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I. Abstract 
In this research increasing the throughput of patients at a diagnostic center through patient scheduling 

and changing the available facilities was examined. It was attempted to increase the throughput of 

patients by using a block scheduling policy. To find an optimal block schedule a mathematical model, 

which finds the block schedule that results in the highest expected income, is used. This block 

scheduling policy was compared to the First Come First Serve (FCFS) scheduling policy for a case study. 

This was done with the use of a tool. With the use of this tool also changes were made to the available 

facilities. However it turned out that for the case study the block scheduling policy did not result in a 

higher expected income than with a FCFS scheduling policy for the diagnostic center. The flexibility of 

the FCFS scheduling policy makes sure that all the patients are scheduled after each other on a day. 

With the block scheduling policy it could happen that there are gaps in the schedule of a day, because 

there were less patients that wanted to have a certain type of exam than expected. The changes that 

were made to the facilities of the case study all resulted in a higher expected income. With the use of 

this tool the effect on the throughput of patients and the expected income of an investment can be 

shown.   
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III. Management Summary 
This master thesis is the result of the Master program Operation Management and Logistics at the 

University of Eindhoven. This project has been executed at Philips Healthcare at the location Best.  

Introduction 

This research will focus on increasing the throughput of patients at a diagnostic center, where 

throughput of patients is defined as the number of patients that can be examined per day (all the 

definitions used in this report can be found in the list of definitions on page xii). At diagnostic centers 

images are made of internal organs and tissues. These images can be very helpful for the diagnosis of 

a broad range of conditions in all parts of the body. Philips Healthcare sells Magnetic Resonance 

Imaging (MRI) scanners that can be used to make these images. 

Customer X, which is a diagnostic center with MRI scanners of Philips, wants to get a better 

understanding on how the throughput of patients can be improved with minimal investment costs in 

order to be able to examine more patients on a daily basis. There are multiple ways to increase the 

throughput of patients at a diagnostic center. In this research increasing the throughput of patients 

through patient scheduling and changing the available facilities will be examined. The facilities are the 

number of locations with for each location the equipment, the number of dressing rooms and the 

number of exam rooms. Philips would like to have a tool which helps them analyze the throughput of 

patients for their customers so they can give advice to their customers about how to improve the 

throughput of patients. This resulted in the following goal for this research: 

The goal of this research is to develop a tool for making an optimal patient schedule where also 

changes can be made to the available facilities.  

The tool will be applied to the case study of Customer X, but it can also be used for other customers 

of Philips MR. With the use of this tool, Philips MR can make recommendations to customers about 

how to make an optimal patient schedule and how the throughput of patients will change when they 

make certain investments. This can help promote upgrades to newer products and Philips can 

strengthen its brand with its customers. 

Research design 

The research environment of a diagnostic center can be described by identifying all the process steps 

a patient has to go through when being examined. These process steps will be called the patient flow. 

The process considered is from the moment a patient calls to make an appointment until he leaves 

the diagnostic center.  

1. A patient calls for an appointment. Each patient can call for an appointment for a different 

type of exam. A type of exam is the part of the body the patient wants to have examined. For 

each type of exam a different coil, which is an accessory which is needed to make the images, 

is used. For example for a knee exam a knee coil is used and for a head exam a head coil is 

used. 

2. An appointment is scheduled for this patient. 

3. The patient arrives at the diagnostic center for his appointment. 

4. The patient waits for a free dressing room. 
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5. The patient undresses. He either needs to change into a hospital gown or he only needs to 

take off his shoes. 

6. The patients waits for his exam room to be free. 

7. The patient is prepared to be examined. One of the steps in the preparation of the patient is 

the placement of the coil on the part of the body that needs to be examined. 

8. The patient is examined.  

9. The finishing actions are performed. 

10. The patient will get dressed or put his shoes back on. While the patient was in the exam room 

to be prepared, examined and finished, his dressing room remained occupied. 

11. The patient leaves the diagnostic center.  

There are different types of scanners sold by Philips Healthcare. The time that is needed to prepare, 

examine and finish a patient is dependent on the type of scanner that is used. Time can be saved when 

patients can be batched according to their type of exam, because less time is needed between patients 

to change the coil. Therefore the scheduling policy that is investigated is the block scheduling policy. 

With this policy, different blocks of time are reserved for the different types of exam. When a patient 

calls to make an appointment he can be scheduled in a block for his type of exam. Then patients with 

the same type of exam are scheduled after each other.  

Tool development 

To be able to determine the length of each block in the block schedule, the stochastic variables need 

to be used as deterministic variables. This will be done with the use of the percent assurance. The 

percent assurance is the probability that a random variable X is less or equal to a given number x. With 

the percent assurance the number of patients for which time needs to be scheduled for and the time 

that needs to be reserved for the different process steps can be determined. Then the length of each 

block can be determined. 

Once the length of all the blocks is determined, the blocks can be placed after each other in the block 

schedule. However when there is not sufficient capacity to schedule all the blocks, a choice needs to 

be made which block or part of a block to schedule on which scanner (the length of each block can 

differ per scanner). The income for each type of exam can differ and also the costs that are made for 

the different types of exam can vary. Therefore the optimal block schedule can be determined by 

solving a mathematical model. The result of the mathematical model is the optimal block schedule 

which results in the highest expected income for the diagnostic center.   

A simulation tool is used to determine whether block scheduling performs better than the currently 

used First Come First Serve (FCFS) scheduling policy. The simulation tool is applied to the case study 

of customer X. With the use of the simulation tool also changes are made to the facilities of customer 

X. 

Results 

When the extra time needed between patients with different types of exam is low (in the case study 

of customer X: lower than 28 minutes), the FCFS scheduling policy performs better than a block 

scheduling policy. When the extra time needed between patients is high (in the case study of customer 

X: 28 minutes or higher), the block scheduling policy performs better. The FCFS scheduling policy 
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performs better when the extra time needed between patients is low, because the flexibility of the 

FCFS scheduling policy makes sure that all the patients are scheduled after each other on a day. With 

the block scheduling policy it could happen that there are gaps in the schedule of a day, because there 

were less patients that wanted to have a certain type of exam than expected. 

All the changes to the facilities of customer X that were made resulted in a higher expected income. 

Therefore it would be beneficial for customer X to make these investments. 

Conclusion 

The goal of this research is partly reached. A tool was developed which allows changes to the available 

facilities to analyze the change in the performance measures. However the new way of patient 

scheduling, the block scheduling policy, was not better for customer X than the scheduling policy that 

is currently used, the FCFS scheduling policy.  

Recommendation for Philips 

The simulation model can be used for different customers to make recommendations to those 

customers on which investments increase their total expected benefits and throughput of patients the 

most. This way Philips can do more than just tell a customer to make a certain investment: the effect 

of the investment can also be shown. 

Academic relevance and further research 

It is shown that since the time that can be saved when scheduling two patients of the same type of 

exam is not very large, there is no advantage of using a block scheduling policy. The chance that there 

are gaps in the schedule for a day is too large and therefore the benefits of block scheduling is not 

found.  

However it is known from the people who have worked a lot with MRI scanners that scheduling two 

patients with the same type of exam after each other saves time. Therefore another scheduling policy 

should be made which is more flexible than the block scheduling policy, but schedules patient with 

the same type of exam after each other. The policy should be more flexible than the block scheduling 

policy to avoid gaps in the schedule for a day. For example the scheduling policy where patients are 

called back for the details of their appointment can be investigated further. 
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List of Definitions 
Appointment The location, date and time on which a patient will be examined. 

Block A timeframe that is reserved for a certain type of exam 

Category A Types of exam that occur frequently belong to category A. 

Category A1 Exam cards that occur frequently belong to category A1. 

Category A2 Exam cards that occur seldom belong to category A2. These exam 

cards are combined in one exam card called “Various”. 

Category B Types of exam that occur seldom belong to category B. These types 

of exam will be combined in on type of exam called “Other”. 

Coil Necessary equipment to make good MR images. For the different 

parts of the body there are different coils that need to be used. 

Customers of Philips MR Institutions, like hospitals or diagnostic centers, which have bought 

or want to buy an MRI system of Philips. 

Cycle length The number of days for which the block schedule will be made. 

Demand The number of patients that want to be examined. 

Desired precision The relative error with respect to the mean that is tolerated by the 

user. 

Dressing room The room in which patients will change clothes or take off their shoes. 

Dual BPP A problem where the objective is to maximize the number of items 

that are assigned to a given number of bins. 

Exam The making of all the necessary scans to examine whether a certain 

diagnosis can be confirmed for a patient. 

Exam card The different scans that are necessary to confirm a specific diagnosis 

are indicated on an exam card 

Exam room The room where the MRI scanner is located. It is only possible to have 

one scanner per exam room. 

Exam time The sum of all the scan and inter-scan delay times. For each patient 

multiple scans are needed. 

Extended opening hours The time after the official opening hours in which patients can be 

scheduled. 

Facilities The number of locations, with for each location the available 

equipment, the number of dressing rooms and the number of exam 

rooms. 
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Finish time The time needed to help the patient of the table and leave the exam 

room. 

Idle time The time the system is inactive, but the diagnostic center is still open 

for examining. 

Income The revenues the diagnostic center receives from the patients minus 

the costs that are made to be able to examine these patients. 

Market share An indicator of how well the diagnostic center is doing against its 

competitors. The higher the market share, the better the diagnostic 

center is doing against its competitors. 

MRI scanner   System used to get MR images. 

Optimality gap The difference between the best solution found so far and the value 

of the optimal solution of the linear programming relaxation 

problem. 

Overtime The number of minutes the last patient of the day is done dressing 

after regular working hours. 

Patient flow The process steps which a patient has to go through when being 

examined. 

Percent assurance The probability that a random variable X is less or equal to a given 

number x. 

