs to know some time in advance when vehicles are brought in 
for maintenance. Therefore we need to make a decision about how much MP work to 
release at the beginning of the period.  

4.2. Assumptions 

The following assumptions are made when describing the current situation: 

- Each team is independent of other teams. 
- Due to difficulty in hire the required specialists the capacity of a team is fixed. 
- Vehicles that are released are unavailable to the customer until they are returned. 
- There is only one type of vehicles per team. 
- All work that is released is maintained FCFS. 
- All MN work arrives in the beginning of the period, after the decision of releasing MP 

work is made. 

4.3. Costs considered 

We use cost to measure the negative effect of having too much or not enough capacity 
available: 

- Costs due to too much capacity (over capacity) 
- Costs due to fines 

We do not want to have more available capacity than is required since this is a waste of 
capacity (which costs money). However, when we release too many MP jobs the probability 
of exceeding the off-position increases.  

Given the costs we can form a function to calculate the costs (for period t) due to over 
capacity and fines. When we minimize the total costs, we balance the required capacity with 
the available capacity.  

4.4. Conceptual design 

In this thesis we only consider a single team, single period setting. We assume that the 
duration of maintenance jobs is deterministic. To balance the capacity, the available 
capacity needs to be roughly equal to the required capacity, and in order to achieve this we 
can decide upon the number of MP jobs to release since the required capacity is the sum of 
required capacity due to MN work and required capacity due MP work, MN work is released 
upon arrival.  
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The following assumptions are made: 

- All the work arrives at the beginning of the period, to prevent the possibility that all 
jobs arrive in the last part of the period (in which case we have overcapacity the first 
part of the period and undercapacity the last part of the period). 

- All work arrives after the decision about releasing MP work is made. 
- The MP work that arrives cannot be released until the next period. 
- The MP work does not expire and therefore it does not matter when the MP work is 

done, even though in theory this could lead to infinite long lead times for MP work. 
- The capacity of a team is reviewed frequently (we think quarterly or yearly would 

suffice) to make sure there is enough capacity to do both the MN work and MP 
work. This decision is a more strategic decision and is left out of scope. 

- All vehicles are returned immediately and it does take no time to do so. 

Given these assumptions, we describe three models and one heuristic:  

Model I: Direct release of MN work 
Model II: Release the MN work one period later 
Model III: Dedicated capacity for MN and MP work 
Heuristic: Release all work and return MP work to prevent the off-position from 

exceeding 

4.4.1. Model I: Direct release of MN work 
In this model we release all MN work that arrives in the period, we minimize the cost by 
choosing the right number of MP jobs to release. The problem has four variables; the 
available capacity, leftover WIP of the previous period, arrival of MN work, and the release 
of MP work. We assume that the duration of maintenance jobs is deterministic which leaves 
us with only one stochastic variable, the number of MN jobs that arrive. The decision about 
how much MP work to release is made before it is known how much MN work arrives 
because the release of MP jobs takes time and need to be decided before the amount 
number of MN jobs is known. The amount of MP work to release in a period is based on a 
minimization of expected costs. These expected costs are divided in expected costs due to 
over capacity and expected costs due to fines.  

The expected costs due to over capacity are determined by the costs of over capacity and 
the probability of having over capacity. The probability of having over capacity depends on 
the amount of MP work we release. The expected costs due to fines is determined by the 
costs of a fine and the probability of getting a fine. Here the probability of having a fine is 
also dependent on the amount of MP work we release. In the next chapter we will see how 
these probabilities and MP releases are linked.  

The number of MP jobs that results in the smallest expected cost is chosen. We assume that 
the number of MN jobs is only known after the decision of how many MP jobs to release is 
made. This is because the release of MP jobs takes time and need to be decided before the 
number of MN jobs is known. 

This model is the closest representation of the current situation given the assumptions we 
made. The disadvantage is that knowledge (historical values) about the arrival of MN work is 
necessary to determine the expected cost.  
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4.4.2. Model II: Release the MN work one period later 
In the previous model the MN work arrives after the decision of how much MP work to 
release has been made, the amount of MN work is thus not known. In this model we hold 
the MN work of a period and release it in the next period (e.g. the MN work that arrives in 
period 5 will be released in period 6). This way, we know how much MN work there is in a 
period after which we can decide how much MP work to release. However this comes at the 
cost of having a higher WIP (i.e. we have MN work from two periods that is unavailable to 
the customer) and thus a higher probability that the off-position is exceeded.  

We decide how much MP work can be released based on a cost minimization. Even when 
the required capacity can be matched exactly with the available capacity the expected cost 
of fines is dependent on the number of MP jobs that are released. It can be cheaper to 
release less MP jobs in order to prevent possible exceeding of the off-position and have 
costs for over capacity instead. The optimal number of MP jobs to release is determined by 
minimizing the cost of over capacity and fines. The amount of MP jobs that can be released 
is restricted to the buffer (we cannot release more work than is available at the moment of 
decision). 

The number of MP jobs that resulted in the smallest expected cost is chosen. This number of 
MP jobs results in the actual cost given the number of MN jobs that arrive. 

We evaluate this model to see whether knowing the amount work that needs to be done in 
a period outperforms not knowing (like in model I). It seems that in some periods we might 
be holding on to MN jobs that arrive when we have too little required capacity and release 
them in periods that might already be busy. Next to that, we have MN work from two 
periods that results in vehicles being unavailable to the customer which results in extra risk 
of fines. However, the main advantage is that the number of MN jobs is known, this reduces 
the risk of having over capacity. It eliminates the possibility of having over capacity (more 
available capacity than required capacity) when there is enough MP work in the buffer. 
There might be instances in model I where we do not release all MP work and have over 
capacity. In general this model reduces the costs due to over capacity but increases the 
costs due to fines. Therefore we expect this model to outperform model I when the cost of 
having over capacity is higher than the cost of having a fine. 

4.4.3. Model III: Dedicated capacity for MN and MP work 
In this model we split the available capacity in two parts. We dedicate one part to MN work 
and one part to MP work. We dedicate capacity to MN work based upon the expected 
amount of MN work (including work from the previous period). The rest of the available 
capacity will be dedicated to MP work. The capacity dedicated to MP work cannot be 
greater than the amount of MP work in the buffer. This makes sure there are no costs 
related to over capacity or fines at the capacity dedicated to MP work.  

So in order to minimize the cost we need to choose the amount of capacity dedicated to MN 
work carefully. There are numerous ways to determine the optimal amount of capacity to 
dedicate to MN work. Here we have chosen two ways determine this optimal value: 

a. We fit a probability distribution to the arrival rate of MN work and minimize the 
expected cost 

b. We use frequency tables of the arrivals of MN work and choose the capacity such 
that an average service rate is yielded 
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By fitting the distribution we can calculate the optimal value for capacity dedicated to MN 
work by weighing costs (which is a newsboy problem). When it is not possible to fit a 
distribution or when this is too time consuming one can dedicate the amount of capacity to 
MN work based upon a required service rate.  

Minimize expected costs using a probability distribution MN arrivals 
The first way to determine the optimal amount of capacity to dedicate to MN work is based 
upon a probability distribution we fit to the arrival rate of MN jobs. We use the probability 
distribution to weigh the cost of having over capacity or fines (which is a newsboy problem). 
In this case we sum the expected cost of all the possible values for the arrival of MN jobs. 
The expected cost for 0 to X MN jobs that arrive (where X is the number of jobs which 
exactly covers the capacity dedicated to MN work) are costs due to over capacity, and for 
more than X arrivals are the costs are due to fines. The problem described above is also 
known as the newsboy problem. This newsboy problem is explained in more detail in the 
Appendix XII. 

Average service rate 
Instead of fitting a probability distribution we make use of frequency tables instead. Making 
use of historical values we can calculate what the probability of X arrivals is and base the 
expected costs on that. When the capacity dedicated to MN work is Y jobs we can calculate 
what the total costs are.  

We evaluate these models even though they are by definition worse than model I. However, 
when we use deterministic durations for the maintenance jobs this model is equal to model 
I.  The main advantage of this model is that we can focus on the MN work, since the capacity 
dedicated to MP work is exactly equal to the MP work that is released, this simplifies the 
problem. Another advantage is that a split can be made between a part of the capacity that 
is dedicated to ad hoc MN work and a part of the capacity that is dedicated to routine work. 

