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List of Abbreviations and Definitions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

iXR Interventional X-Ray 
FSE Field Service Engineer 
AC Air Conditioning 
MR Magnetic Resonance 
SWO Service Work Order, a bill of all details and costs of a maintenance event at 

Philips 
Corrective 
Maintenance 

Maintenance done as a consequence of a costumer calling Philips or as 
whenever an FSE detects a component in need of replacement when she is 
doing a bi-annual inspection. 

Relative 
Humidity 

The amount of moisture in the air compared to what the amount of moisture 
that needs to be present in the air for it to condense as dew. 

Heat 
Capacity 

Heat capacity measurable physical quantity equal to the ratio of the heat added 
to (or removed from) an object to the resulting temperature change. 

EMS Enterprise Management System 
CRM Customer Relationship Management 
Event Set of prespecified conditions of temperature and humidity inside the 

technical/exam rooms occurring. 
Case An interaction between Philips and its customer 
DB Data Base 
NOAA National Oceanic and Atmospheric Administration 
EPA Environmental Protection Agency 
Exam Room Room where the medical exams are carried out 
Technical 
Room 

Room where the electronic components are located 

DoF Degrees of Freedom 
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1. Introduction 
The following project is done at Philips Research as a Master Thesis Project. Philips is a 
company founded in Eindhoven, the Netherlands. This project relates to the second biggest 
profit area which is Diagnosis & Treatment (Philips 2018). This area includes Image-Guided 
Therapy. Image Guided Therapy refers to machines that are used for both diagnosis and 
therapy, some of them being Interventional X-Ray (iXR) machines.   
 
The main focus of this project is to understand the effects that temperature and humidity have 
on corrective maintenance of the Allura models of the iXR machines. The goal is that by 
understanding their relationship, the temperature and humidity conditions can be used to 
lower the costs of corrective maintenance. Examples of how this interaction could be used in a 
profitable way; keep the temperature and humidity of the rooms where the machine is located 
within the optimal range so that component degradation is kept at a minimum, modify the 
maintenance contract based on the conditions of temperature and humidity of the hospital 
location (continent, country, city) or on the conditions of room that contains the machine.  
 
1.1 Trigger 
The reason to look at how these factors affect corrective maintenance comes from the 
experience of Field Service Engineers (FSEs) that while servicing an iXR Allura Machines located 
in India, noticed that the frequency of servicing it was higher than the rest. Machines normally 
are serviced bi-annually, extra services may be required whenever the machine stops 
functioning normally. If the machine is not working properly, the machine owner calls Philips 
explaining the situation, then Philips send FSEs to service the machine. The FSEs noticed that 
the machines they serviced more frequently were located in hot and humid areas that had poor 
control of humidity and temperature inside the rooms where the machines were located.  
 
Machines are located in two different rooms due to the size of the machines, these rooms are 
called the technical and exam rooms. The technical room refers to the air-conditioned room 
where the technical cabinets are located. A technical cabinet is a cabinet that houses inside all 
electronic processing computers of the machine. The exam room refers to the room where the 
machine is actually used on a patient, inside the conditions need to be controlled as this room 
may also be used as an operating room. Within the exam room a mechanical arm is located 
which can be moved on six degrees of freedom (three rotational and three translational) to 
accommodate the patient, the head of this arm has an X-Ray emitter and an X-Ray reader which 
combined allow for real time X-Ray visualizations.  
 
It is also necessary to point that within the location in India, the machine looked to present 
several traces of wear due to the temperature and humidity, these traces come in the form of 
rust on the metal frames of the technical cabinets and on paint scabs. As such, it was theorized 
that the supposed effects may come from either the conditions outside of the hospital that 
affect the conditions inside the technical and exam room or by the bad control of the 
conditions of the technical and exam rooms. Because both lines of thought are interesting in 
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In order to be more thorough, the effects of the average of the minimum and maximum 
temperatures will also be tested. It may be that frequently having a high temperature or a low 
temperature even though the average temperature remains relatively constant is what actually 
increases the number of corrective maintenance visits.  
 
H2 : There is a correlation between corrective maintenance and the average minimum 
temperature outside the hospital 
 
H3 : There is a correlation between corrective maintenance and the average maximum 
temperature outside the hospital 
 
It can also be that there is a temperature threshold that once it is crossed, the machines 
behavior cannot go back to normality. Thus, the following hypotheses will also be tested. 
 