Prepare time The time it takes to prepare a patient to be scanned, so to use the 

necessary coil and fix the body part so it will not move during the 

scans. 

Procedure time The time that is needed to prepare, examine and finish a patient, 

which is the time the exam room will be occupied by a patient. 

Re-entrant problem A job has to enter the same process more than once. 

Regular working hours  The standard opening hours of the diagnostic center. 

Service time The time that needs to be reserved for a patient in the schedule. 

Simulation run   The simulation of one day at the diagnostic center. 

Slack Slack is used to make sure that a random variable is within a certain 

limit with a certain probability. 

Subblock A block of time that is scheduled for an exam card in a block for the 

type of exam that the exam card belongs to. 

Throughput of patients  The number of patients that are examined per day. 



xiv 
 

Type of exam A type of exam are all the examinations for which the same coil is 

used. 

Utilization   The time used divided by the available time. 

Waiting time dressing room This is the time the patient is done changing his clothes or taking of 

his shoes and is waiting in the dressing room. 

Waiting time waiting room This is the time the patient is sitting in the waiting room until he is 

called to a dressing room. 
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1. Introduction 
This research will focus on increasing the throughput of patients at a diagnostic center, where 

throughput of patients is defined as the number of patients that can be examined per day (all the 

definitions used in this report can be found in the list of definitions on page xii).  

There are multiple ways to increase the throughput of patients at a diagnostic center. For example the 

available facilities can be used in a more optimal way or changes can be made to the available facilities 

at each location. The facilities are the number of locations with for each location the equipment, the 

number of dressing rooms and the number of exam rooms. The available facilities can be used in a 

more optimal way by for example making sure the staff works in the most efficient way or addressing 

the patient scheduling. In this research increasing the throughput of patients through patient 

scheduling and changing the available facilities will be examined.  

This research was conducted at Philips Healthcare, but the focus of the research is on increasing the 

throughput of patients at a diagnostic center. Therefore the company background of Philips will be 

discussed briefly in section 1.1 and the research environment of a diagnostic center will be discussed 

in more detail in the next chapter. In section 1.2 the motivation of Philips for this project is discussed 

which resulted in the goal of the project which is described in section 1.3. In section 1.4 the research 

methodology to reach the goal is discussed. In the last section of this chapter (section 1.5) the outline 

of the rest of the report will be presented. 

1.1 Company Background 
Philips consists of three different branches: Healthcare, Consumer Lifestyle and Lighting. The annual 

sales for Philips as a whole in 2013 were €23,329 million. The annual sales for Healthcare were 42% of 

the total: €9,575 million, which is the largest share, as can be seen in Figure 1 (Philips, 2014).  

 
Figure 1; Philips annual sales 2013 

Healthcare has different business areas, namely Imaging Systems, Patient Care & Clinical Informatics, 

Home Health Solutions, Customer Services and Informatics Solutions & Services. Imaging systems is 

split into different Business Innovation Units, where Advanced Diagnostic Imaging is one of them. 

There are three different imaging techniques which each form a different department within 

Advanced Diagnostic Imaging: Computed Tomography, Magnetic Resonance (MR) and Advanced 

Molecular Imaging (all the abbreviation used in this report can found in the list of abbreviations on 

page xi). This study is performed in the group of Global Customer Experience and Advocacy in the 

department of MR. 

With the use of MR clear and detailed images can be made of internal organs and tissues. These 

images can be very helpful for the diagnosis of a broad range of conditions in all parts of the body. 
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Philips Healthcare sells Magnetic Resonance Imaging (MRI) scanners that can be used to make these 

images. 

1.2 Project Motivation 
Customer X is with 9 MRI systems, which were made by Philips, a big customer of Philips MR, which is 

the responsible department of Philips Healthcare for all MRI systems. Customers of Philips MR are 

institutions, like hospitals or diagnostic centers, which have bought or want to buy an MRI system of 

Philips. Customer X has been growing since the foundation, but the competition from other diagnostic 

imaging organizations has increased. It was a direct request from Customer X to get a better 

understanding on how the throughput of patients can be improved with minimal investment costs in 

order to be able to examine more patients on a daily basis. General Electric (GE) and Siemens, who 

are the two big competitors of Philips MR (Philips, 2014), are providing tips on their websites on how 

to arrange the patient flow for a diagnostic center or hospital to increase the throughput of patients 

(Siemens Healthcare website, 2014) (GE Healthcare website, 2014). Philips also wants to provide this 

service and therefore Philips wants to help Customer X with analyzing how Customer X can increase 

the throughput of patients. The problem is that at the moment Philips does not have a way to analyze 

the throughput of patients for their customers. Philips would like to have a tool which helps them 

analyze the throughput of patients for their customers so they can give advice to their customers 

about how to improve the throughput of patients. This way Philips can establish his brand and prevent 

customers from going to a competitor. 

1.3 Goal 
The goal of this research is to develop a tool for making an optimal patient schedule where also 

changes can be made to the available facilities. The tool will be applied to the case study of Customer 

X, but it can also be used for other customers of Philips MR.  With the use of this tool, Philips MR can 

make recommendations to customers about how to make an optimal patient schedule and how the 

throughput of patients will change when they make certain investments. This can help promote 

upgrades to newer products and Philips can strengthen its brand with its customers. 

1.4 Research Methodology 
The research model of Mitroff, Betz, Pondy & Sagasti (1974), which is represented in Figure 2, is used 

as a guideline for this research. There are four steps in the research model: (1) conceptualization, (2) 

modelling, (3) model solving and (4) implementation. These steps will be discussed one by one in 

sections 1.4.1 to 1.4.4. 
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Figure 2; Research model (Mitroff, Betz, Pondy, & Sagasti, 1974) 

1.4.1 Conceptualization 

In the conceptualization phase a conceptual model of the problem is defined. A research proposal is 

made with a description of the problem. A literature research is conducted to find literature which 

can help solve the problem of patient scheduling. It is determined how this assignment contributes to 

the existing literature. The conceptualization phase is discussed in chapter 1 and 2.  

1.4.2 Modeling 

In the modeling phase first the problem of patient scheduling will be addressed. This problem will first 

be solved independent of the available facilities, since the solution should be applicable to all 

situations. Once this problem is solved, changes will be made to the available facilities. This will all be 

translated into a tool. This way the throughput of patients can be analyzed for different facilities. The 

modeling phase is discussed in chapter 3 and 4. 

1.4.3 Model Solving 

In the model solving phase the tool will be applied to the case description of Customer X. First the new 

way of patient scheduling will be tested. Then some changes to the available facilities will be tested 

and recommendations to Customer X will be made. The deliverable is to be able to show customer X 

the change in the throughput of patients when certain decisions are made. Also the effect on the other 

performance measures should be discussed with customer X. The model solving phase is discussed in 

chapter 5. 

1.4.4 Implementation 

The last step is the implementation. The applicability of the model to other customers of Philips MR 

is researched. The tool is explained to people within Philips, so they can use it themselves. The last 

deliverable is a report. 

1.5 Report Outline 
The first chapter has presented a brief introduction to the company, the goal of this research, the 

project motivation and the research methodology. In the second chapter the research environment 

and the performance measures will be discussed. A literature review about patient scheduling is 

conducted and a scheduling policy to make the patient schedule is decided on. The contribution to 
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the existing literature is examined and the assignment is described. In chapter 3 the development of 

the mathematical model to solve the problem of patient scheduling is discussed. In the fourth chapter, 

the development of the tool is discussed. Chapter 5 includes the results when the model is applied to 

the case description of Customer X. The last chapter, chapter 6, provides general conclusion and 

recommendations for further research will be provided. A schematic overview of the report outline 

can be found in Figure 3. 

Introduction (Chapter 1)

Research Design (Chapter 2)

Create Block Schedule (Chapter 3)

Tool Development (Chapter 4)

Results: Case Study Customer X (Chapter 5)

Conclusion and Recommendations (Chapter 6)

Conceptualization phase

Modeling Phase

Model Solving Phase

Research model of Mitroff et al (1974)

 
Figure 3; Report outline 
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2. Research Design 
As explained in the previous chapter the research environment will be the diagnostic center. In this 

chapter therefore first the research environment will be discussed in more detail in section 2.1. Then 

the performance measures which will help analyze the performance of the diagnostic center will be 

discussed in section 2.2. In section 2.3 the characteristics of this research will be described. In section 

2.4 the different possible scheduling policies that could be used to solve the problem of patient 

scheduling in this research will be discussed and a scheduling policy to make the patient schedule is 

decided on. In section 2.5 the contribution to the existing literature will be discussed. In the last part 

of this chapter, section 2.6, the assignment will be discussed in more detail. 

2.1 Research Environment 
The research environment of a diagnostic center can be described by identifying all the process steps 

a patient has to go through when being examined. These process steps will be called the patient flow. 

The patient flow is made with people who work at Philips MR. The process considered is from the 

moment a patient calls to make an appointment until he leaves the diagnostic center. The patient flow 

is shown in Figure 4 and each process step will be discussed in section 2.1.1 to 2.1.11 in more detail. 

The process steps are the same for all locations of a diagnostic center. 

1. Patient calls 
for an 

appointment

2. schedule 
appointment

3. Patient 
arrives for 

appointment

4. Patient 
waits for free 
dressing room

5. Patient 
undresses

6. Patient 
waits for free 
exam room

7. Prepare 
patient for 

exam

8. Patient is 
examined

Use of patient
scheduling policy

9. Finish

10. Patient 
dresses

11. Patient 
leaves center

A location of a diagnostic center

Process step for a patient

Patient moves from one process step to the next

All process steps in this block are in one location of a diagnostic center
 

Figure 4; Patient flow 

2.1.1 Patient Calls for an Appointment (step 1) 

For the patient it starts with being told that he needs to have an MRI exam to examine whether a 

certain diagnosis can be confirmed. In this research an exam is defined as the making of all the 

necessary scans to examine whether a certain diagnosis can be confirmed for a patient. The patients 

can be of all ages and can be male or female.  
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The patient receives a referral on where he can do the exam, but it is his own choice where he wants 

to go. The patient will call the diagnostic center where he wants to be examined to make an 

appointment, where an appointment is the date, location and time the patient will be examined. 