4.4.4. Heuristic: Release all work and return MP work to prevent the off-
position from exceeding 

In this heuristic we release all MN work that arrives in a period and the MP work that is in 
the buffer at the beginning of the period. When the off-position is exceeded we return just 
enough MP work to get no fines. In this case a fine needs to be paid when enough MN work 
arrives to exceed the off-position (with only MN work).  

This heuristic results in costs due to over capacity, costs due to fines, and costs due to 
returning vehicles. We assume that the cost of returning a vehicle is lower than the cost of 
having a fine. This results in the following four situations:  

1. There is more capacity available than there is required. 
2. There is less or equal capacity available than required, but the off-position is not 

exceeded. 
3. There is less capacity available than required, but enough vehicles with MP jobs can 

be returned to make sure the off-position is not exceeded. 
4. There is less capacity available than required, but even when all the vehicles with MP 

jobs are returned the off-position is still exceeded. 

For example, when we have 100 vehicles of which 75 need to be available to the customer, 
this means that 25 can be maintained at the same time. So, when we released 20 vehicles 
(with MP jobs) the off-position is not exceeded. However, when 10 vehicles with MN jobs 
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arrive the off-position is exceeded and 5 vehicles with MP jobs need to be returned to the 
customer.  

The main advantage of this heuristic is that the probability on having over capacity is 
reduced to a minimum. The disadvantage is that it takes more space and also more handling 
of vehicles (with handling we mean that ‘one needs to move other vehicles to get to the 
vehicle he needs’). Another disadvantage is that we could release MP jobs even though we 
could know that we will not be able to fix them.  

4.5. Summary 

We have seen the following four concepts to deal with the imbalance of capacity: 

Model I: Direct release of MN work 
Model II: Release the MN work one period later 
Model III: Dedicated capacity for MN and MP work 
Heuristic: Release all work and return MP work to prevent the off-position from 

exceeding 

In model I we release all MN work upon arrival, based upon the probability of having a 
certain amount of MN arrival we determine the expected costs due to over capacity and due 
to fines.  

In the second model we take away part of the uncertainty by releasing the MN work one 
period later. By doing this we make sure that we only have over capacity when there is no 
more MP work to release (in contrary to the first model in which we could have over 
capacity while having unreleased MP work). This goes at the cost of having more unavailable 
vehicles and thus a higher risk on fines.  

In model III we dedicate capacity for MN and MP work in order to make a distinction 
between the two. This is thought to be useful due to the fact that both streams of work are 
very different, and require a different approach. MN work is uncertain by definition, and 
requires ad hoc control, MP work on the other hand is very predictable and requires steady 
control. Model III is only viable given the assumption that performance increase when a 
distinction is made between an ad hoc and a steady flow environment. Further research 
needs to be done about this, and therefore model III left out the remaining part. 

In the heuristic we release all the work, the MP work that is in the buffer and the MN work 
that arrives. We try to avoid exceeding the off-position by returning MP work. The off-
position can thus only be exceeded when all the MP work is returned. This heuristic is 
expected to perform well when the over capacity is expensive (related to a fine) and when 
return costs are low.  

When the cost of over capacity is relatively high compared to the cost of a fine the second 
model is expected to perform best. When the costs of fines are high compared to the costs 
of over capacity we expect the first model to outperform the others.  
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5. Mathematical models 
In this chapter we convert the conceptual models from chapter 4, to mathematical models. 
As been discussed in the previous chapter we make mathematical models for the models I, 
II, and IV only. As has been discussed, Model III is at best equal to model I and expected to 
be worse in most instances. As we stated earlier these models are about one team and one 
period, and we have two types of cost: costs due to over capacity and costs due to fines. We 
assume that the duration of maintenance jobs is deterministic and therefore we know the 
workload of MP work that is released. 

5.1. List of variables 

In the mathematical model the following notation will be used: 

[ ] : value of x is either positive or zero otherwise,    {   } 

⌊ ⌋: x is rounded down to the nearest integer 

  
 : number of MN jobs that arrive at period t 

  
 : number of MP jobs that is in the buffer, the jobs that can be released at 

the beginning of period t 

  : cost per vehicle that exceeds the off-position (costs per fine) 

  : cost of one hour over capacity (having one hour more capacity available 
than is required) 

  : cost of returning one vehicle to the customer 

  : total costs related to period t 

  : Available capacity of period t 

  : duration of an MN job 

  : duration of an MP job 

  
 

: number of vehicles with MP jobs that are returned to the customer in 
period t 

  : Off-position at period t (i.e. the number of vehicles that are allowed to 
be unavailable to the customer) 

  
 : number of MP jobs that is released at the beginning of period t  

    : the WIP before arrival of MN work or released MP work at the 
beginning of period t 

    
 : the WIP due to MN work at the beginning of period t 

    
 : the WIP due to MP work at the beginning of period t 

 : maximum number of MN releases for which the capacity is sufficient 
given the      and a certain number of released MP jobs. 

Note that not all variables will be used in every model. 
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5.2. List of assumptions 

In the models described in this chapter the following assumptions are made: 

- The duration of the maintenance jobs is deterministic. 
- The capacity of the team is fixed for period t. 
- MP jobs cannot be released until the period after the period of their arrival. 
- Maintenance jobs in the administrative buffer do not expire. 
- It is always possible to return a vehicle with an MP job. 
- The time to return a job to the customer is negligible. 
- The costs of a fine exceeds the cost of returning a vehicle (it is always cheaper to 

return instead of pay a fine). 

5.3. Model I: Direct release of MN work 

In this first model the MN work is released directly on arrival. We assume that enough 
knowledge about the arrival of MN work is available and it is known what the probability is 
that a certain number of MN jobs arrive ( (  

 )).  

The model as we described above can be written as: 
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In this model we have expected costs due to over capacity and expected costs due to fines. 
We have over capacity when the available capacity (  ) is higher than the required capacity. 
The required capacity is the sum of the WIP leftover from the previous period (    ), the 

workload due to MN work (  
   [  ])  and the workload due to MP work (  

   [  ]). 

The required capacity is dependent on the number of MP jobs that is released and on the 
number of MN jobs that arrive (  

 ), the amount of leftover WIP is known. To calculate the 
expected costs we determine the number of MN jobs that makes the required capacity 
equal to the available capacity. This number of MN jobs is defined as X (and because it can 
happen that X is not an integer we round the value of X down to the nearest integer). The 

value of X is dependent on how much MP work we release in that period (  
 ).  

When fewer than X MN jobs arrive there are thus costs due to over capacity. The expected 
over capacity is determined by the amount of over capacity for every number of arrivals of 
MN jobs (when less than X arrivals, the costs are zero) multiplied with the probability per 
number of MN arrivals. The amount of over capacity is determined by subtracting the 
amount of required capacity from the available capacity. The expected over capacity is then 
multiplied with the costs per hour over capacity (  ).  
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There are fines to be paid per vehicle that exceeds the off-position (  ). This off-position is 

exceeded when more than O vehicles are unavailable to the customer. The expected 
number of vehicles that are unavailable to the customer is number of vehicles with MN jobs 

that were leftover from the previous period (⌊
    

 

 [  ]
⌋), the number of vehicles with MP jobs 

that were leftover from the previous period (⌊
    

 

 [  ]
⌋), the number of MP jobs that are 

released (  
 ), and the number of MN jobs that arrive (  

 ). The expected costs due to fines 
are determined by the expected number of unavailable vehicles and the costs related to the 
number of unavailable vehicles. 

The expected costs can be minimized by changing the number of MP jobs to release (  
 ), 

this is the decision variable. However, the number of MP jobs that can be released is limited 

by the buffer of MP jobs (  
 

).  

5.4. Model II: MN work is released one period after arrival 

In this model we wait with releasing the MN work until the next period. This way we know 
exactly how much MN work we have and based on that we can release MP work. This 
results in a model that can be described as: 
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Where,  

  
    

  

As we stated in the previous chapter, a way to make the amount of MN work known in 
advance was to release the work one period later than it arrives (    

 ). This can only lead to 
costs due to over capacity when the amount of MP work in the buffer is less than the 
amount that is necessary (available capacity minus the WIP leftover from the previous 
period and minus the work that arrived in the previous period).  