H4 : There is a correlation between corrective maintenance and the absolute minimum 
temperature outside the hospital 
 
H5 : There is a correlation between corrective maintenance and the absolute maximum 
temperature outside the hospital 
  
The relationship of humidity to corrective maintenance also need to be tested. The same logic 
for the temperature hypotheses applies here, so the following hypotheses are also to be tested: 
 
H6 : There is a correlation between corrective maintenance and the average humidity outside 
the hospital 
 
H7 : There is a correlation between corrective maintenance and the variance of the average 
humidity outside the hospital 
 
H8 : There is a correlation between corrective maintenance and the average minimum humidity 
outside the hospital 
 
H9 : There is a correlation between corrective maintenance and the average maximum humidity 
outside the hospital 
 
H10 : There is a correlation between corrective maintenance and the absolute minimum 
humidity outside the hospital 
 
H11 : There is a correlation between corrective maintenance and the absolute maximum 
humidity outside the hospital 
 
Though, the previous hypotheses will allow for a very small granularity that can help to pinpoint 
the underlying causes of the corrective maintenance relationship to temperature and humidity. 
The effects may be a combination of factors that influence the costs of corrective maintenance. 
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Therefore, more hypotheses need to be tested in order to better understand the relationship 
between costs of corrective maintenance and temperature and humidity. 
 
The average temperature may also be influenced by its variance. As one value of average 
temperature may have very different variances, and one value of the average temperature 
variance may also have very different averages. Consequently, the behavior of these indicators 
on corrective maintenance cannot be fully explained by testing one at a time. So, the following 
hypothesis is also to be tested: 
 
H12 : There is a correlation between corrective maintenance and the average temperature 
outside the hospital and its variance  
 
This also hold for the minimum and maximum temperatures. However, they represent the 
lower and upper bound respectively and thus, their variances will be completely skewed to one 
side and will not give the information about the variability. So, the variance of the average 
temperature will be used instead. This results in the following hypothesis: 
 
H13 : There is a correlation between corrective maintenance and the average minimum 
temperature outside the hospital and the variance of the average temperature outside the 
hospital 
 
H14 : There is a correlation between corrective maintenance and the average maximum 
temperature outside the hospital and the variance of the average temperature outside the 
hospital 
 
When it comes to humidity, the variance and average values may also interact with one 
another under the same reasoning of temperature. As such the following hypotheses will also 
be tested: 
 
 H15 : There is a correlation between corrective maintenance and the average humidity outside 
the hospital and its variance  
 
H16 : There is a correlation between corrective maintenance and the average minimum humidity 
outside the hospital and the variance of the average humidity outside the hospital 
 
H17 : There is a correlation between corrective maintenance and the average maximum 
humidity outside the hospital and the variance of the average humidity outside the hospital 
 
By looking at the effects of temperature and humidity on corrective maintenance separately 
their effects may be understood in a more detailed way. However, condensation depends on 
both temperature and humidity and because water is an electric conductor, water condensed 
in an electric circuit can short it. Therefore, it is also interesting to test the following hypothesis: 
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H18 : There is a correlation between corrective maintenance and the average temperature 
outside the hospital, the variance of the average temperature outside the hospital, the average  
humidity outside the hospital and the variance of the humidity outside the hospital. 
 
The minimum temperature may influence humidity in such a way that creates condensation, 
thus: 
 
H19 : There is a correlation between corrective maintenance and the average temperature 
outside the hospital, variance of the average temperature outside the hospital, the absolute 
minimum temperature outside the hospital, the average minimum temperature outside the 
hospital, the average humidity outside the hospital and the variance of the average humidity 
outside the hospital.  
 
This influence of the minimum temperature on humidity may only happen when a certain 
humidity level is surpassed, so: 
 
 H20 : There is a correlation between corrective maintenance and the average temperature 
outside the hospital, variance of the average temperature outside the hospital, the absolute 
minimum temperature outside the hospital, the average minimum temperature outside the 
hospital, the average humidity outside the hospital, the variance of the average humidity 
outside the hospital and the absolute maximum humidity outside the hospital.  
 
The heat capacity of water is higher than that of air, that is why water is used as a coolant. This 
means that whenever the humidity of the air is low, its heat capacity lowers and thus, less 
energy is needed to bring temperature up.  
 