2.1.2 Schedule Appointment (step 2) 

When a patient calls, an appointment is immediately made. All patients are accepted by the diagnostic 

center. All patients can be sent to all locations. After the appointment is scheduled the patient knows 

at which location, on what date and at what time he will be examined. 

2.1.3 Patient Arrives for Appointment (step 3) 

The patient arrives at the prearranged location, date and time. All the following process steps (steps 

4 to 10) take place at one of the locations of the diagnostic center. Once a patient enters the diagnostic 

center for his appointment, he needs to be examined on that day. The diagnostic center cannot close 

until all patients of that day have been examined and have left the diagnostic center.  

2.1.4 Patient Waits for Free Dressing Room (step 4) 

When a patient arrives and there is no free dressing room, the patient is asked to wait. The order in 

which patients are called to the dressing room(s) can be determined with the use of a queue discipline. 

Some examples of queue disciplines that can be used are first-come-first-serve (FCFS), by appointment 

time or by priority.  

2.1.5 Patient Undresses (step 5) 

When a dressing room is available the patient is asked to prepare himself for the exam. For some 

exams the patient needs to change into a hospital gown, which is supplied by the diagnostic center. 

For other exams, the patient only needs to take off his shoes. The patient will leave his clothes and/or 

shoes in the dressing room. So while the patient is being examined, his dressing room will remain 

occupied.  

At some locations the dressing rooms are directly connected to an exam room, so the patient can only 

go to a certain exam room from that dressing room. At other locations a patient can go from the 

dressing room to multiple exam rooms to be examined. 

2.1.6 Patient Waits for Free Exam Room (step 6) 

Once the patient will have changed his clothes he will be waiting in the dressing room until the exam 

room is free. If there is more than one dressing room a queue discipline needs to be used to decide 

which patient will enter the exam room first. The patient who is changed first can for example be 

examined first, the patient whose appointment time is first or the queue discipline first-in-first-out 

(FIFO) can be used.  

2.1.7 Prepare Patient for Exam (step 7) 

Before the patient can be examined, he needs to be prepared. The patient is helped on the table, the 

necessary coil is placed and the part of the body to be examined is fixed so it will not move during the 

exam. If necessary the patient is given contrast to increase the contrast of the images that are going 

to be made.  

2.1.8 Patient is Examined (step 8) 

After the patient is prepared, all the necessary images to be able to confirm a diagnosis are made. In 

most cases multiple scans are made of each patient. The different scans create different images from 
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different angles or with different contrast. The different scans that are necessary to confirm a specific 

diagnosis are indicated on an exam card. Exam cards can be grouped according to the type of exam. 

There are 35 different types of exams. The types of exams with the highest number of patients who 

want that exam are the knee, brain, spine, shoulder and abdomen. For each type of exam a different 

coil is used. So for the exam cards that belong to the same type of exam, the same coil is used. A 

patient is examined successfully if there are enough images and of a desired quality for the radiologist 

to make a diagnosis. 

2.1.9 Finish (step 9) 

After all the scans are done, the finishing actions will be performed. This is amongst others helping 

the patient off the table and preparing the table for the next patient. 

2.1.10 Patient Dresses (step 10) 

After the patient is finished in the exam room he will go back to his dressing room to either get dressed 

or put his shoes back on.  

2.1.11 Patient Leaves Center (step 11) 

Once the patient is dressed he will leave the diagnostic center.  

2.2 Performance Measures 
The following performance measures that are discussed in section 2.2.1 to 2.2.4 are interesting for a 

diagnostic center. In each section the performance measure is explained and the importance of the 

performance measure for a diagnostic center is discussed. 

2.2.1 Throughput of Patients 

The throughput of patients is the number of patients examined per day. A diagnostic center wants to 

examine as many patients as possible per day. The more patients are examined per day, the higher 

the revenue for the diagnostic center is. Also more people will know about the diagnostic center which 

can increase the market share of the diagnostic center. Market share is defined as an indicator of how 

well the diagnostic center is doing against its competitors. The higher the market share, the better the 

diagnostic center is doing against its competitors. 

The throughput of patients is directly related to the number of patients which cannot be scheduled 

per day. If there is not sufficient capacity to schedule all the patients that want to be examined per 

day, there will be patients which cannot be scheduled. The throughput of patients plus the number of 

patients which cannot be scheduled per day is the number of patients that want to be examined per 

day. It is also interesting for a diagnostic center to know how many patients could not be scheduled. 

It gives an indication whether extra capacity is needed to be able to examine all the patients that want 

to be examined per day. 

2.2.2 Average Waiting Time of Patients 

Two different waiting times for the patients will be considered:  

1. The average time a patient is waiting in the waiting room (step 4) will be considered. This is 

the time a patient is sitting in the waiting room until he is called to go to a dressing room. This 

will be called the Waiting time waiting room. 
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2. Also the average time a patient is waiting in the dressing room (step 6) will be considered. This 

is the time a patient is in the dressing room, but is done changing his clothes or taking of his 

shoes. This will be called the Waiting time dressing room. 

According to Cayirli and Veral (2003) the patients’ tolerance for waiting declines steeply after a certain 

threshold. Some surveys have indicated that this threshold is about 30 minutes. The study of Huang 

(1994), which reports the results of a survey on patient attitude towards waiting in an outpatient 

surgery clinic, found that patients who arrived on time for their appointment were satisfied with 

waiting times of 37 minutes or less. To avoid dissatisfied patients, a diagnostic center should avoid 

having a total average waiting time of more than 37 minutes. Dissatisfied patients can have a negative 

effect on the market share of the diagnostic center.  

2.2.3 Utilization  

The definition used for utilization is the time used divided by the regular working hours. The regular 

working hours are the opening hours of each location. The utilization will be computed for each exam 

room, scanner and dressing room in each location.  

Utilization refers to the workload of a resource (Cardoen, Demeulemeester, & Beliën, 2010). If the 

utilization is low, resources could have been utilized more during a day. Some reasons for a low 

utilization can be: 

 Not enough patients to utilize the resources fully 

 An excess amount of resources 

 A bottleneck which prevents a resource to be utilized fully 

If the utilization of a resource is very high, it could mean this is a bottleneck in the process. The 

utilization can be helpful to find possibilities to increase the throughput of patients of a diagnostic 

center. 

2.2.4 Income 

The income of a diagnostic center is defined as the revenues the diagnostic center receives from the 

patients minus the costs that are made to be able to examine these patients. The following costs are 

all the costs that need to be considered when running a diagnostic center according to the people who 

work at Philips MR. 

 Fixed costs of employees, only the employees working in the diagnostic center will be 

considered. For example employees who do the marketing will be excluded. These costs need 

to be considered because these employees are needed to examine the patients. 

 Cost of overtime of the employees, where overtime is defined as the number of minutes the 

last patient of the day is done dressing after regular working hours. In most countries if an 

employee has to work overtime he is paid extra during this time. Therefore it will cost more 

for the diagnostic center if employees have to work overtime. 

 Energy costs. The difference in energy costs when a scanner is examining, is idle between 

patients or is off during the night will be considered. During the night still some energy is used 

to for example cool the scanner. The energy costs while examining can be much higher than 

when the scanner is idle or off and need to be taken into account when determining the costs 

to be able to examine patients. 
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 Service contract of Philips. Most customers of Philips have a service contract with Philips for 

each scanner. For a fixed fee per year Philips will maintain the system. The diagnostic center 

will only receive revenues when patients can be examined, so when the system is working. 

Therefore it is important that the scanners are maintained by Philips. 

 Investment costs. Investment costs are made when scanners and/or coils are upgraded with 

hardware and/or software. Investment costs are also the purchase of a new scanner or the 

building of an extra dressing room. Without these investments it might not be possible to 

increase the throughput of patients. Therefore these costs are considered as well. 

The income of the diagnostic center is important, because if the diagnostic center is not profitable the 

diagnostic center might go bankrupt.  

2.3 Research Characteristics 
According to the literature review of Cayirli and Veral (2003) the following factors are encountered in 

appointment scheduling environments related to healthcare. In this research some factors are 

considered, while other factors are not considered. The seven factors are discussed one by one in 

section 2.3.1 to 2.3.7.  

2.3.1 Number of Stages (single or multi-stage) 

The different stages a patient needs to go through are the steps in the patient flow in Figure 4. The 
different steps are already discussed in detail in section 2.1. The order in which the patients go 
through the steps is also shown in Figure 4. 

2.3.2 Number of Servers (single or multi-server) 

The patients can be sent to all location. Independent of the location at which a patient is examined, 

he will be examined successfully.  

At each location every stage can be single or multi-server. The number of dressing rooms and exam 

rooms can vary. There can only be one scanner in an exam room. Therefore the number of scanners 

is always the same as the number of exam rooms. 

2.3.3 Number of Appointments per day 

Each day the diagnostic center starts and ends with zero patient. Therefore there will never be a steady 

state according to Chand, Moskowitz, Norris, Shade and Willis (2009). A diagnostic center wants to 

examine as many patients as possible per day. Therefore appointments will be made with as many 

patients as possible per day.  

2.3.4 The Arrival Process (deterministic or stochastic) 

Patient scheduling can be either static or dynamic. With dynamic scheduling the schedule can be 

changed during the day. In general this can be used for patients who are hospitalized, since they are 

already present in the hospital and can be examined on any time of the day.  The most common 

appointment system in healthcare is static scheduling. With static scheduling, the schedule is made in 

advance and patients know when they have an appointment to be examined. This is more convenient 

for patients who are not hospitalized since they have to plan when to come to the center and when 

to take time off from work (Cayirli & Veral, 2003). Here static scheduling will be used, since patients 

want to know the date and time of the appointment when calling for an appointment. Once an 

appointment is made, patients are dissatisfied when the appointment is changed. 