The first part of the model is about the costs related to over capacity. The costs related to 
over capacity are deterministic, we can decide how many MP jobs to release and the 
number of MN jobs that are released is known. When this results in a lower required 
capacity than available capacity (  ) there is over capacity. The required capacity is the sum 
of the WIP leftover from the previous period (    ), the workload due to MN work 

(    
   [  ])  and the workload due to MP work (  

   [  ]). The amount of over 

capacity is multiplied with the cost of having over capacity (  ). 

The second part of the model is about the costs related to fines. This part of the model is 
stochastic since it contains the variability of arriving MN jobs in the current period (  

 ). 
Even though we do not release them yet, these jobs make the vehicles unavailable to the 
customer. When the sum of unavailable vehicles is higher than the off-position O, a fine 
must be paid for each vehicle exceeding this off-position. The sum of vehicles unavailable to 

the customer consists of: WIP (which is split in WIP due to MN work (⌊
    

 

 [  ]
⌋) and the WIP 



31 
 

due to MP work (⌊
    

 

 [  ]
⌋)), the number of MN jobs that arrived in the previous period (    

 ), 

the number of MN jobs that arrived in the current period (  
 ), and the number of MP jobs 

released (  
 ). It is the number of MN jobs that result in a certain number of vehicles 

exceeding the off-position. The amount of vehicles that exceed the off-position is multiplied 
by the fine costs per vehicle (  ) and the probability that a specific number MN jobs arrive 

( (  
 )). 

5.5. Heuristic: Release all work and return MP work to prevent the off-
position from exceeding 

In this heuristic, we release all the MN that arrived and all the MP work from the buffer. We 
return MP work to keep the off-position from exceeding. In this heuristic we make the 
decision based upon the off-position (how much MN work arrives). We minimize the cost by 
choosing how much MP work to return, and the total costs can only be calculated at the end 
of the period. This results in the following costs: 
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The first part of the heuristic is about costs related to over capacity. When the required 
capacity exceeds the available capacity (  ) we have over capacity. The required capacity is 
the sum of: the WIP leftover from the previous period (    ), the workload due to MN 

work (  
   [  ]), and the workload due to MP work (  

   [  ]). The amount of over 

capacity is multiplied with the over capacity costs (  ). 

The second part is about costs related to fines. In this part we sum all the vehicles that are 

unavailable to the customer; the jobs in WIP due to MN work (⌊
    

 

 [  ]
⌋) and the MN jobs that 

have arrived (  
 ). From this we subtract the total amount of extra vehicles ( ). When this 

number of vehicles is positive we multiply it with the fine costs per vehicle(  ). We assume 

that the fine cost are higher than the return cost, therefore the MP work is left out of this 
equations. In other words, a fine only needs to be paid when the off-position is exceeded 
while all MP jobs that have arrived are returned as well.  

The third part is about the return costs. When there is leftover MP work at the end of the 
period or when an MN order arrives that makes one of the vehicle-groups exceed their off-
position.  
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6. Case study 
In this chapter we will conduct a case study with the mathematical models, as created in the 
previous chapter. This case study is conducted at the team Loaders and Transporters (LT) of 
KES. In this study we gathered data from 2010 to 2012 on which we base our parameters, 
because older data was not reliable enough according to KES. Data from the weeks 1 to 22 
of 2013 were used to test the models. We found that on average more vehicles break per 
month than are allowed to be unavailable to the customer (in paragraph 3.3 we found that 
on average 182 MN jobs arrive, and with an maximum of unavailable vehicles of 90). 
Therefore a monthly period of decision making about the release of work is a too long.  

The evaluation of the models is done in Excel and using the minimization of the expected 
costs we determine an optimal number of MP jobs to release. This optimization represents 
the balance between the available capacity and the required capacity and the calculation 
can be seen as a tool for planners to optimize this balance. With this number of MP release 
we then calculate the costs given the actual arrivals and required capacity.  

The parameters we use are described in more detail in paragraph 6.1. The decisions that we 
made based on these expected costs were evaluated using the case data. How we test the 
models is described in paragraph 6.2. The costs resulting from this decisions are given in 
paragraph 6.3. 

6.1. Parameters for the models 

The following input will be used for calculating the costs.  

Arrival rate MN jobs  
The arrival of work is a stochastic process of which the distribution is unknown. In paragraph 
3.3 we checked the data for seasonal patterns and for predictor variables which. The results 
for both analysis are not useful.  

In this section we will fit a probability distribution to the arrival rate, and for this we use 
historical data (from 2010 – 2012). This data is split in work that cannot be planned (MN 
work) and work that can be planned (MP work). The number of MN arrivals and MP arrivals 
per week are shown in Figure 6.1, and as can be seen there can be a lot of difference 
between one week and the following week.  

 

Figure 6.1: Number of arrivals for MP and MN work of team LT per week 
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In order to fit a probability distribution we take a closer look at the arrivals of MN work. 
First, we checked data for outliers using the z-scores as recommended by (Field, 2009). 
However, we did not find any outliers in the data and we did not need to correct the data. 
Than we used SPSS to determine how a distribution fits to the data and to estimate 
parameters. We tested the Normal, Exponential, Gamma, and Weibull distribution. 

First, the fit to the normal distribution was checked using the (probability-probability) P-P 
plot, see Figure 6.2. In Figure 6.2, a histogram is given with a normal curve to show the fit.  

 

Figure 6.2: P-P plot and Histogram of the arrival of MN jobs per week 

From the plots in Figure 6.2 we can see that the normal distribution does not really fit the 
data. However, we cannot exclude the normal distribution based on the figure. We check 
the normalized skewness and normalized kurtosis as well (according to (Field, 2009), the 
data is normal distributed when the skewness and kurtosis are not significant). In order to 
check if the normal distribution fits or not, we calculate the normalized skewness and 

normalized kurtosis:           
   

          
       , and           

   

          
       . 

(Field, 2009) indicates that when the sample is larger than 200 the normalized value needs 
to be higher than 2,58 (we have 156 measurements). As we see, the data is significant for 
kurtosis, and it is unlikely that the data is normally distributed.  

We tested the data as well on the Exponential, Gamma, and Weibull distribution. The P-P 
plots can be found in, Figure 6.3. As can be seen does the exponential distribution not fit, 
and we compare the Gamma and Weibull distribution with a sum of residual squares. The 
comparison between the expected probability and actual probability: 
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From this we can see that the Gamma distribution has the best fit. The arrival of MN jobs 
per week can be described as:    

   (            ). 

Using the total sum of squares (   ) and the sum of residuals (   ) we can calculate the R2 
which gives us an indication of what amount of the variance is explained by the distribution:  

   
   
   

 
       
   

 

By “using the mean as a model, we can calculate the difference between the observed 
values, and the values predicted by the mean” (Field, 2009). The R2 for the Gamma 
distribution is >99% and fits thus very good to the data.  

 
Figure 6.3: P-P plot for the fit of Exponential, Gamma, and Weibull distribution to 

the arrival MN jobs per week 

Buffer of MP jobs 
As stated earlier, the buffer of MP jobs is an administrative buffer. This means that the 
buffer only exists on paper and that the vehicles are still available for the customer. A 
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vehicle is added to the buffer when it arrives at KES (when a period inspection or 
modifications to the vehicle need to be done). More about this can be found paragraph 
3.3.1, where we define the distinction between MN and MP work.  

Cost related to a fine for exceeding the off-position 
When there are more vehicles unavailable to the customer than was agreed upon, a fine 
must be paid. KES pays €250 per vehicle exceeding the off-position (  ). 

Costs related to over capacity.  
The over capacity cost is the a bit more straightforward, it is equal to the hourly wage of a 
mechanic (very strictly taken, when we have one mechanic with one hour less than he/she 
could do this is waste), this hourly wage is €35 for KES. 

Cost related to returning one vehicle 
The costs related to returning a vehicle is equal to the cost of bringing in a broken vehicle or 
returning a fixed vehicle. This is done by the runners, as discussed in paragraph 3.1. 
Returning a vehicle is set at half an hour by KES, and due to the hourly wage of runners 
(€30) returning a vehicle costs KES €15. 