Thus: 
H21 : There is a correlation between corrective maintenance and the average temperature 
outside the hospital, variance of the average temperature outside the hospital, the absolute 
maximum temperature outside the hospital, the average maximum temperature outside the 
hospital, the average humidity outside the hospital, the variance of the humidity outside the 
hospital, the average minimum humidity outside of the hospital and the absolute minimum 
humidity outside of the hospital.  
  
However, the goal of this objective is not to test the hypotheses but to analyze these results so 
that the relationship that temperature and humidity outside the hospital have on corrective 
maintenance can be understood. Therefore, the real goal is to produce this analysis, the 
hypothesis testing is only done so that there is enough data to be used as a foundation for this 
analysis. Further explanation is not possible as this point as the results cannot be predicted.  
  
2.2 Objective 2 
While the first objective looked upon the influence of the temperature and relative humidity 
outside the hospital on corrective maintenance of iXR Allura machines, this second objective 
will look upon the influence of temperature inside the technical and exam rooms, where the 
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machines are located. These effects may manifest themselves in two different ways. First, the 
direct relationship of temperature and humidity to corrective maintenance. Second, the 
indirect relationship that temperature and humidity have on corrective maintenance through 
the occurrence of certain log messages related to temperature and humidity in the technical 
and exam rooms, that are registered in Philips DBs whenever a set of particular conditions 
occur (such as a when a certain temperature threshold is surpassed by the temperature 
measurement of a component of the machine). These log messages arise when certain 
conditions of temperature and humidity happen, they can be conceptually understood as 
events, and one may find it more intuitive to think of them this way. That is why, from now on, 
the log messages will be referred to as events. A selection of events which are related to 
temperature and humidity in the technical and exam rooms were chosen by machine experts, 
the elements of this selection will be referred to as candidate events. These candidate events 
are candidates insofar as having a possible effect on corrective maintenance. They are events 
that according to the machine experts arise whenever certain conditions of temperature and 
humidity are met and that these conditions, represented by these events, may have a relation 
to corrective maintenance.   
 
The reason to check both effects, direct and indirect, is to better understand the relationship 
that temperature and humidity have on corrective maintenance. It may be so that temperature 
and humidity do not have a direct effect but do have an indirect effect on corrective 
maintenance and that by only looking at the direct relationship, one could wrongly conclude 
that there is no relationship. In case of the reverse, there being no indirect effect but there a 
direct effect; by having both effects tested, one could see whether the selection of the machine 
experts is done correctly or whether the events are actually connected to temperature and/or 
humidity in the technical and exam rooms. Non-conflicting relationships would also be valuable 
to know, there may be an effect of temperature and humidity inside the exam and technical 
rooms on corrective maintenance that can be partially explained by the occurrences of the 
candidate events. Thus, one would know in this example that there is a relationship, that it is 
partially explained by the candidate events (allowing for more precise further analysis which 
may explore this relationship into a more detailed way) and that it is also partially explained by 
the temperature and humidity conditions in the technical and exam rooms. By knowing this, it 
would be easier to further refine future analysis so that the effects can be understood more 
precisely. For example, if there seems to be an increase in corrective maintenance visits 
whenever a certain message of a component not working properly is displayed and there also 
seems to be an increase in corrective maintenance whenever a certain level of humidity is 
reached in the exam room, then one may look at the influence of humidity in the exam on that 
particular component in future analysis. This level of detail is not possible when only analyzing 
one modality (direct or indirect) of the effects. 
 
So, yes, these effects are better analyzed together as they are synergetic. Analyzing the results 
of both objectives at the same time makes analysis more complex, though. And not only does it 
make analysis more complex, but as this analysis is also based on the results of both studies, 
those studies can be analyzed independently. Thus, what seems to be the best way to proceed, 
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The hypotheses regarding the direct effects of temperature and humidity inside the technical 
room are: 
 
H22 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room 
 
H23 : There is a correlation between corrective maintenance and the variance of the average 
temperature inside the technical room 
 
H24 : There is a correlation between corrective maintenance and the average minimum 
temperature inside the technical room 
 
H25 : There is a correlation between corrective maintenance and the average maximum 
temperature inside the technical room 
 
H26 : There is a correlation between corrective maintenance and the absolute minimum 
temperature inside the technical room 
 
H27 : There is a correlation between corrective maintenance and the absolute maximum 
temperature inside the technical room 
 
H28 : There is a correlation between corrective maintenance and the average humidity inside 
the technical room 
 