- 10 - 
 

According to Centeno, Dodd and Aranda (2010), 11% of the patients arrive too late for their 

appointment and 76% of the patients arrive too early for their appointment at an endoscopy center. 

Patients who arrive too late or too early for their appointment can disrupt the whole schedule of a 

day. However this will not be taken into account, because only the impact of a new patient scheduling 

policy and changes in the facilities are of interest in this research. How to deal with patients who arrive 

too late or too early for their appointment is not within the scope of this research. 

2.3.5 Service Times 

The service time is the time that needs to be reserved in the schedule for a patient. There are several 

factors that need to be taken into account with respect to the service time. 

1. There is uncertainty in the time that is needed for the different process steps. All the times 

that are needed in the different process steps are stochastic variables.  

If a radiologist is not sure whether he can diagnose the patient with the use of the scans that 

are indicated on the exam card, extra scans can be made. When extra scans are made, the 

duration of an exam will increase.  

The duration of one scan can also differ among patients. For example a factor that can 

influence the duration of one scan is the amount of fat the patient has.  

The quality of the images of the different types of scanners can also differ. For some types of 

exam the diagnosis can be confirmed easier with images of higher quality, for other types of 

exams the image quality does not have to be very high to confirm a diagnosis. 

It is also possible that certain scans need to be done again due to movement of the body part 

that needs to be scanned, hardware or software errors or other reasons.  

The time it takes to prepare a patient and the finishing actions can differ per patient. 

2. For each type of exam there are different exam cards. Each exam card has a certain number 

of scans that belong to that exam card and therewith a duration. For each exam card there is 

a different expected duration of the exam.  

3. The average time it takes to do an examination of a patient with a certain exam card is 

dependent on the type of scanner.  

4. Time can be saved when patients can be batched according to their type of exam. For every 

type of exam different coils are used. For example for a knee exam a knee coil is used and for 

a head exam a head coil is used. Time can be saved when two patients with the same type of 

exam are examined after each other. Then it is not necessary to change the coil between 

patients and preparation of patients becomes a more routine job. 

5. After the patient has been in the exam room, the patient will go back to his dressing room to 

change his clothes again. This can have an influence on the service time. It can be seen as a 

re-entrant problem, which means a job has to enter the same process more than once. The 

dressing room will remain occupied while the patient is in the exam room.  

6. The number of dressing rooms can have an influence on the service time. Also the time that 

is needed in the dressing rooms can have an influence on the service time. This is explained 

below. 

Number of Dressing Rooms 
The number of dressing rooms will have an influence on the service time as can be seen when 

comparing Figure 5 and Figure 6. When there is only one dressing room, which is shown in Figure 5, 

the service time will be the time it takes the patient to change into a hospital gown, plus the procedure 
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time and the time it takes the patient to change into his own clothes again. The procedure time is the 

time it takes to prepare, examine and finish a patient (steps 7 to 9 of the patient flow), which is the 

time the exam room will be occupied by a patient. The exam room will not be occupied constantly; 

there will be time between patients (Figure 5). To avoid the time between patients in the exam room, 

multiple dressing rooms are needed. The next patient can already change into the hospital gown while 

the first patient is in the exam room. There will be no time between patients in the exam room. The 

service time will be the time the patient spends in the exam room (Figure 6). 

 
Figure 5; Patient service time with one dressing room 

 
Figure 6; Patient service time with two dressing rooms 

Time to Change Clothes 
The time it takes for patients to change their clothes has an influence on the number of dressing rooms 

needed to avoid time between patients in the exam room. Therefore it also has an influence on the 

service time. This is shown in Figure 7. The time to change clothes has increased with respect to the 

time used in Figure 6. As is shown in Figure 7, due to the increase in time to change clothes there is 

time between patients in the exam room. The service time is the procedure time plus some of the 

time it takes to change their clothes. To avoid this time between patients in the exam room more 

dressing rooms are needed. This is shown in Figure 8. If patients need more time to change their 

clothes, more dressing rooms are needed to be able to constantly have patients in the exam room. 

The service time is again the time in the exam room, as in Figure 6. 

 
Figure 7; Service time when patients need more time to undress and dress than in Figure 6 and two dressing rooms 

 
Figure 8; Service time when patients need more time to undress and dress than in Figure 6 and three dressing rooms 

2.3.6 Lateness and Interruption Level of the Staff 

This factor is not considered in this research. 

2.3.7 Queue Discipline 

In almost all studies it is assumed that patients are served on a FCFS basis (Cayirli & Veral, 2003). Since 

it is assumed that all patients arrive on time for their appointment, this queue discipline is the same 
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as serving patients in the order of their appointment times. This queue discipline will be used to send 

patients to the dressing room when they are waiting for a free dressing room (step 4 in the patient 

flow). 

When there are multiple dressing rooms a queue discipline is needed to determine the order in which 

patients will be send to the exam room when they are waiting for a free exam room (step 6 in the 

patient flow). Since patients enter the dressing room using the queue discipline by appointment time, 

the queue discipline FIFO is the same as the queue discipline by appointment time when patients are 

send to the exam room. By using this queue discipline the patient who entered the dressing room first 

will be examined first. 

2.4 Scheduling Policies 
Most diagnostic centers use a FCFS scheduling policy where the same time for the procedure is 

reserved for each patient, independent of the type of exam. When a patient calls, the appointment 

will be made on the scanner that is the earliest available. The order in which patients are scheduled is 

not taken into account, even though time can be saved when patients of the same type of exam are 

scheduled after each other. By using a scheduling policy which can schedule patients with the same 

type of exam after each other, more patients can be scheduled on a day. A higher throughput of 

patients can result in a higher profit for the diagnostic center. 

There are two scheduling policies that could result in a higher throughput of patients compared to the 

FCFS scheduling policy, because patients with the same type of exam are scheduled after each other. 

These options will be discussed in section 2.4.1 and 2.4.2. 

2.4.1 Call Back 

When this scheduling policy is used, if a patient calls to make an appointment, the appointment is not 

made immediately. Either only the day the patient will be examined will be agreed upon or not even 

the day of the examination will be agreed upon. Once all the patients that need to be scheduled on a 

certain day are known, an optimal schedule will be made. In this schedule all the patients with the 

same type of exam are scheduled after each other. The patient either has to call back himself or the 

person who does the planning for the diagnostic center needs to call each patient back to tell the 

patient when, where and at what time his appointment will be.   

The main advantages of using this scheduling policy is that all patients with the same type of exam are 

scheduled after each other. There will not be any time between the end of an appointment of one 

patient and the start of the appointment of the next patient if this is not desired. Therefore an optimal 

schedule can be made. 

The disadvantages of using this scheduling policy are that the patient does not immediately know at 

what time and location he will be examined. This could be inconvenient for a patient if he needs to 

take time off from work or he has other obligations. Also when he is first told at what day he will be 

examined it could turn out there is not enough capacity for all the patients that want to be examined 

on that day. The patient cannot be scheduled for another day until all the patients that want to be 

examined on that day are known. Therefore this can result in dissatisfied patients. It can also result in 

extra work for the people who do the planning of patients for the diagnostic center, because they 

have to talk at least two times with each patient. 
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One of the requirements for the scheduling policy is that patients will be scheduled immediately when 

they call to make an appointment. Therefore, even though this could be a good policy to use to 

schedule patients for a diagnostic center, it will not be investigated further. 

2.4.2 Block Scheduling 

With block scheduling different blocks of time will be reserved for different types of exams. A block is 

defined as a time frame that is reserved for a certain type of exam. The block schedule can be used 

repetitively, the same block schedule can be used for multiple days. Patients can be scheduled in a 

block for their type of exam. An example of a block schedule of one day is shown in Figure 9. 

 
Figure 9; Example of a block schedule of one day 

In Figure 9 it is shown that there are 3 blocks scheduled for knees at scanners 1, 2 and 4. This means 

that in those blocks only patients who want to have a knee exam can be scheduled in those time 

frames on those scanners. If a patient for example wants to have his abdomen examined he cannot 

be scheduled during one of the 3 blocks that are scheduled for knees. He needs to be planned in a 

block that is scheduled for the abdomen.  

The disadvantage of block scheduling is that a prediction of the number of patients that want to be 

examined needs to be made. If the number of patients for a certain type of exam on a day turns out 

to be lower than expected, there will be free time between patients in the schedule of a day. On the 

other hand if the number of patients is higher than expected, the patients that cannot be scheduled 

in a block for their type of exam, cannot be scheduled on that day even when there is still free time in 

other blocks.  

The advantage of using a block scheduling policy is that patients with the same type of exam will be 

scheduled after each other. An advantage for the patient is that when the patient calls, the 

appointment can be made immediately. This is one of the requirements for the scheduling policy. 

Therefore even though block scheduling has some disadvantages over the scheduling policy where a 

patient is called back for the details of his appointment, block scheduling will be used in this research. 

A block schedule can be made for one or multiple days. This amount of days will be called the cycle 

length. The block schedule will be used repetitively. So if the cycle length is one day, each day the 

same block schedule will be used. If the cycle length is two days, the block schedule will be repeated 

every two days. The cycle length needs to be determined by management. If the time between the 
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time a patient calls and the time of his appointment is the same amount of days for each patient the 

cycle length needs to be one day. The cycle length needs to be one day since all the types of exam 

need to be planned on each day. Otherwise it could happen that a patient cannot be scheduled on a 

certain day because there is not a block scheduled for his type of exam. If the time between the time 

a patient calls and the time of his appointment is not the same amount of days for each patient the 

cycle length can be more than one day. If the diagnostic center for example decides that when a 

patient calls, the patient needs to be scheduled within three days, the cycle length will be three days. 