Capacity in period t 
The capacity of a team during a period is assumed to be fixed and known at the beginning of 
the period. The capacity can vary (e.g. sickness), where we assume that the unknown 
absence of mechanics is low and negligible (mechanics are sick about 3% of the time).  

Duration of maintenance jobs 
The duration of maintenance jobs is deterministic and based on a historical average. The 
expected duration of an MN jobs is 1,984 hours, and the expected duration of an MP job is 
6,272 hours. There is a big difference between MN and MP jobs, which can be explained by 
the difference between MN and MP jobs (we will not look into this difference).  

Return of MP jobs 
In the heuristic MP jobs can be returned to the customer. The number of MP jobs that are 
returned depends on the number of MP jobs available and the number of vehicles 
exceeding the off-position.  

Off-position 
The off-position is the maximum number of vehicles that can be unavailable to the 
customer. When this off-position is exceeded a fine must be paid for each vehicle exceeding 
the off-position. At KES the off-position is usually between 20-30% of the total amount of 
vehicles (depending on the team), for the group LT the off-position is 90 vehicles.  

Number of MP jobs that are released 
In model I and II this is the decision variable, and in the heuristic all MP jobs are released.   

Work in process 
The work in process (    ) is defined as the work that is leftover from the previous period. 
When work is not done in a period, this work is carried over to the next period. The WIP can 
therefore be seen as the amount of work that is available to the mechanics at the beginning 
of a period, before orders arrive and work is released.  
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Since all work is assumed to be equal in priority once released the work is done First Come, 
First Served (FCFS). This means that the work that cannot be done in a period is equal 
portions MN and MP work. With this we mean that when 20% of the work cannot be done, 
20% of the MN work and 20% of the MP work is carried over to the next period. 

6.2. Testing the models 

In this paragraph we will shortly describe how the models are tested. The three models as 
described in the previous chapter are subjected to the same data from the LT team of the 
weeks 1 to 22, 2013. We calculated the optimal MP release for model I and model II and 
used this optimal MP release as actual MP release to see what happens. We calculated the 
actual costs based on this MP release, and we calculated the actual costs for the heuristic as 
well. The data that was used was the amount of MN and MP jobs that arrived. For the 
duration of the maintenance jobs we used the expected value (of either the MN or the MP 
job). For model I and II the decisions about releasing the MP jobs are made before the 
number of MN jobs arrive. 

In model I we calculate the expected cost for a specific number of released MP jobs. We 
calculate this expected cost by multiplying the probability that a certain number of MN jobs 
arrive with the costs related to this number of MN jobs (costs related to over capacity when 
there is not enough work or fines when the off-position is exceeded). The expected costs 
are calculated for every possibility we have concerning MP release. The minimum amount of 
MP jobs we can release is zero and the maximum is all jobs that are available in the buffer. 
After the period we calculate the actual costs related to the number of MP jobs that were 
released. 

In model II we also calculate the expected cost based upon a specific number of released 
MP jobs. However, the required capacity is known and therefore is the amount of over 
capacity is deterministic. There are expected costs due to fines, because these costs also 
depend on the number of MN arrival in a certain period. The expected costs are calculated 
for every possibility we have concerning MP release. The minimum amount of MP jobs we 
can release is zero and the maximum is all the available jobs in the buffer.  

In the heuristic we calculate the cost given the required capacity and the available capacity. 
As we stated in chapter 4, there are four possibilities:  

1. there is not enough work (over capacity), 
2. there is enough and not too much work,  
3. there is too much work but enough MP work can be returned,  
4. there is too much work and even when all MP work is returned the off-position is 

exceeded. 

When the total amount of required capacity is less than the available capacity there is over 
capacity, and there are costs related per hour over capacity. When there is equal or more 
required capacity than available capacity, but not so much that the off-positions is 
exceeded, no costs need to be paid. In this case the off-position is not exceeded, so we do 
not need to send be MP work. When the off-position is exceeded MP work can be returned 
to the customer. Exactly enough vehicles are returned to the customer to minimize the 
costs due to returning vehicles. When the off-positions is still exceeded when all MP work is 
returned, we pay costs due to returning all the vehicles with MP work and costs due to fines 
of the number of vehicles exceeding the off-position. 
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6.3. Model results 

We have just seen how the costs related to each of the models (model I, II, and the 
heuristic) are calculated. In this paragraph we shortly discuss the results for the settings as 
are currently true for KES and for alternative parameter settings.  

6.3.1. Parameter setting as in KES 
First we have analyzed the models using the parameter settings as defined by KES. The 
models are tested with real data from KES of the weeks 1 to 22 of 2013. The models yield in 
the following cost: 

- Average current cost per week at KES:  €1.101,42 
- Average cost per week when using model I:   €1.022,12 
- Average cost per week when using model II:  €2.340,13 
- Average cost per week when using the heuristic: €1.382,08 

As we can see, the second model performs much worse than the other two. We expect that 
this is due to relatively high probability that the off-position is exceeded (the off-position is 
relatively low compared to the average weekly arrivals of MN jobs). Model I outperforms 
both models. We expect that this is because the first model in general uses the optimal 
value of releasing MP work (based on optimal costs). Model II is focused on preventing over 
capacity and the heuristic results in too much extra costs due the return of vehicles.  

We compared the models with the average costs per week as yielded by the decisions of 
KES. As we can see is the decision made by KES worse than model I.  

The calculations that were done resulted in decisions based on optimal expected costs (in 
case of model I and II), or resulted in costs due to the heuristic. The decisions that were 
made can be found in Appendix XIII. 

6.3.2. Results for different settings 
Next to this we want to check how the models react on different cost values. We expect 
that for different ratios of fine costs, over capacity costs different models are optimal. In 
order to test whether this is true we used the arrival data from KES, however, we use 
different ratios of fine costs, overcapacity costs:  

- 1 : 9 
- 1 : 3,  
- 1 : 1,  
- 3 : 1,  
- ratio KES (250 : 35), 
- 1 : 9 

With these ratios we can check which model performs best under which scenario. We 
review the different models for costs of which the sum is 1. The return costs for the 
heuristic are equal to 3/7 of the over capacity costs (as in the example with KES). We do not 
change the return costs in this example. The total costs for each ratio per model are given in 
Table 6.1. 
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 Ratio:              

 1 : 9 1 : 3 1 : 1 3 : 1 250 : 35 9 : 1 

Model I 32,20 26,86 17,97 9,08 4,37 3,53 

Model II 30,32 26,32 19,65 12,86 9,49 8,89 

Heuristic 35,54 29,62 19,74 9,87 4,85 3,95 

Table 6.1: Expected costs for each ratio per model 

Model I yields the lowest costs when the fine costs, over capacity costs ratio is 1 : 1 and for 
ratios with a relative higher fine costs. For the ratios with a relative less expensive fine 
model II yields in the lowest costs. We believe that there are specific a ratio which marks the 
difference between model II being the optimal and model I being the optimal (that ratio 
marks the turn point, with relative higher fine model I will be optimal and with relative 
lower fine model II). However, we will not look to see which ratio this because this ratio 
highly depends on the data and is in this case meaningless.   

For the ratios where the fines are relatively cheap model II outperforms the others, because 
model II releases the MN work one period later. As we stated in the conceptual design 
(paragraph 4.4) this model is optimal when the costs due to over capacity needs to be 
minimized. We could see that when we increase the ratio (where we make the fines 
relatively more expensive), model I will outperform model II after a certain point.  
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7. Implementation of the model 
We have seen that the costs resulting from the models are dependent on the parameters 
that are and the data that is used. In this chapter we will shortly describe how to choose the 
right model and what is needed to implement the model.  

The right model depends on the situation in which it needs to be applied. As we saw in the 
previous chapter, depending on which parameters are used different models are optimal. In 
the previous chapter we also found that for KES the heuristic was the best fitting option 
based on the lowest resulting costs.  

However, we might not always be able to always use all models due to difficulties with 
implementing them. In Table 7.1 we listed some factors that indicated whether the models 
are difficult in usage. For example, when there is no data available about the arrival pattern 
the models cannot be used but the heuristic can.  