H29 : There is a correlation between corrective maintenance and the variance of the average 
humidity inside the technical room 
 
H30 : There is a correlation between corrective maintenance and the average minimum humidity 
inside the technical room 
 
H31 : There is a correlation between corrective maintenance and the average maximum 
humidity inside the technical room 
 
H32 : There is a correlation between corrective maintenance and the absolute minimum 
humidity inside the technical room 
 
H33 : There is a correlation between corrective maintenance and the absolute maximum 
humidity inside the technical room 
 
H34 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room and its variance  
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H35 : There is a correlation between corrective maintenance and the average minimum 
temperature inside the technical room and the variance of the average temperature inside the 
technical room 
 
H36 : There is a correlation between corrective maintenance and the average maximum 
temperature inside the technical room and the variance of the average temperature inside the 
technical room 
 
H37 : There is a correlation between corrective maintenance and the average humidity inside 
the technical room and its variance  
 
H38 : There is a correlation between corrective maintenance and the average minimum humidity 
inside the technical room and the variance of the average humidity inside the technical room 
 
H39 : There is a correlation between corrective maintenance and the average maximum 
humidity inside the technical room and the variance of the average humidity inside the 
technical room 
 
H40 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room, the variance of the average temperature inside the technical room, 
the average  humidity inside the technical room and the variance of the humidity inside the 
technical room. 
 
H41 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room, variance of the average temperature inside the technical room, the 
absolute minimum temperature inside the technical room, the average minimum temperature 
inside the technical room, the average humidity inside the technical room and the variance of 
the average humidity inside the technical room.  
 
H42 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room, variance of the average temperature inside the technical room, the 
absolute minimum temperature inside the technical room, the average minimum temperature 
inside the technical room, the average humidity inside the technical room, the variance of the 
average humidity inside the technical room and the absolute maximum humidity inside the 
technical room.  
 
H43 : There is a correlation between corrective maintenance and the average temperature 
inside the technical room, variance of the average temperature inside the technical room, the 
absolute maximum temperature inside the technical room, the average maximum temperature 
inside the technical room, the average humidity inside the technical room, the variance of the 
humidity inside the technical room, the average minimum humidity outside of the hospital and 
the absolute minimum humidity outside of the hospital.  
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The hypotheses regarding the direct effects of temperature and humidity inside the exam room 
are: 
 
H44 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room 
 
H45 : There is a correlation between corrective maintenance and the variance of the average 
temperature inside the exam room 
 
H46 : There is a correlation between corrective maintenance and the average minimum 
temperature inside the exam room 
 
H47 : There is a correlation between corrective maintenance and the average maximum 
temperature inside the exam room 
 
H48 : There is a correlation between corrective maintenance and the absolute minimum 
temperature inside the exam room 
 
H49 : There is a correlation between corrective maintenance and the absolute maximum 
temperature inside the exam room 
 
H50 : There is a correlation between corrective maintenance and the average humidity inside 
the exam room 
 
H51 : There is a correlation between corrective maintenance and the variance of the average 
humidity inside the exam room 
 
H52 : There is a correlation between corrective maintenance and the average minimum humidity 
inside the exam room 
 
H53 : There is a correlation between corrective maintenance and the average maximum 
humidity inside the exam room 
 
H54 : There is a correlation between corrective maintenance and the absolute minimum 
humidity inside the exam room 
 
H55 : There is a correlation between corrective maintenance and the absolute maximum 
humidity inside the exam room 
 
H56 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room and its variance  
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H57 : There is a correlation between corrective maintenance and the average minimum 
temperature inside the exam room and the variance of the average temperature inside the 
exam room 
 
H58 : There is a correlation between corrective maintenance and the average maximum 
temperature inside the exam room and the variance of the average temperature inside the 
exam room 
 
H59 : There is a correlation between corrective maintenance and the average humidity inside 
the exam room and its variance  
 
H60 : There is a correlation between corrective maintenance and the average minimum humidity 
inside the exam room and the variance of the average humidity inside the exam room 
 
H61 : There is a correlation between corrective maintenance and the average maximum 
humidity inside the exam room and the variance of the average humidity inside the exam room 
 
H62 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room, the variance of the average temperature inside the exam room, the 
average  humidity inside the exam room and the variance of the humidity inside the exam 
room. 
 