Then the patient can always be scheduled in a block for his type of exam if there is sufficient capacity. 

If the time between the time a patient calls and the time of his appointment is between 2 weeks and 

2 weeks and 4 days, the cycle length will be four days. 

When a block schedule for multiple days is used, the blocks will be longer. This is because the number 

of patients that want to be examined during a cycle length is higher if the cycle length is longer. When 

the cycle length is multiple days, some patients need to wait longer for their appointment. For 

example when the cycle length is 5 days, the same block schedule is used each week from Monday to 

Friday. It could for example be the case that there is only one block for the type of exam arm and it is 

on Thursday. If a patient calls on a Friday to have his arm examined, he has to wait for almost a week. 

The longer the cycle length, the longer the waiting time for an appointment can be. To avoid these 

long waiting times for an appointment it is chosen to use a cycle length of one day. A cycle length of 

one day is good for the advertisement of the diagnostic center, because the time patients have to wait 

for their appointment is the same for all patients and can be communicated to the patients. This can 

give the diagnostic center an advantage over other diagnostic centers if it takes longer at other 

diagnostic centers to schedule an appointment. For Philips it is also better if a cycle length of one day 

is used. Since the blocks are shorter with a cycle length of one day than when a longer cycle length is 

used, less patients with the same type of exam can be scheduled after each other. Therefore less time 

can be saved between patients and more capacity is needed to examine the same amount of patients. 

In the block schedule blocks are reserved for different types of exam. However if the number of 

patients that want to have a certain type of exam is very low, it is not useful to schedule a block for 

this type of exam. The chance that there will not be scheduled any patients in this block is high which 

will result in time between patients in the schedule for a day. Therefore the types of exams will be 

split into two categories: 

 Category A: types of exam that occur frequently. 

 Category B: types of exam that occur seldom. 

The types of exam that belong to category A are defined as having a demand such that they occur at 

least twice during the cycle length. The demand is defined as the number of patients that want to be 

examined. All types of exam that do not occur at least twice during the cycle length belong to category 

B. In the block schedule there will not be a block for each type of exam that belongs to category B. 

These types of exam will be combined and one block will be scheduled for all types of exam that belong 

to category B. This block will be called “Other”.  

Each type of exam has one or more exam cards that belong to that type of exam. For each exam card 

there is a different expected duration of the exam. Even when exam cards belong to the same type of 

exam, the expected duration of an exam can differ a lot. Therefore for the types of exam that belong 

to category A, subblocks will be used. A subblock is a block of time that is scheduled for an exam card 
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in a block for the type of exam that the exam card belongs to. Otherwise when the demand for an 

exam card that has a very long expected duration is larger than expected and is scheduled instead of 

a patient with a short expected duration, the schedule will be disrupted. Therefore the exam cards 

that belong to each type of exam are also split into two categories: 

 Category A1: exam cards that occur frequently. 

 Category A2: exam cards that occur seldom. 

The same criteria as for the types of exam will be used in this case. All exam cards that do not occur 

at least twice during the cycle length belong to category A2. All the exam cards that belong to one 

type of exam and belong to Category A2 will be combined and the subblock will be called “Various”. 

Each type of exam can have a subblock “Various”. The block schedule can be used repetitively until 

the size of one of the categories will change (van Oostrum, et al., 2008). 

The required length of each block has to be determined with the number of patients that want to be 

examined with the different exam cards and the expected service times of the different exam cards. 

However these variables are stochastic variables. Therefore these variables need to be used as 

deterministic variables to be able to determine the length of each block. If the length of a block turns 

out to be too long, the chance of having time between patients in the schedule of a day is large. 

However if the length of the blocks turn out to be too short, the chance of not being able to schedule 

all the patients that come for a certain type of exam is large. 

It could be necessary to schedule multiple blocks for the same type of exam on different scanners. 

This could for example be necessary when the required hours for a block do not fit on one scanner. It 

could also be necessary to schedule multiple blocks of different types of exam on one scanner. The 

schedule can differ per location and per scanner. If for example sufficient time can be reserved on one 

scanner to fulfill the total demand of knee exams for that cycle length, no blocks for knee exams need 

to be reserved on other scanners. It can be decided to do all the knee exams with the equipment that 

is fastest for knees. However this has consequences for the other types of exams, since it could be 

that certain equipment is the fastest for multiple types of exams. Therefore a balance needs to be 

found to solve this problem. 

This problem is analogous to a bin-packing problem (BPP) that has been studied in operations 

research/management since at least 1974 (Vargas, May, Spangler, Stanciu, & Strum, 2009). In this case 

the dual BPP can be used. With the dual BPP the numbers of bins (scanners) are given a priori and the 

objective is to maximize the number of items (blocks) that can be assigned to these bins (Vijayakumar, 

Parikh, Scott, Barnes, & Gallimore, 2013). The BPP is considered to be Non-deterministic Polynomial-

time (NP)-hard.  

When a patient calls to make an appointment for a certain type of exam, the person who will plan the 

appointment for the patient will look whether there is enough free time in the first available subblock 

for that exam card to schedule the patient. This is dependent on the expected service time of the 

patient. If the expected service time of the patient is less than the free time in the block, the patient 

can be scheduled in this block. Otherwise the patient will be scheduled in the next available subblock 

for his exam card. 
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2.5 Contribution to Literature 
There was no article found which covered a combination of all the elements that are applicable to this 

problem. There are multiple stages and each stage can be single or multi-server. The procedure times 

are dependent on the type of scanner. Time can be saved when patients with the same type of exam 

are scheduled after each other. Also the dressing room remains occupied while the patient is in the 

exam room and the number of dressing rooms has an influence on the service time for a patient. 

Literature was also searched from other industries, specifically about cyclic production, but these 

articles also could not be applied directly to this problem. When cyclic production is used it is in most 

cases used in a make to stock environment. In this research the same idea as with cyclic production is 

used, but it is a make to order environment. 

There have been studies about using block scheduling to schedule patients for an operating room (OR) 

in a hospital. However the reason for using block scheduling is different than in this research. When 

bock scheduling is used in a hospital to schedule the patients for the OR, blocks of OR time are assigned 

to each surgeon or group of surgeons on a periodic basis. The advantages that are found by using 

block scheduling, according to the literature review of Magerlein and Martin (1978), is a higher OR 

utilization, due to better us of afternoon OR time. More surgeons were willing to perform surgery in 

the afternoon when a block scheduling policy was used. There were also shorter waiting times and 

reduced conflict among surgeons. In this research it is investigated whether block scheduling is better, 

because time can be saved between patients. This advantage of block scheduling has not yet been 

researched.  

2.6 Assignment 
The goal of this research is to develop a tool which will be able to make an optimal patient schedule 

where also changes can be made to the available facilities to analyze the change in the performance 

measures.  

An improvement in patient scheduling could be accomplished when block scheduling is used. 

Therefore the effect on the performance measures should be determined when a block scheduling 

policy is used instead of a FCFS scheduling policy. This will be done with the use of a simulation model. 

With the use of a simulation model experiments can be conducted to gain insight in the behavior of 

the system under different circumstances.  

As a last step it should be possible to make changes to the available facilities. This will also be done 

with the use of the simulation model. It should be possible to make changes in the available facilities, 

like the number of scanners and/or dressing rooms and it should be possible to change the average 

time that is required for the different process steps. The performance measures will be used to draw 

conclusions about the changes that are made. 
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3. Create Block Schedule 
In this chapter it will be discussed how the block schedule is created. In section 3.1 the mathematical 

model to create the block schedule will be discussed. In section 3.2 the software implementation of 

this model will be discussed and in the last section of this chapter, section 3.3, the verification and 

validation of the mathematical model will be discussed.  

3.1 Mathematical Model 
Several assumptions are made to be able to create the block schedule. The assumptions are listed 

below. Most of them are described in more detail in Appendix A, only assumptions number 5 and 11 

are not discussed in Appendix A. 

1. All patients can be scheduled on all scanners. 

2. All patients come for elective examining. For these patients appointments can be planned in 

advance. There are no unexpected patients who need to be examined urgently or who just 

walk into the center to get examined. (Cardoen, Demeulemeester, & Beliën, 2010).  

3. No-shows are not considered. It is assumed that all patients come for their appointment. 

4. Once a patient enters the diagnostic center for his appointment, he needs to be examined on 

that day. He cannot be rescheduled to another day to avoid overtime. 

5. All patients will arrive on time for their appointment (discussed in section 2.3.4).  

6. Only the energy costs while examining are dependent on the type of scanner. The energy costs 

when the scanner is idle or turned off are independent on the type of scanner. 

7. The time to change to another type of exam is independent of the previous type of exam and 

is independent of the type of scanner. 

8. The opening hours and the maximum allowed extended opening hours are the same for all 

locations. The maximum allowed extended opening hours is the time after the official opening 

hours in which patients can be scheduled. 

9. The number of patients that want to be examined with a certain exam card is normally 

distributed. 

10. The times for all the different process steps have a lognormal distribution. 

11. There is an infinite amount of dressing rooms per exam room. The dressing rooms are not a 

bottleneck. This is a simplification that will only be used for to create the block schedule. It is 

too complex to solve the patient scheduling problem if this assumption is not made. 

To solve the problem of creating a block schedule, first the length of each subblock should be 

determined. The length of each subblock should be determined by multiplying the number of patients 

that want to be examined with the use of the exam card with the procedure time of the exam card. 