 Data availability Required knowledge User difficulty 

Model I High Medium  Medium 

Model II High High High  

Heuristic Low Medium Medium 

Table 7.1: model requirements 

Once we know which model fits best to the situation at hand we can create a tool that helps 
the team leaders and planners in making their decision about releasing the MP work. The 
following functional requirements are necessary for the tool to be most useful: 

- The tool should be easy to work with. 
- The output of the tool should be clear and unambiguous. 
- The tool should be updated regularly (quarterly or at least yearly) due to the change 

within the set of vehicles. 
- It must be possible to choose different models for different teams. 
- The tool should be implemented in the software already available. 

This model is based on a simplified situation, and there are steps to be taken to make it 
more optimal. We can think of making the model multi team or multi period, this way we 
prevent sub optimizations. Furthermore, we assumed that there was only one vehicle-group 
per team (with only one off-position), by extending the model to be able to incorporate 
multiple vehicle-groups per team.  

We made the calculations for the models in excel, however the tool should be implemented 
in the available software in order to be most useful. Due to the required specific knowledge 
and access this is left out of scope of this project. The following needs to be done in order to 
create a usable tool: 

- A clear distinction should be made between MN and MP work (in the ERP system) 
- There should be a distinction between orders that have arrived and orders that are 

released 
- With this data available we can implement the models that we created into the ERP 

system (it could result in a suggested number of MP releases)  
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8. Conclusion and recommendations 
In this chapter conclusion and recommendations that follow the study are given. Hereafter 
we represent our recommendations. 

This thesis results from the effort of KES to improve their operations. The uncertainty of the 
arrival of MN jobs makes it difficult to balance the available capacity with the required 
capacity. Therefore, the required capacity is kept high by releasing extra MP work to 
prevent over capacity. This is defined in our problem definition: 

The current way of working requires the release of enough MP work to level variation in 
demand, which result in high WIP and thus a high probability on over capacity costs. 

The initial idea posed by KES was to create a prediction of the arriving workload. However, 
we found that the stated problem required a broader approach. In order to balance the 
available capacity with the required capacity we wanted to create tool  which assists KES in 
their decision making of much MP work they should release. The assignment as posed in the 
second chapter reads as follows:  

Develop a decision support tool to reduce the costs due to over capacity and fines. 

We have done a qualitative and quantitative study. In these studies the current process of 
KES has been described. In the qualitative study the process itself was analyzed. The 
qualitative study consists of interviews with personnel to get a better understanding of the 
process.  

In the quantitative study the data is analyzed. We searched for seasonal patterns within the 
arrival rate of maintenance jobs, and for factors related to the arrival rate of maintenance 
jobs. KES expected that there should be a seasonal pattern in the arrival rate. We did a 
quantitative analysis in chapter four where we tested the arrival data of MN and MP jobs for 
seasonal patterns and factors related to the arrival rate.  

We could not find a seasonal pattern in any of the data series. We assumed it is caused by 
the limited amount of consistent data, without which it impossible to establish a seasonal 
pattern. The inconsistent data is caused by the change within the set vehicles. Vehicles are 
replaced, the failure distribution changes (because vehicles age), and new types of vehicles 
are added to the set. This means by the time enough data is collected in order to do a 
proper analysis the set of vehicles has changed.  

KES assumed that the main cause of the difference between the vehicle arrivals is due to the 
weather conditions. 

Therefore we also did an analysis to check whether these weather conditions are related to 
the arrival rate or not. We found significant predictor variables, however, the variance as 
they explained is small and therefore we are not able to predict the number of arrivals using 
the weather conditions. The best predictor for MN arrivals is the average number of frost 
days, for which we found an R-squared of ,297.  

In order to balance the available capacity with the required capacity we created models to 
determine the optimal amount of MP work to release. We based the optimal number of MP 
jobs to release on the amount of WIP, the available capacity, and the expected number of 
MN jobs that will arrive. We created four conceptual models and for three of them also 
mathematical models: 
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Model I:  direct release of MN work 
Model II:  MN work is released one period after arrival 
Heuristic:  release all work and return MP work to prevent the off-position from 

exceeding 

In the models we make different decisions and in the case study we checked which model 
resulted in the lowest costs. We calculated the optimal number of MP jobs that should be 
released and the costs due to over capacity and fines in which they result.  

The heuristic aims to prevent costs due to fines at the expense of returning vehicles. 
Therefore we expected the heuristic to be optimal at times when the costs of fines are high 
compared to the costs of over capacity (as stated in paragraph 4.5). However, we found that 
the heuristic was not optimal. We found that model I is optimal since it resulted in lowest 
costs. We expect that model I is optimal because it does not make any concessions.  

We found that model I is not always the optimal option, it depends on the fine costs, over 
capacity costs ratio. We found that when the fine costs are equal or higher than the costs of 
over capacity model II is most optimal, which is according to our expectations. We expected 
model II to perform well for a ratio with relatively low fine costs since model II reduces the 
probability of over capacity. This is because in model II we know how much MN work needs 
to be done and what amount of MP work that is required to make the required capacity 
equal to the available capacity. Therefore it is not possible in model II to have over capacity 
when the buffer is sufficient.  

There is a fine costs, over capacity costs ratio for which model I and model II are optimal. 
We have not searched for this ratio since the optimal ratio dependents on the specific 
arrival rate distribution. The optimal ratio is useful when the cost of a fine and the cost of 
over capacity can be changed. This is not within the scope of this research and is left out of 
the study. Further research about this optimal ratio should be done. 

8.1. Recommendations 

In this paragraph we give recommendations that result from the study we have done. The 
recommendations regard ways to extend the model and recommendation for further 
research. Use a multi team setting, use a multi period setting, and determine the off-position 
per vehicle-group are recommendations to extend the models. While plan MP work based 
on forecast of operating hours and incorporate knowledge about the arrival of work in the 
weekend are recommendations that result from the analysis that is done at KES.  

Use a multi team setting 
We have made models that optimize the MP release based on only one team. We did not 
take into account the possibility of exchanging capacity between teams. We recommend to 
extend the models incorporate multiple teams. The use of multiple teams in the models will 
give optimizations for the total company where now there are only sub optimizations.  

Use a multi period setting 
In our study we only look at one period, but by looking at only one period we have a sub 
optimization. By looking at multiple periods one can optimize the costs of more than only 
the next period. Therefore we recommend that multiple periods are incorporated in the 
models. It would be even better to include both multi team and multi period. However, we 
recommend to add them separately first. 
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Determine the off-position per vehicle-group 
We made the models for the release of MP jobs per team and assumed that the team had 
only one group of vehicles. In order to give a more complete view,  we recommend making 
a distinction between the different vehicle-groups.  

Plan MP work based on forecast of operating hours 
There are also recommendations that are not directly related to the models. We found for 
example a significant relation between predictor variables and operating hours (in 
paragraph 3.3). Here we wanted to know what the number of arrivals was given these 
predictor variables and combined with the forecast of MTBF the relation was weak. 
However, we did not look at the relation between the predictor variables and operating 
hours itself. If these operating hours could be predicted with a good enough accuracy it 
could be planned with more accuracy when MP jobs are due.  

Incorporate knowledge about the arrival of work in the weekend 
As we found in the analysis in chapter 3, the amount of leftover work from the weekend is 
generally enough to fill a whole Monday. Therefore it would generally be bad to release MP 
work for Mondays (sometimes even Tuesdays). These days are most probably filled with MN 
work that has not been done in the weekend (on Mondays we have an average of 3 days 
MN work to do). Currently all the MP work is released on Monday, and because the Monday 
is usually filled with MN work we cannot start with the MP work until Tuesday. We expect 
that by releasing it on Tuesdays it can reduce the throughput time of MP work with about 
one day. In order to keep the WIP as low as possible without making concessions concerning 
over capacity we recommend to keep in mind the work that enters the WIP in the weekend.  
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Appendix I : Maintenance code 
This code is built of three parts:  

A. system code   [two digits] 
B. detailed system code  [two digits] 
C. action     [one digit] 

The system part is an indication of which part of the vehicle is maintained. The vehicle are 
divided in systems, for example: wheels, electric, hydraulic, brakes, conveyer belts, etc.  