H63 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room, variance of the average temperature inside the exam room, the absolute 
minimum temperature inside the exam room, the average minimum temperature inside the 
exam room, the average humidity inside the exam room and the variance of the average 
humidity inside the exam room.  
 
H64 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room, variance of the average temperature inside the exam room, the absolute 
minimum temperature inside the exam room, the average minimum temperature inside the 
exam room, the average humidity inside the exam room, the variance of the average humidity 
inside the exam room and the absolute maximum humidity inside the exam room.  
 
H65 : There is a correlation between corrective maintenance and the average temperature 
inside the exam room, variance of the average temperature inside the exam room, the absolute 
maximum temperature inside the exam room, the average maximum temperature inside the 
exam room, the average humidity inside the exam room, the variance of the humidity inside 
the exam room, the average minimum humidity outside of the hospital and the absolute 
minimum humidity outside of the hospital.  
 
After defining the hypotheses that will be used to test for the direct effects. The hypotheses 
pertaining the indirect effects will also be defined. 
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3.2 Objective 2 
Objective 2 looks upon the relationship that temperature and humidity inside the technical and 
exam rooms have on corrective maintenance, be it directly or through candidate events. 
However, measurements of temperature and humidity inside the technical and exam room are 
not available in the Philips DBs at the moment this project is carried out (November, 2018). This 
is a mayor limitation for this project as without this information the direct hypotheses cannot 
be tested. And without the hypotheses being tested, the goal of the objective cannot be 
realized. So, this information needs to be retrieved somehow. It is highly unlikely that this 
information can be found from another source as information inside the hospitals are normally 
protected under law due to patient-doctor confidentiality. Thus, a workaround needs to be 
implemented so as to have this information available and have this project completed.  
 
It would make sense to consider this limitation at first, before starting this project. At the start 
of this project, the information of temperature and humidity inside the technical and exam 
rooms was expected to be available. Due to the necessary procedures that needed to be done 
to produce this data in terms of convincing the owners of the machines that recovering this 
data could benefit them, the hassles of securing the recovered data in encrypted DBs with end-
to-end encrypted transmission (as required by law), the logistics of installing temperature and 
humidity sensors in the technical and exam rooms of machines all over the world, the monetary 
costs of such endeavors and the necessary timeframe to have enough data to analyze, this data 
was not available.  
 

4. Modified Objectives 
As the objectives cannot be realized as they were described before due to the limitations 
expressed in sub-chapter 3, they need to be modified to overcome said limitations. In this 
chapter, the methodology followed to carry these objectives will be laid out and within this 
methodology, the limitations will be addressed.  
 
4.1 Modified Objective 1 
Here the methodology to carry out objective 1 will be explained. As it can be seen on Figure 2, 
the methodology is divided into a sequence of 9 different steps. As such, each step will be 
described following that Sequence. 
  

 
Figure 2 Methodology Steps for Objective 1 
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Step 1: Get Data of Weather Stations 
As touched upon in sub-chapter 3.1, the information on temperature and humidity outside the 
hospitals is not found within the DBs of Philips. So, reliable information of temperature and 
humidity outside the hospitals needed to be found. A public search engine was used to find this 
information. While looking for this information, it became apparent that getting weather data 
(which contains temperature and humidity information) that meets the criteria of comparability 
and that are representative of the conditions outside the hospital, was going to be very 
challenging. In terms of precision in measurements, it would not be as difficult as data found 
was measured with several redundant measurement tools. The comparability was challenging 
in the sense that, whenever data that was measured in a similar way was found, the data only 
covered a section of the world (i.e. a country, a state, a city). The representation of the 
conditions outside the hospital was challenging in the sense that, most weather data is 
measured near the airport of a city, so the weather measurements would be representative of 
the hospitals near the airport but not of other hospitals. Other complications come as data 
being available to look in a website but not being able to be downloaded. In the end, a 
compromise was needed. It was decided that instead of looking at the whole world, by looking 
at only one country, these effects could still be studied, and the realization would be easier. 
This would make it so that only weather data that covers one country is needed, this reduces 
the difficulty of acquiring the data.    
 