However the number of patients that want to be examined with the use of each exam card varies 

every day and the procedure time of each exam card varies with every patient. They are both 

stochastic variables. To be able to determine the length of each subblock these stochastic variables 

need to be used as deterministic variables. For example the average could be used to determine the 

length of a subblock, but then there is a 50% chance that there will be more patients that want to be 

examined with a certain exam card and a 50% chance that the procedure time of the patient is longer 

than the time that was scheduled for the procedure time. This could result in overtime for the 

employees. Therefore a percent assurance is used instead. With the use of this percent assurance the 

time that needs to be reserved for the procedure time for a patient, which is the service time, can be 

determined. The service time is determined in such a way that each patient has a service time that is 
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equal to or lower than the service time that is determined with a percent assurance probability. The 

same is done to find the number of patients for which time needs to be reserved. The number of 

patients for which time needs to be reserved is determined in such a way that with a percent assurance 

probability the number of patients that want to be examined is equal to or lower than this value. This 

will be discussed in more detail in section 3.1.1. When the service time and the number of patients 

that time needs to be reserved for are known, the length of each subblock can be determined. 

Once the length of each subblock is determined, these need to be placed in the optimal order after 

each other. The optimal order is the order in which there is the least extra time needed between 

patients to change from one type of exam to another type of exam. If there is not sufficient capacity 

to place all the subblocks in the block schedule, a decision needs to be made which blocks to include 

in the schedule and which blocks not to include in the schedule.  

To get the optimal order of the subblocks when there is or is not sufficient capacity, the expected 

income of the diagnostic center is taken into account. The order of subblocks that result in the highest 

expected income for the diagnostic center will be considered as the optimal block schedule. For each 

patient that can be scheduled there is a potential revenue. However there are also costs involved for 

the diagnostic center when scheduling the patients. The diagnostic center can choose to extend the 

opening hours to be able to schedule more subblocks or parts of subblocks. However this will cost 

extra, since the employees work against a higher rate if they have to work outside their regular 

working hours. The expected examination time can differ between the different subblocks. Even when 

the subblocks have the same expected service time, the ratio between the expected examination time 

and the expected prepare and finish time can differ. Therefore the energy costs while examining can 

differ among the different subblocks. The order in which the subblocks are placed also has an influence 

on the energy costs of the diagnostic center. There are different energy costs between patients, when 

the scanner is idle, or when the diagnostic center is closed. If the subblocks are not placed in an 

optimal order after each other time will not be saved between patients. This will result in longer times 

between patients and therewith later closing hours of the diagnostic center. Therefore this will have 

an effect on the energy costs. The mathematical model which takes all these factors into account and 

finds the optimal block schedule is discussed in section 3.1.2. 

3.1.1 Stochastic Variables 

The time needed to prepare, examine and finish a patient of type of exam i and exam card j on scanner 

k, and therefore the procedure time for a patient of type of exam i and exam card j on scanner k, are 

stochastic variables (an overview of the descriptions of all the parameters can be found in Appendix 

B). With the use of the percent assurance the time that needs to be reserved for the procedure time 

for a patient, which is the service time, can be determined. The service time is the same as the 

procedure time, since it is assumed that there is an infinite amount of dressing rooms per exam room. 

Therefore the dressing rooms do not have an influence on the service time and the service time is only 

determined by the time the patient spends in the exam room. The service time is determined in such 

a way that each patient has a service time that is equal to or lower than the service time that is 

determined with a percent assurance probability. 

The time needed to prepare a patient of type of exam i and exam card j on scanner k can vary. It is a 

continuous random variable that can be modelled by a probability density function (pdf), denoted as 

𝑓𝑡𝑖𝑗𝑘
𝑃𝑟𝑒(𝑡), and cumulative distribution function (cdf), denoted as 𝐹𝑡𝑖𝑗𝑘

𝑃𝑟𝑒(𝑇). The random variable is 
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continuous since there are an infinite number of possible times that can be required. The pdf gives 

the probability that the time needed to prepare a patient of the type of exam i and exam card j on 

scanner k takes on a given value. The probability that the time to prepare a patient of the type of exam 

i and exam card j on scanner k is a given value or less is given by the cdf. The mathematical relation 

between cdf and pdf for the time to prepare a patient of the type of exam i and exam card j on scanner 

k is shown in equation (1). An integral is used because the random variable is continuous. 

𝐹𝑡𝑖𝑗𝑘
𝑃𝑟𝑒(𝑡𝑝𝑖𝑗𝑘

𝑃𝑟𝑒) = 𝑃 (
𝑇ℎ𝑒 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑝𝑟𝑒𝑝𝑎𝑟𝑒 𝑎  𝑝𝑎𝑡𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 

𝑜𝑓 𝑒𝑥𝑎𝑚 𝑖 𝑎𝑛𝑑 𝑒𝑥𝑎𝑚 𝑐𝑎𝑟𝑑 𝑗 𝑜𝑛 𝑠𝑐𝑎𝑛𝑛𝑒𝑟 𝑘 ≤ 𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒) = 𝑝

= ∫ 𝑓𝑡𝑖𝑗𝑘
𝑃𝑟𝑒(𝑡)𝑑𝑡

𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒

0

 

(1)  

In equation (1) 𝑝 is the percent assurance. It is the probability that a certain percent of patients is 

prepared within the time that is reserved to prepare a patient for the type of exam i and exam card j 

on scanner k. 𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒  is the time that needs to be reserved for the prepare time of a patient of type of 

exam i and exam card j on scanner k. An example is shown in Figure 10, where P is the percent 

assurance (p) and x is the time that needs to be reserved for the prepare time of a patient of type of 

exam i and exam card j on scanner k (𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒). 

 
Figure 10; The use of percent assurance to determine the time that needs to be reserved for the time to prepare a patient 

With the use of the inverse function of the cdf, which is shown in equation (2), the value of 𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒  can 

be determined. This is done with the use of the LOGNORM.INV function of Excel, because it is assumed 

that all the process times of the different steps have a lognormal distribution. This function returns 

the inverse of the cdf of the time to prepare time of a patient of type of exam i and exam card j on 

scanner k. The percent assurance, the mean and the standard deviation of the time to prepare time 

of a patient of type of exam i and exam card j on scanner k is entered in the function and Excel returns 

the time that needs to be reserved to prepare time of a patient of type of exam i and exam card j on 

scanner k (𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒). 

𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒 = 𝐹

𝑡𝑖𝑗𝑘
𝑃𝑟𝑒

−1 (𝑝) (2)  

The time that needs to be reserved for the examination time and the time to finish a patient can be 

determined in the same manner as the time that needs to be reserved for preparing a patient. 𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒  

should then be replaced by 𝑡𝑝𝑖𝑗𝑘
𝐸𝑋 , 𝑡𝑝𝑖𝑗𝑘

𝐹𝑖𝑛 respectively and 𝑡𝑖𝑗𝑘
𝑃𝑟𝑒  should be replaced with 𝑡𝑖𝑗𝑘

𝐸𝑥  and 𝑡𝑖𝑗𝑘
𝐹𝑖𝑛 

respectively.  

The time that needs to be reserved for the procedure time for a patient with type of exam i and exam 

card j on scanner k, which is the service time, is the sum of the time that needs to be reserved to 
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prepare a patient plus the time that needs to be reserved to examine a patient plus the time that 

needs to be reserved to finish a patient for a patient with type of exam i and exam card j on scanner 

k. This is shown in equation (3). 

𝑡𝑝𝑖𝑗𝑘
𝑃 = 𝑡𝑝𝑖𝑗𝑘

𝑃𝑟𝑒 + 𝑡𝑝𝑖𝑗𝑘
𝐸𝑥 + 𝑡𝑝𝑖𝑗𝑘

𝐹𝑖𝑛 (3)  

The number of patients that want to be examined for the type of exam i and exam card j can vary 

every day. However to be able to make a block schedule, a prediction of the number of patients of 

type of exam i and exam card j that want to be examined on a day needs to be made. Therefore the 

number of patients that want to be examined for the type of exam i and exam card j, which is a 

stochastic variable, will also be used as a deterministic value.  

The number of patients that want to be examined for the type of exam i and exam card j is a discrete 

random variable that follows a discrete probability distribution. It can be modelled by a probability 

mass function (pmf), denoted as 𝑃(𝑁𝑖𝑗 = 𝑥), and cumulative distribution function (cdf), denoted as 

𝐹𝑁𝑖𝑗
(𝑋). The pmf gives the probability that the number of patients that want to be examined for the 

type of exam i and exam card j takes on a given value. The probability that the number of patients that 

want to be examined for the type of exam i and exam card j is a given value or less is given by the cdf. 

The mathematical relation between cdf and pmf for the number of patients that want to be examined 

for the type of exam i and exam card j is shown in equation (4). A summation is used instead of an 

integral, because it is a discrete random variable. 

𝐹𝑁𝑖𝑗
(𝑁𝑝𝑖𝑗)

= 𝑃 (
𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑤𝑎𝑛𝑡 𝑡𝑜 𝑏𝑒 𝑒𝑥𝑎𝑚𝑖𝑛𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 𝑜𝑓 

𝑒𝑥𝑎𝑚 𝑖 𝑎𝑛𝑑 𝑒𝑥𝑎𝑚 𝑐𝑎𝑟𝑑 𝑗 ≤ 𝑁𝑝𝑖𝑗
)

= ∑ 𝑃(𝑁𝑖𝑗 = 𝑧)

𝑁𝑝𝑖𝑗

𝑧=0

 

(4)  

𝑁𝑝𝑖𝑗  is the number of patients of type of exam i and exam card j for which time needs to be reserved. 

The minimum value for 𝑁𝑝𝑖𝑗  for which holds 𝐹𝑁𝑖𝑗
(𝑁𝑝𝑖𝑗) ≥ 𝑝 should be found, where p is the percent 

assurance. This is done with the NORM.INV function of Excel, because it is assumed that the number 

of patients that want to be examined for each exam card has a normal distribution. For this function 

also the percent assurance, mean and standard deviation for the number of patients that want to be 

examined for type of exam i and exam card j needs to be entered. The value that is returned by Excel 

is rounded up (so 1.2 becomes 2) to fulfill the requirement that 𝐹𝑁𝑖𝑗
(𝑁𝑝𝑖𝑗) ≥ 𝑝. This gives the number 

of patients for which time needs to be reserved for. 