The detailed system code is a more detailed indication of what in the systems is maintained. 
This is always together with the system code, for example: wheel right frond, electric start 
engine, brakes handbrake, battery plug, etc.  

And the final part, the action part, says something about what is done during the 
maintenance. For example: checked, fixed, replaced, adjusted, etc.  

To make it more clear some examples are given below: 

Maintenance code A B C Text 

1172V 11 72 V ELEKTRISCH STARTMOTOR VERVANGEN 

1914A 19 14 A TRANSPORTSYSTEEM KOFFERBAND(EN) AFGESTELD 

0738C 7 38 C REMMEN SYSTEEM GECONTROLEERD 

0104. 1 4 . ALGEMEEN DIAGNOSE GESTELD . 

0711M 7 11 M REMMEN HANDREM GEDE/MONTEERD 
2328V 23 28 V HYBRIDETREKKER RÜCKTAST SCHAKELAAR VERVANGEN 
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Appendix II : Maintenance teams 
KES consists of six maintenance teams, plus a construction workshop, an Airside service 
department, and a group that maintains the tanking equipment. All are named below, and 
since the maintenance teams consist of vehicle-groups, these are listed with the vehicle-
groups as well: 

Maintenance teams: 

- DG “Dieseltrekkers en generatoren” (diesel tractors and generators) 

o Vehicle-groups: 28VAG; 90KVA; AIRCO; DSLTR; LSTUN; TRPGM; VLTRK; 

WRPLG 

- EM “Electrisch materieel” (electrical equipment) 

o Vehicle-groups: 3WTRE; 3WVHT; 4WTRE; 4WTRH; 4WWVHT; BATT; HLPST; 

LADER; MATRE; PERSE; STPLR 

- GA “Garage automobielen” (automotive garage) 

o Vehicle-groups: BESTW; DIPWG; HGWRK; PERSW; TERWG; TLTWG 

- GV “Garage vrachtwagens” (truck garage) 

o Vehicle-groups: AUTOB; DWTRW; SCHRW; VRWGN; WRPLF 

- LT “Loaders en transporters” (loaders and transporters) 

o Vehicle-groups: CONLT; PLTLD; PLTLW; PLTMD; PLTRS 

- TB “Transportbanden” (conveyer belts) 

o Vehicle-groups: CARTR; DEICE; SPLTF; TRSPB 
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Appendix III : Expert Modeler in SPSS1 
The expert modeler as featured in SPSS seeks the best fitting model for both ES and ARIMA 
models. The following distinction can be made: All models (default), Exponential smoothing 
models only, and ARIMA models only.  

Exponential Smoothing Expert Model 

The selection procedure for ES models is given in Figure A.0.1. For exponential smoothing 
models with n < 10 simple ES is fitted.  

 

 

Figure A.0.1: Exponential Smoothing selection procedure 

ARIMA Expert Model 

The selection procedure for ARIMA models is given in Figure A.0.2. For ARIMA models with 
limited datasets the following applies:  

- If n ≤ 10, an AR(1) model is fitted 
- If 10 < n 3s, a non-seasonal model is fitted.  

In other words, when trying to search for seasonal models at least 3 seasons are needed.  

All Models Expert Model 

Here both the ES and ARIMA expert models are computed, and the final model is selected 
on the normalized BIC. And for short series (n < max[20, 3s]) the ES model is used.  

 

                                                      
1
 This information is taken from the IBM SPSS Statistics website, specifically page 15-16 of: 

 
ftp://ftp.software.ibm.com/software/analytics/spss/support/Stats/Docs/Statistics/Algorithms/14.0/tsmodel.p
df  

ftp://ftp.software.ibm.com/software/analytics/spss/support/Stats/Docs/Statistics/Algorithms/14.0/tsmodel.pdf
ftp://ftp.software.ibm.com/software/analytics/spss/support/Stats/Docs/Statistics/Algorithms/14.0/tsmodel.pdf
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Figure A.0.2: ARIMA selection procedure 
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Appendix IV: Seasonal analysis of MN arrivals 
In this appendix we describe the seasonal analysis in more detail. As we stated in paragraph 
3.3. the seasonal analysis consists of four parts; Identification, Estimation, Verification, and 
Validation. 

Identification 
The identification of the model is done using the Auto Correlation Function (ACF) and Partial 
Auto Correlation Function (PACF). This gives an idea of all parts of the SARIMA model; 
Seasonality, Auto Regressive, Trend (Integration), Moving Average. In Table A.0.1 we can 
see how the ACF and PACF are related to the ARMA-models. When we are looking for 
seasonal patterns we have to check the lags after one full period (12 lags in the case of 
months per year).  

 

Table A.0.1: Characteristics ACF and PACF from lecture notes (Rijpkema, 2010) 

The ACF and PACF of the arrivals of failures (team LT) are shown in Figure A.0.3. The groups 
4WTRH, 90KVA and TRSPB are also analyze, the ACF and PACF can be found in Figure A.0.4 
and Figure A.0.5 resp..  

 

Figure A.0.3: ACF and PACF for the monthly failures LT 

 

Figure A.0.4: ACF of 4WTRH, 90KVA, and TRSPB 
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Figure A.0.5: PACF of 4WTRH, 90KVA, and TRSPB 

Estimation 
With the knowledge from the identification several possible models are created and later (in 
the verification phase) tested using SPSS. As can be seen from the ACF and PACF, the 
following models seem most likely:  

- LT:   ARIMA(0,1,0), ARIMA (1,0,0) 
- 4WTRH: Simple Seasonal ES, ARIMA(0,0,3) 
- 90KVA:  ARIMA(1,0,0), ARIMA(2,0,0) 
- TRSPB:  Simple Seasonal, ARIMA(1,0,0), ARIMA(0,0,1) 

Note that only TRSPB has a seasonal component (the rest has no significant value at lag 12). 
In order to have a more complete picture the Expert Modeler is consulted, and results of the 
Expert Modeler are included (the Expert Modeler is a functionality of SPSS, which is further 
explained in Appendix III).  

We used the Expert modeler to find models for team LT and vehicle-groups 4WTRH, 90KVA, 
and TRSPB, where we made a distinction between total arrivals, inspections, repairs, failures 
planned arrivals and unplanned arrivals. For the total arrivals the expert modeler choose the 
Simple Seasonal ES for the team LT and vehicle-groups 4WTRH and TRSPB which are already 
incorporated, and Winters’ Additive in case of the 90KVA. All the models suggested by the 
Expert Modeler can be found in Table A.0.3.  

Verification 
When testing these models, first the significance of the predictor variables is checked. Only 
models with solely significant variables are usable, and the models must have non-
significant Ljung-Box test. This statistic tests if the residuals are independently distributed, 
and since it is a portmanteau test, it tests this in its null-hypothesis. This means that the test 
should not be significant in order for the model to be valid. To verify the model (assess the 
quality of the model) we will take three steps. From the ACF and PACF we can see that the 
first lag is significant for both the ACF and PACF which indicates either a trend or and Auto 
Regressive with lag 1, AR(1). 

First, we will have a look at the residuals, these give an interpretation about what 
parameters we have (possibly) missed. From the sequence charts of the residuals no pattern 
can be found, and when we do the ACF and PACF of the residuals we find nothing for the 
ARIMA models either. However, the Simple Exponential Smoothing (ES) model, given by the 
Expert modeler, has significant values in the ACF, and therefore this model is not optimal.  
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Second, we test the model parameters itself, to see if the parameters significantly add 
value. The seasonal part of the Simple Seasonal ES models are not significant, all other 
parameters were found significant.  

Third, we assess the goodness of fit measures. This gives us an interpretation of the fit of 
the model. These measures are later used to assess which of the different models explains 
the data best. The Simple Seasonal ES (LT), Winter’s Additive (90KVA), and Simple Seasonal 
ES (TRSPB) have significant Ljung-Box tests and thus cannot be used here. Results of all 
models are given in Table A.0.2.  

 

Table A.0.2: Results ARIMA(0,1,0); ARIMA(1,0,0); and Simple Seasonal ES of 
arrived failures LT 

Validation 
To validate the models we test the model on data that is not used to create the model. 
Therefore, one has to exclude data from the model and check the realization with the 
excluded data. 