When doing this study with only one country, some unintended benefits also become apparent. 
There may be some factors that are not considered in the hypotheses that are dependent on 
the country where the machines are located, and which would introduce noise to the results. 
By holding the country constant, it may be that these other factors are held constant as well 
and thus noise is not introduced. An example of such factors can be the quality of the electric 
supply as seen in WorldBank (n.d. ) which may degrade electronic components by having a high 
voltage variability such as sudden peaks of voltage or such as the interruption of the electric 
supply. These machines are very complex in the sense that they are composed of many 
different components, some of these components use electricity. For these electric 
components to work properly, certain conditions of the electric supply need to be met. These 
conditions are normally stable and are defined by the voltage, the intensity and the frequency 
of the electric supply. Some variation is allowed in the components, however, sudden changes 
in any of these parameters (voltage, intensity, frequency) may go out of the specified range for 
which these components were designed. That is why power regulators exist. Two machines 
with equal temperature and humidity outside the hospitals may have differences in 
maintenance costs that are caused by the different qualities of the electric supplies. This would 
distort results and reduce their precision.  
 
Another example of such factors may be the quality system standards of the regulatory body 
for medical devices, as it can been seen in World Health Organization (2003: 14), there are 
different standards in different countries. Having different standards means that machines 
need to be slightly modified to be able to be sold in the different countries. These modifications 
in turn may introduce noise to the data. These differences in machines are not expected to be 
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big (as they are the same product), however, as the effects of the outside temperature and 
humidity on corrective maintenance are expected to be small (due to the several degrees of 
separation between the outside of the hospital and the inside of the technical and exam 
rooms), they may obscure the effects of the outside conditions.  
 
Another example of these factors may come as differences in cultures, that is, different cultures 
do react differently to problems experienced in machines. As it can be seen in Bleuel et al. 
(2013), there are differences in how cultures approach after-sales services. Even though 
customer service may be centralized, the differences do not only come from the service of 
customer care agents, but they also come from the expectations of the machine owners. These 
differences may affect the time it takes for a machine owner to call Philips about the problems 
experienced.   
 
These factors would not affect results (or at least be severely reduced) when only studying one 
country. Having these factors not affect results is a good un-expected consequence of the 
temperature and humidity outside of the hospitals information not being available, however, 
this still does not give any guidance on to which country to select. What is of interest, it to 
check whether there is a relationship of temperature and humidity conditions outside the 
hospitals on corrective maintenance. This cannot be realized if the temperature and humidity 
of the country do not change where the machines are located. A country that has different 
conditions of temperature and humidity has a broader range of combinations of temperature 
and humidity and as such it can more precisely express their relationship on corrective 
maintenance. However, a country with different temperatures and humidity does not warrant 
that machines will be located in places with different temperatures and humidity. Therefore, a 
country that has many hospitals would be the best way to ensure that the locations of the 
hospitals has different temperature and humidity conditions.  As the largest number of 
machines is located in the U.S., this country is an obvious first choice, and as it can be seen on 
images 3,4 and 5 (taking precipitations as an indicator of humidity such that high humidity 
comes from high precipitations and low humidity comes from low precipitations); the variations 
on temperature and humidity are such that there exists many combinations of temperature 
and humidity. There are places with low annual precipitations and high annual maximum and 
minimum temperatures such as the south of Texas, with high annual precipitations and high 
annual maximum and minimum temperatures such as the western North of California. The 
nuance that these combinations provide would prove beneficial for modelling as the different 
combinations of temperature and humidity offer a better representation of their combined 
effect on corrective maintenance. 
 
 



37 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, the U.S. is a good choice for a country of which information of the temperature and 
humidity outside the hospitals can be gathered from an external source and that can be used to 
explore the effects that temperature and humidity have on corrective maintenance.  

Figure 3 U.S. Chart Showing the Average 
Minimum Temperatures 

Figure 4 U.S. Chart Showing the Average 
Precipitation 

Figure 5 U.S. Chart Showing the Average 
Maximum Temperatures 
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Figure 7 Example of Tukey's fences and Boxplot Nomenclature from Arbitrary Height Data 

 
Then, with the filtered data and using an adapted methodology from Vu et al. (2015), a multiple 
linear regression without collinear regressors is fitted using backwards selection to the 
corrective maintenance indicators. The original methodology described in Vu et al. (2015), as it 
is shown in figure 8, consists of fitting a multiple linear regression OLS model with all available 
dependent variables, then, iteratively taking away the variable with the highest collinearity 
(variables which have its variability already explained through other variables) and refitting the 
model with the remaining variables until all variables are no longer collinear. Then, iteratively 
take away the least significant variable and refit the model until all remaining variables in the 
model are significant. Only then is the model to be analyzed.  
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Figure 8 Original methodology of Vu et al. (2015) 