3.1.2 Formulation of the Mathematical Model 

In this section the mathematical model to create a block schedule is discussed. First all the sets, 

parameters and decision variables will be explained. Then the objective function and the constraints 

that are used to find the optimal block schedule is presented. These will be explained in more detail 

after the mathematical representation of the objective function. 

Sets Description 

𝑰 Type of exam, index i. 

𝑱 Exam card, index j. 



- 21 - 
 

𝑲 Number of scanners that can be used for examining, index k. Each scanner can 
be a different type of scanner. 

 

Parameters Description 

𝒄𝑶𝑻 The costs per minute of overtime. 

𝒄𝒆𝒏
𝑰𝒅𝒍𝒆 Energy costs per minute when the scanners are idle. A scanner is idle between 

patients. 

𝒄𝒆𝒏
𝑶𝒇𝒇

 Energy costs per minute when the diagnostic center is closed. 

𝒄𝒆𝒏𝒌
𝑺𝒄𝒂𝒏 Energy costs per minute on scanner k when the scanners are examining. 

𝑬𝑶𝑯𝒎𝒂𝒙 The maximum number of minutes allowed extended opening hours. 

𝑵𝒑𝒊𝒋 
 The number of patients of type of exam i and exam card j for which time needs 

to be reserved in the block schedule. 

𝑹𝒊𝒋 The revenue per patient for type of exam i and exam card j. 

𝒕𝑪𝑶 The time (minutes) that is needed to change to another type of exam. 

𝒕𝒅𝒂𝒚 The standard number of minutes that are available for examining per day. 

𝒕𝒑𝒊𝒋𝒌
𝑬𝒙  The time (minutes) that needs to be reserved in the block schedule  to 

examine a patient of type of exam i and exam card j on scanner k. 

𝒕𝒑𝒊𝒋𝒌
𝑭𝒊𝒏 The time (minutes) that needs to be reserved in the block schedule to finish 

a patient of type of exam i and exam card j on scanner k.  

𝒕𝒑𝒊𝒋𝒌
𝑷  The time (minutes) that needs to be reserved in the block schedule for the 

procedure in the exam room for a patient of type of exam i and exam card j 
on scanner k. 

𝒕𝒑𝒊𝒋𝒌
𝑷𝒓𝒆 The time (minutes) that needs to be reserved in the block schedule to prepare 

a patient of type of exam i and exam card j on scanner k.   

 

Decision 
variables 

Description 

{𝑺𝒊𝒋𝒌|𝒊 ∈ {𝟏, … , 𝑰}; 𝒋 ∈ {𝟏, … , 𝑱}; 𝒌 ∈ {𝟏, … , 𝑲}}  

 The number of patients of type of exam i and exam card j for which time is reserved 

on scanner k. 𝑡𝑝𝑖𝑗𝑘
𝑃 ∗ 𝑆𝑖𝑗𝑘  will give the length of a block. 

{𝒚𝒊𝒌|𝒊 ∈ {𝟏, … , 𝑰}; 𝒌 ∈ {𝟏, … , 𝑲}}  

 Whether or not the scanner k will be setup for a type of exam during a day. Setup 
𝑌𝑖𝑘 = 1. No setup 𝑌𝑖𝑘 = 0. 

𝒁𝒌 This is the planned extended opening hours (in minutes so that all the time units 
in the model are the same) on scanner k. If there is no extended opening time 𝑍𝑘 =
0. If there is extended opening time 𝑍𝑘 > 0. 𝑍𝑘  can take on all values, except 
negative values. 

 

The objective function is to maximize the total expected income per day for the diagnostic center. The 

costs that are independent of the patient scheduling are not considered in the objective function. They 

would be a fixed number and would not have an influence on the size of the blocks in the block 

schedule. 
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𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒: ∑ ∑ ((∑ 𝑆𝑖𝑗𝑘

𝐾

𝑘=1

) ∗ 𝑅𝑖𝑗)

𝐽

𝑗=1

𝐼

𝑖=1

− ∑ 𝑍𝑘

𝐾

𝑘=1

∗ 𝑐𝑂𝑇

− ∑ (𝑐𝑒𝑛𝑘
𝑆𝑐𝑎𝑛 ∗ ∑ ∑(𝑆𝑖𝑗𝑘 ∗ 𝑡𝑝𝑖𝑗𝑘

𝐸𝑥 )

𝐽

𝑗=1

𝐼

𝑖=1

)

𝐾

𝑘=1

− (∑ ∑ ∑ (𝑆𝑖𝑗𝑘 ∗ (𝑡𝑝𝑖𝑗𝑘
𝑃𝑟𝑒 + 𝑡𝑝𝑖𝑗𝑘

𝐹𝑖𝑛))

𝐾

𝑘=1

𝐽

𝑗=1

𝐼

𝑖=1

+ ∑ ∑ 𝑦𝑖𝑘

𝐼

𝑖=1

𝐾

𝑘=1

∗ 𝑡𝐶𝑂) ∗ 𝑐𝑒𝑛
𝐼𝑑𝑙𝑒

− (1440 ∗ 𝐾 − (∑ ∑ ∑(𝑆𝑖𝑗𝑘 ∗ 𝑡𝑝𝑖𝑗𝑘
𝑃 )

𝐾

𝑘=1

𝐽

𝑗=1

𝐼

𝑖=1

+ ∑ ∑ 𝑦𝑖𝑘

𝐼

𝑖=1

𝐾

𝑘=1

∗ 𝑡𝐶𝑂)) ∗ 𝑐𝑒𝑛
𝑂𝑓𝑓

 

(5)  

 

Subject to: 

∑ 𝑆𝑖𝑗𝑘

𝐾

𝑘=1

≤ 𝑁𝑝𝑖𝑗  ∀(𝑖, 𝑗); 𝑖 ∈ {1, … , 𝐼}; 𝑗 ∈ {1, … , 𝐽} (6)  

   

∑ 𝑆𝑖𝑗𝑘 ∗ 𝑡𝑝𝑖𝑗𝑘
𝑃

𝐽

𝑗=1

≤ 𝑦𝑖𝑘 ∗ (𝑡𝑑𝑎𝑦 + 𝐸𝑂𝐻𝑚𝑎𝑥 − 𝑡𝑐𝑜) ∀(𝑖, 𝑘); 𝑖 ∈ {1, … , 𝐼}; 𝑘 ∈ {1, … , 𝐾}  (7)  

   

𝑍𝑘 ≥ ∑ ∑(𝑆𝑖𝑗𝑘 ∗ 𝑡𝑝𝑖𝑗𝑘
𝑃 )

𝐽

𝑗=1

𝐼

𝑖=1

+ ∑ 𝑦𝑖𝑘

𝐼

𝑖=1

∗ 𝑡𝐶𝑂 − 𝑡𝑑𝑎𝑦 ∀(𝑘); 𝑘 ∈ {1, … , 𝐾}  (8)  

   
𝑍𝑘 ≥ 0  ∀(𝑘); 𝑘 ∈ {1, … , 𝐾}  (9)  

   

𝑍𝑘 ≤ 𝐸𝑂𝐻𝑚𝑎𝑥  ∀(𝑘); 𝑘 ∈ {1, … , 𝐾} (10)  

   
𝑦𝑖𝑘 ∈ {0,1}  ∀(𝑖, 𝑘); 𝑖 ∈ {1, … , 𝐼}; 𝑘 ∈ {1, … , 𝐾}  (11)  

   

𝑆𝑖𝑗𝑘 ≥ 0  ∀(𝑖, 𝑗, 𝑘); 𝑖 ∈ {1, … , 𝐼}; 𝑗 ∈ {1, … , 𝐽}; 𝑘 ∈ {1, … , 𝐾}  
(12)  

   
𝑆𝑖𝑗𝑘 ∈ ℤ  ∀(𝑖, 𝑗, 𝑘); 𝑖 ∈ {1, … , 𝐼}; 𝑗 ∈ {1, … , 𝐽}; 𝑘 ∈ {1, … , 𝐾}  (13)  

 

The objective function is given in equation (5) and has five terms: 
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1. The first term represents the potential revenue for all the patients that can be scheduled. 

There is time reserved in the block schedule for a certain number of patients of each exam 

card. Therefore this is the potential revenue that can be received. 

2. The second term represents the sum of the costs for the extended opening hours of the 

different scanners. With the use of this term the difference between investing in a new 

scanner and having extended opening hours can be compared. Employees often get paid extra 

if they work outside their regular working hours.  

3. The third term represents the energy costs for when the scanner is examining. 

4. The fourth term represents the energy costs for when the scanner is idle. This is the time the 

patients are being prepared and finished and the extra time needed to change from one type 

of exam to another type of exam. 

5. The fifth term represents the energy costs for when the diagnostic center is closed. When the 

diagnostic center is closed there is still some energy that is needed, for example to cool the 

scanners. 

Constraint (6) states that the number of patients of type of exam i and exam card j that are planned 

on the different scanners can never be more than the number of patients of type of exam i and exam 

card j that time needs to be reserved for.  

Constraint (7) states that the time planned on scanner k for type of exam i is never more than the time 

that is available on the scanner at the start of the day. 

Constraints (8) and (9) make sure that there is either zero minutes or a positive number of minutes of 

extended opening hours. It assures that the extended opening hours cannot be negative. 

Constraint (10) states that the extended opening hours on each scanner cannot be more than the 

maximum allowed extended opening hours.  

Constraint (11) states that either there will be a setup to a different type of exam or not. If there is not 

a setup for a certain type of exam, there cannot be time reserved for patients of that type of exam. 

Constraint (12) states that the number of patients of type of exam i and exam card j that are planned 

on scanner k is always equal to or larger than zero. 