Neither of the sets contain seasonal patterns and therefore we expect to find none in the 
remaining groups. Therefore we do not check all the groups in the same detailed manner as 
we explained above, but we test them using only the Expert Modeler of SPSS. We test the 
vehicle-groups for both the total number of arrivals and the number of arrivals due to 
failures with code S, in Table A.0.4 and Table A.0.5 models can be found. As can be seen 
only two models, of the total 123 models, are significant (CONT_total and SPECM_S). These 
are only minor vehicle-groups (CONT: 218 arrivals and SPECM: 691 arrivals of total 73846 
arrivals), and we therefore think this is an exception which we will not further consider.  
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Table A.0.3: Expert modeler results for LT, 4WTRH, 90KVA, and TRSPB 
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Table A.0.4: Expert Modeler results all vehicle-groups, for all arrivals 
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Table A.0.5: Expert Modeler results of all groups, for arrivals with failure-code S 
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Appendix V : Forecasting the amount of work that arrives 
per month using predictor variables 

In this appendix we describe how we determined whether predictor variables are useful to 
forecast the number of arrivals per month and how they can be used in a model. The factor 
analysis we do here is to determine whether there are significant relations between 
predictor variables and the number of MN jobs that arrive in a certain period.  

First we will perform a correlational analysis to see which parameters are related. Next, we 
form models with significant parameters. These models we than compare to see which of 
them is the best predictor. We tested both monthly arrivals and weekly arrivals.  

Correlational analysis monthly arrivals 
The correlational analysis is done to find significant relations between the dependent 
variable (arrivals) and predictor variables (Temperature, Frost days, Precipitation, and flight 
movement). Results of this analysis can be found in Table A.0.6: 

 

Table A.0.6: Correlations between the arrivals and weather and flight variables 

From this table a couple of conclusions can be drawn. First, the number of precipitation 
days is not a good predictor in any sense. And even though it makes sense that rain can 
cause more failures to vehicles it is not a good predictor due to the fact there is no pattern 
in the amount of rain during the year.  

Secondly, since the temperature variables are relatively similar only one variable can be 
selected as predictor variable. The variables with the highest correlation is the variable  
percentage frost days. This was expected due to the fact that the equipment is used and 
parked outside, and KES expected more failures during frost days.  

Thirdly, it is notable that the flight movements have little impact on the number of 
inspections. Which is expected due to fact that more flights means more usage of vehicles 
and inspections come after certain amounts of operating hours.  
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Model estimation 
As can be seen, there are significant relations of weather variables and the flight 
movements with the number of arrivals. So, in order to test the models related to these 
significant relation we take the strongest related weather, the precipitation, and the flight 
movement variable and test them in regression models. But first the weather data is made 
useful by testing correlation between a moving average of 5 year and 40 years. Expected is 
that the actual data has a stronger relation then the average of past data. From correlation 
analysis with this data we found that a 40 year average resulted in the best correlations. 

The first model for the team LT a regression model is made with the predictors % frost, 
precipitation and flights. It resulted in an adjusted R2 of ,271 (with a significance of ,004), 
with both the predictors precipitation and flight insignificant. And according to regression 
regulations the most insignificant, precipitation, must be deleted from the model.  

The second model, with only the predictors % frost and flights gave an R2 of ,282 with 
significance of ,002). But again the flight variable was insignificant, and must therefore be 
deleted.  

The third model with only % frost as predictor, from which the results are given in Table 
A.0.7 below, is significant with ,000. The adjusted R2 is barely lower, and with a value of ,276 
still a reasonable relation.  

 

Table A.0.7: SPSS output LT total predicted by % Frost 

The model is significant which indicates that the results of the model are significantly better 
than no model. However, this does not mean the model is fully correct. This R2 is a measure 
of the amount of variance that is explained by the model (note that we used the adjusted R2 

before, this is because the adjusted R2 is used to compare models with more than one 
predictor). In other words, about 30% of the variation in the number of arrivals is caused by 
the % Frost. The remaining variation is expected to be due to the stochastic pattern of the 
failure rate and will not be further investigated. 
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Appendix VI: Forecasting the amount of work that arrives 
per week using predictor variables 

In the analysis where we considered the number of arrivals per month we found significant 
relations with predictor variables. Which predictor performs best is checked with the 
number of arrivals per week, and the results are shown in Table A.0.8.  

 

Table A.0.8: Correlation analysis for weekly arrivals  

As can be seen, the temperature variables are significant but  with a much lower relation 
than was seen at the monthly data. In the table the other three groups under examination 
are added, and as can be seen are the results of TRSPB similar to the group LT. The other 
two vehicle-groups, 4WTRH and 90KVA, are only significant for the flight movements.  

From this we can conclude that each vehicle-type, vehicle-group, and team needs to be 
examined individually in order to give a decisive answer about the question what related 
factors are. What is shown here is the fact that weather variables and flight movements are 
of influence on the arrivals.   

Because actual weather variables are not usable in a real life situation, therefore we will use 
weather predictions, which are relevant up till 15 days (KNMI, 2012). According to the 
KNMI, the Dutch meteorological institute, the predictions of weather are only accurate up 
till 3 days ahead, up till 3 days ahead the temperature is 85% accurate (KNMI, 2012). So, we 
will still use the actual values of the weather variables, but it must be noted that the real 
correlation will be less strong.  

First, a model was created using the average maximum temperature, which was indicated as 
best temperature predictor (Table A.0.8), the % rain days, and the flights variable. This 
resulted in a adjusted R2 of ,223 (,000 significant). But the % rain days was an insignificant 
variable, and needed to be deleted therefore. 
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The second model, with only the average max. temperature and flight variable as predictors, 
was significant with , 000 too. This model resulted in an adjusted R2 of ,228 with both 
predictors significant. The SPSS output can be found in below. 

 

Table A.0.9: SPSS output predicting LT arrivals 
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Appendix VII : Factors related to MTBF and operating 
hours per vehicle group 

We have split the arrival rate of MN work per vehicle group into two parts, the Mean Time 
Between Failures (MTBF) and the operating hours. We did this because we expected to find 
stronger relations between the MTBF/operating hours and the predictor variables than we 
would find between the MN arrival rate and predictor variables.  

Because of the poor quality of the operating hour data, alterations had to be done in order 
to make the data usable. This is done for only a small part of the vehicle-groups because of 
the vast amount of work. However, we expect these vehicle-groups to be representative, 
and the result will show if further research is required. The sample groups taken are TRSPB, 
and 4WTRH, but because operating hours of the group 4WTRH is expected to correlate with 
other groups of (luggage) tractors we also created a group of tractors (called “trekkers”). For 
more information about the data gathering difficulties readers are referred to Appendix VIII. 

We have seen that there is a relation between weather variables and the number of arrivals, 
and since the arrivals are determined by MTBF and operating hours we will investigate 
whether there is a relation between weather & flight movement variables and MTBF & 
operating hours. It is expected here that the MTBF is dependent on the weather, and the 
operating hours dependent on the flight movements 

The two datasets used in the previous section are reused for this analysis. First a correlation 
analysis is done, of which the results are shown in Table A.0.10. Although both the amount 
of hours and the MTBF can be predict with a strong relation, this doesn’t mean this relation 
is useful. The expectation of weather variables are used to test the usefulness. Next the 
expectations of both the MTBF and amount of hours usage will be extracted using the new 
predictors. These expectations will then be multiplied to get an expectation of the number 
of failures per month. Finally this model will be tested with the real measured data in order 
to see if it is still significant. 

 

Table A.0.10: Correlation of MTBF and operating hours with predictor variables 
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The relation between the flight movements and the amount of hours the vehicles from 
TRSPB are used is calculated and depicted in Figure A.0.6 below. This relation is not altered 
like with the weather data since the flight movements are known on forehand. The R2 is 
,628 and significant with ,000 which indicates a strong significance and relation between the 
dependent (TRSPB_hours) and independent (Flight movements) variables.  

 

Figure A.0.6: Hours TRSPB and the predicted values based upon flights 

Next the relation between the weather variables and the MTBF are determined. As stated 
earlier, the average maximum temperature seemed to be the strongest predictor of the 
MTBF of the group TRSPB. An MA(40) is used here. Regression with this predicted resulted 
in a prediction with a R2 of ,493 (while ,000 significant). The Original data with the Predicted 
values are given in Figure A.0.7. 