The OLS linear regression are fitted as seen in Neter et al. (1996: 227). The adapted 
methodology of Vu et al. (2015) can be seen on figure 9, where there are two loops. The first 
one corresponds to the elimination of collinear variables and the second one corresponds to 
the elimination of non-significant variables. 
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As long at the machine is turned on, every 15 minutes the temperature is measured on top of 
the SIB. The SIB is a is an electronic component placed inside a cabinet in the technical room. It 
is assumed that these temperature measurements are representative of the overall 
temperature of the technical room.  
 
The values of temperature inside the technical room show one of the two following behaviors: 
The temperature may increase logarithmically throughout the day and then converging and 
remaining constant (as seen in figure 15) or it may stay constant throughout the day (as seen in 
figure 16). 
 

 
Figure 15 Example of First Expected Behavior of SIB top Temperatures Measured during a Day 

 

 
Figure 16 Example of Second Expected Behavior of SIB top Temperatures Measured during a Day 

 
Due to the low level of variability in the values of the temperature measurements; its 
decomposition on the average, average minimum, average maximum, absolute minimum and 
absolute maximum would not provide any useful information. All decomposed variables would 
have very similar values and therefore would not provide any new information when used in a 
model. Even one single variable, the average, could be used to represent the behavior of these 
measurements. However, just to make sure that the variability, though very low, does not 
influence corrective maintenance it will also be considered in the form of the variance. This 
means that hypotheses 24-27 are discarded. 
 
The average temperature and its variance will be aggregated by the year, so by 2017, just like 
the values of temperature and relative humidity were aggregated in step 6 of objective 1. This 
aggregation results in two variables: 
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Step 4: Get Usage Metrics 
However, as some machines are used more frequently than others and as some machines are 
used more intensely than others; in order to fairly compare corrective maintenance between 
machines, the corrective maintenance need to be standardized by their use. As usage may be 
defined in different ways, two different usage indicators are used to standardize the corrective 
maintenance indicators: the number of days the machine is used and the number of X-Ray 
images the machine takes (an image is referred as an acquisition). These usage indicators are 
used in objective 1 to standardize the corrective maintenance indicators, for further details the 
reader is referred to sub-chapter 4.1 step 7. 
 
To get the usage indicator of days of available log messages, table Development.IXR_cdf_events 
is used. As long as the machine is turned on, there would be at least one log message 
registered. This means that the days of which a machine logs messages corresponds to the days 
the machine is turned on. It is assumed that machines are only turned on if they are used, thus, 
the number of days of available log message is also the number of days the machine is used. 
The query that was used to get the relevant information of the number of days with available 
log messages, used filters so that it counted the number of days where at least one log message 
was available. As only 2017 is considered then the availability of messages is bounded such that 
only messages in 2017 are taken into account.  
 
To get the usage indicator of the number acquisitions the table Development.IXR_acquisitions 
is used. In this table the filters used are such that the different registries of the same exam 
number (an exam is the whole use of the machine for one patient, one exam may contain 
several acquisitions) are only considered once and as such the acquisitions of that exam are 
only considered once. Other filters bound the timestamps of the exams to only contain 
acquisitions that took place in 2017.  
 
These indicators are the same ones as described in objective 1, the reader is referred to sub-
chapter 4.1 and formulas 37 and 38 for more detail. These usage indicators are then used to 
standardize the corrective maintenance indicators, the resulting standardized corrective 
maintenance indicators are described in formulas 39-42. 
 
The reader is reminded that for each hypothesis that is tested, four standardized corrective 
maintenance indicators are used. That is that four sub-hypotheses are tested, one using each of 
the standardized corrective maintenance indicators. 
 
Step 5: Get Counts of Candidate Events 
Hypotheses 66 to 183 consider the candidate events and their relationship to corrective 
maintenance. These hypotheses come in two different formats, either the hypotheses consider 
whether having a candidate event in a machine affects the corrective maintenance of that 
machine or the hypotheses consider if the number of occurrences of the events affect 
corrective maintenance. Therefore, machines need to be assigned if a candidate event occurred 
and how many times it occurred. If a candidate event occurs at least one time in a machine, 
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5. Results 
5.1 Objective 1 

 
Figure 17 Significant Results of Objective 1 
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