And finally the predicted MTBF and hours are multiplied to get an estimation of the number 
of arrivals per month. From the regression analysis it results that the relation between the 
actual failures and the predicted failures is ,117 but significant (,041). It is not as much as 
was hoped for, but even without a reasonably strong estimation of the number of failures, 
the number of hours worked and the MTBF could be used for the good.  

And on a weekly level these relations might be more workable. This will be investigated in a 
later section of this report. 
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Figure A.0.7: MTBF of TRSPB and the predicted values based upon the average 
max. temperature  

 

 

  



65 
 

Appendix VIII : Data difficulties when splitting the 
MTBF and operating hours 

This analysis requires additional data, and the gathering of this data has more to it than in 
the previous sections. First the operation hours distribution is determined using the 
measurements that are taken at every maintenance operation. These operation hours are 
determined per vehicle by subtracting sequential measurements. However, a lot of these 
measurements were entered wrong and, because automatic deletion of the incorrect data 
points would result in too many missing values, the errors were correct/deleted manually.  

The incorrect data were corrected manually in order to get an overview that is as correct as 
possible . Incorrect instances were either replaced or deleted. It must be stated here that 
with the data that was replaced the mistake was obvious (one can think of two misplaced 
digits, like 3765 when the expected value is between 3600-3700). To make sure the hand-
corrected data is not biased it is compared with automatically corrected data. This test is 
described further later on, and showed similar patterns for the hand corrected data and 
automatically corrected data. With these measurements, the average operation hours over 
the past period is calculated. All vehicles in one group are added together to get an average 
of the total operation hours per month. Secondly the MTBF of a vehicle is calculated using 
the failures per month per vehicle-type. The total failures per month per type are added 
together and by dividing the amount of operation hours with this sum of failures the MTBF 
is calculated. The MTBF makes use of the operating hours since this is much more relevant 
to the failures that the absolute time between the failures.  

To test if the hand corrected data is not biased, it is corrected automatically as well. The 
amount of hours is calculated by subtracting two measurements, and the amount of hours 
driven is set zero after the last measurement. This results in a decline of the operating hour 
total, when the latest date is approached (since more and more vehicles will be zero). To 
check if the data is biased the hand-corrected and auto-corrected datasets are compared. 
Below Figure A.0.8 and Figure A.0.9 show resp. the hand-/auto-corrected data. Here we see 
that the auto corrected is practically the same, and even a bit less spikey (as would be 
expected, since less measurements mean a more average pattern). 

 

Figure A.0.8: RAMPS hours per month for Hand- (HC) and Auto (AC) Corrected 
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Figure A.0.9: TRSPB hours per month for Hand- (HC) and Auto (AC) Corrected 
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Appendix IX : Distribution fitting of the expected duration 
of MN maintenance jobs of team LT 

To test the distribution of the duration of MN maintenance jobs we use a function in SPSS to 
determine the fit of a distribution to the data, with (by SPSS determined) estimated 
parameters. In order to be able to fit a distribution to the data, the data need to be cleaned. 
There are some outliers, which we delete from the test  (5% with the highest values). This is 
according to the recommendations of (Field, 2009). The ‘clean’ data was then checked for 
normality (fit to the normal distribution) using the (probability-probability) P-P plot, see 
Figure A.0.10. In Figure A.0.10, a histogram is given with a normal curve to show the fit.  

 

Figure A.0.10: P-P plot and Histogram of the duration of MN maintenance jobs 

From the plots in Figure A.0.10 we can see that the normal distribution does not fit so well 

to the data. For the duration, the z-score of skewness is           
   

          
 
     

     
 

     , and the kurtosis z-score is           
   

          
 
     

     
      . As we see, the data 

is highly significant for both skewness and kurtosis, and we find it very unlikely that the data 
is normally distributed. We tested the data on the following distributions as well: 
Exponential, Weibull, and Gamma. We first made the P-P plots, which are shown in Figure 
A.0.11, and as can be seen in these figures the exponential and gamma distribution fit 
better than the normal distribution. We did a sum of squares between the expected 
probability and actual probability to test which of the distributions performs best. From this 
test we see that the exponential distribution has the best fit:  
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The expected duration of MP work can thus be described as:  [  
 ]    (    ) 
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Figure A.0.11: P-P plot for the fit of Exponential, Gamma, and Weibull 
distribution to the duration of MN maintenance jobs 
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Appendix X : Distribution fitting of the expected duration 
of MP maintenance jobs of team LT 

To test the distribution of the duration of MN maintenance jobs we use a function in SPSS to 
determine the fit of a distribution to the data, with (by SPSS determined) estimated 
parameters. In order to be able to fit a distribution to the data, the data need to be cleaned. 
There are some outliers, which we delete from the test  based upon the normalized value (z-
score > |1.96|). This is according to the recommendations of (Field, 2009). The ‘clean’ data 
was then checked for normality (fit to the normal distribution) using the (probability-
probability) P-P plot, see Figure A.0.12. In Figure A.0.12, a histogram is given with a normal 
curve to show the fit.  

 

Figure A.0.12: P-P plot and Histogram of the duration of MP maintenance jobs 

From the plots in Figure A.0.12 we can see that the normal distribution does not fit so well 

to the data. For the duration, the z-score of skewness is           
   

          
 
     

     
 

      , and the kurtosis z-score is           
   

          
 
       

     
        . As we see, the 

data is highly significant for both skewness and kurtosis, and we find it very unlikely that the 
data is normally distributed. We tested the data on the following distributions as well: 
Exponential, Weibull, and Gamma. We first made the P-P plots, which are shown in Figure 
A.0.13, and as can be seen in these figures the exponential and gamma distribution fit 
better than the normal distribution. From these figures it seems that the gamma 
distribution performs best, however, we did a sum of squares between the expected value 
and actual value. From this test we see that the gamma distribution has the best fit:  
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The expected duration of MP work can thus be described as:  [  
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Figure A.0.13: P-P plot for the fit of Exponential, Gamma, and Weibull 
distribution to the duration of MP maintenance jobs 
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Appendix XI : Results from the comparison between 
instances that have a higher or lower time between 
inspections  

In this appendix we give the results from the comparison of the number of jobs per hour we 
have with instances where the time between inspections is lower than a given level with 
instances that have a higher time between inspections.  

We created two groups: 

- one group with instances that have more than a certain amount of operating time 
between inspections 

 
Table A.0.11: the results from the comparison between instances that have a 

higher time between inspections with instances that have a lower time between 
inspections 
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Appendix XII : Newsboy problem 
The problem we described in the conceptual part is also known as the newsboy problem, so 
first we will introduce the newsboy problem.  

A newsboy who wants to sell newspapers needs to purchase exactly enough newspapers, 
because when he has more newspapers than he needs to pay return cost and when he has 
not enough newspapers he needs to pay ‘out of stock’ cost. However, he is not sure how 
many newspapers he is going to sell, he only knows the probability of selling n newspapers. 
When he decides to purchase X newspapers the amount of cost is the following: 

     ∑((   )    )   ( )
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Where, 

 : number of newspapers sold 

 : number of newspapers purchased 

  : return cost  

  : out of stock cost 

 ( ): probability that n newspapers are sold 

For example, say that the number of newspapers sold has a distribution of 0 to 10, 
n~Uni(10). When the cost to return would be 5euro and the out of stock cost 1euro it is 
better to have little newspapers (little chance on returning). However, when the return cost 
are 2euro instead it is better to have a little more newspapers, this is shown in Figure 
A.0.14. 

 

Figure A.0.14: total cost for different values of return/out of stock cost 
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Appendix XIII Results case study 
In this appendix we give the results from the case study. The calculations in the case study 
are done with the arrival data from the team LT at KES. There is also data about the 
available capacity, and the following parameters are given: 

 [  ]           
 [  ]           
          
       ,- 

      ,- 
      ,- 

Model with standard parameters: 
In Figure A.0.15 below we show the decisions made about the release of MP work for model 
I and model II, and the decision of the number of MP jobs that are returned in the heuristic.  

 

Figure A.0.15: Decisions made for model I, II, and IV given the standard 
parameters 

 

 