Constraint (13) states that the number of patients of type of exam i and exam card j that are planned 

on scanner k is an integer number. 

3.2 Software Implementation 
The mathematical model is a Mixed Integer Linear Programming (MILP) Model. The model as 

described in the previous section has been developed to find the best block schedule. To find the best 

block schedule the objective function should be maximized. 

The tool which has been used in this research to solve the mathematical model is GUSEK. A tool like 

AIMMS might have been easier to use, but Philips did not have a license to use this software. The 

mathematical model was translated into code that could be used by GUSEK to solve the model. The 

code can be found in Appendix C. 

It would take a very long time (over three hours) for GUSEK to find the best solution for the model if 

no adjustments are made to the optimality gap that GUSEK uses. The optimality gap is the difference 



- 24 - 
 

between the best solution found so far and the value of the optimal solution of the linear 

programming relaxation problem. In the linear programming relaxation, constraints (11), (12) and (13) 

are ignored. Philips wants to use this model to show customers the effect of certain changes in their 

facilities. Every time one of the input parameters is changed, the optimal solution of the mathematical 

model might have changed as well. Therefore the mathematical model has to be solved every time 

one of the input parameters is changed. To be able to show the customers of Philips the effect of 

certain changes within a reasonable time, the optimality gap is set to 0.01.  

3.3 Verification and Validation of the Model in GUSEK 
Verification is the process of insuring that the model operates as intended. Validation is the process 

of insuring that the model represents reality. In other words verification is “building the model 

correctly” and validation is “building the correct model” (Chung, 2004).  The verification of the model 

will be discussed in section 3.3.1 and the validation of the model will be discussed in section 3.2.2. 

3.3.1 Verification 

In order for the verification process to be considered successful, the model must (Chung, 2004): 

 Include all the components that were required 

 Be able to run without any errors or warnings 

The development of the mathematical model was done in several phases. With each phase more 

details were added to the model. Each phase was translated into code for GUSEK. In the end all the 

components that were required are included in the model. 

The code in GUSEK was run with other inputs and the output was checked for reasonability each time. 

All the decision variables were written to an output file. The final model can be run without any errors 

or warnings. 

3.3.2 Validation 

According to Law and Kelton (2000) there are six classes of techniques for increasing the validity and 

credibility of the model in GUSEK. To validate the model in GUSEK the following techniques were used: 

 Collect high-quality information and data on the system 

 Validate the output from the overall model 

3.3.2.1 Collect High-Quality Information and Data on the System 

Philips collects data of each scanner that has been sold. A part of this data is the preparation, 

examination and finish time of each patient that is examined. The type of exam and the exam card 

which were used for this patient were also documented. With the use of this data of a year the mean 

and standard deviation for the preparation, examination and finish time for each exam card on a 

certain type of scanner were determined. However not all exam cards have been used on all different 

types of scanners. Therefore estimates are made, with the use of the data that was known, for the 

mean and standard deviation of the exam cards that were unknown for certain types of scanners. A 

more detailed explanation on how this was done can be found in Appendix D. 

3.3.2.2 Validate the Output of the Overall Model 

Since the stochastic variables have been used as deterministic parameters, the model does not have 

a random input. Therefore the output of the model is not random either. If the same input is given, 
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the model will generate the same output. A small input sample was used, for which the output could 

be calculated analytically, to confirm the output of GUSEK. 
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4. Tool Development 
In order to predict the impact on the performance measures when block scheduling is used instead of 

a FCFS scheduling policy or when changes are made to the facilities or the time needed in the different 

process steps a tool is developed. The tool consists of two parts, the part in which the block schedule 

is made, if a block scheduling policy is used, and a simulation model. A simulation model is used, 

because with a simulation model experiments can be conducted to gain insight in the behavior of the 

system under different circumstances (Griep & Flapper, 1987). In this chapter first the characteristics 

of the simulation model are discussed and the assumptions for the simulation model are given in 

section 4.1. Then the elements of the simulation model are described in section 4.2. In section 4.3 the 

performance measures are described. In the next section, section 4.4, the number of simulation runs 

that are required to get a significant result is investigated. In section 4.5 the tool that was made in 

Excel VBA is described briefly and in the last section, section 4.6, the verification and validation of the 

tool in Excel VBA are discussed.  

4.1 Simulation Modelling 
The simulation model is (Banks & Carson, 1984): 

 Stochastic: the inputs and outputs are random variables. 

 Dynamic: the state of the system changes over time. 

 Discrete: the variables only change at a discrete set of points in time. 

Although the simulation model is a simplification of the system, it should be sufficiently detailed to be 

able to make valid conclusions about the real system. 

Excel VBA is utilized for the simulation modelling, because it does not require the buying of a license 

and the software is known with various people within Philips. This way they can make adjustments to 

the model if they need to make changes to make it more applicable for certain customers. The time 

unit in the simulation study is minutes.  

Also for the simulation model several assumptions were made. Only the last assumption that was 

made for the development of the mathematical model (the infinite number of dressing rooms) is not 

made for the simulation model. There is only one new assumption (assumption number 11). This 

assumption is also discussed in Appendix A.  

1. All patients can be scheduled on all scanners. 

2. All patients come for elective examining. For these patients appointments can be planned in 

advance. There are no unexpected patients who need to be examined urgently or who just 

walk into the center to get examined. (Cardoen, Demeulemeester, & Beliën, 2010).  

3. No-shows are not considered. It is assumed that all patients come for their appointment. 

4. Once a patient enters the diagnostic center for his appointment, he needs to be examined on 

that day. He cannot be rescheduled to another day to avoid overtime. 

5. All patients will arrive on time for their appointment (discussed in section 2.3.4).  

6. Only the energy costs while examining are dependent on the type of scanner. The energy costs 

when the scanner is idle or turned off are independent on the type of scanner. 

7. The time to change to another type of exam is independent of the previous type of exam and 

is independent of the type of scanner. 
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8. The opening hours and the maximum allowed extended opening hours are the same for all 

locations. The maximum allowed extended opening hours is the time after the official opening 

hours in which patients can be scheduled. 

9. The number of patients that want to be examined with a certain exam card is normally 

distributed. 

10. The times for all the different process steps have a lognormal distribution. 

11. The costs of employees per minute does not depend on the type of scanner. 

4.2 Elements of the Simulation Model 
The main elements of the simulation study are the system, entities, events and activities. These will 

be discussed one by one in the sections 4.2.1 to 4.2.4. 

4.2.1 System and System Environment 

Banks and Carson (1984) define a system as “a group of objects that are joint together in some regular 

interaction or interdependence toward the accomplishment of some purpose”. In this research the 

purpose is to examine patients successfully. All the process steps that belong to the system have been 

discussed in chapter 2.1. Changes that occur outside the system, but have an effect on the system, 

occur in the system environment. For example the way the marketing of the diagnostic center is done, 

which effects in more or less patients, is considered part of the system environment. 

4.2.2 Entities 

An entity is any object or component in the system that requires explicit representation in the model 

(Banks & Carson, 1984). These will be discussed one by one. 

 Patients: every patient that calls the diagnostic center wants to have an exam to confirm a 

certain diagnosis. For each patient there is one exam card that can be used to confirm this 

diagnosis. This exam card belongs to one of the 35 different types of exam.   

 Waiting room: each patient will enter the waiting room once he has arrived. The patient will 

either go directly the a dressing room if one is available or he will have to wait in the waiting 

room until a dressing room is available. The time each patient has to wait in the waiting room 

is monitored. 

 Dressing room: each patient will either change his clothes or take off his shoes in the dressing 

room. While the patient is in the exam room, the dressing room will remain occupied. The 

time each patient occupies the dressing room is monitored. In some cases a patient has to 

wait for an exam room to become available. If this is the case, the patient will wait in the 

dressing room. 

 Exam room: each patient will enter the exam room for his examination. A patient will be 

prepared, examined and finished in the exam room. Once the patient is done in the exam 

room, he will go back to his dressing room. 

 Scanner: each patient will be examined on a scanner. There is one scanner in each exam room. 

When the patient is prepared and finished, the scanner is idle.  

 Queues: there are two queues. There is one to enter the dressing room and one to enter the 

exam room. In both cases the queue discipline by appointment time will be used. Therefore it 

is not possible for a patient to be in front of a patient, who had an earlier appointment time, 

in the queue. 
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4.2.3 Events 

An event is an instantaneous occurrence that might change the state of a system. The simulation used 

in this research is a discrete-event simulation. The variables only change at a discrete set of points in 

time. The clock will move from one event occurrence in time to another one (Banks & Carson, 1984).  

The following events will be considered: 

 A patient calls to make an appointment 

 A patient arrives at the right location at the right time for his appointment 

 A patient starts waiting for a free dressing room 

 A patient starts undressing or taking of his shoes 

 A patient starts waiting for a free exam room (he is finished undressing) 

 A patient starts being prepared for his exam 

 A patient starts being examined (he is prepared) 

 A patient starts being finished (he has been examined) 

 A patient starts dressing or taking his shoes back on 

 A patient leaves the diagnostic center 

4.2.4 Activities 

An activity represents a time period of a specified length (Banks & Carson, 1984). An activity 

determines the amount of time the clock will move. When an activity is done, the clock can move to 

the next event. The time it takes to accept a patient is not considered, because this occurs not on the 

same day as all the other activities and does not have an influence on the clock of the day that is 

simulated. The following activities will be considered: 

 A patient undresses or only takes of his shoes in the dressing room 

 A patient is prepared in the exam room 

 A patient is examined in the exam room with the scanner 

 A patient is finished in the exam room 

 A patient dresses or takes his shoes back on in the dressing room 

The distribution of the different activities are known. A sample will be drawn from these distributions 

to be used as the time period of a patient for an activity. This will be done with the inverse cdf functions 

in Excel that were described in section 3.1.1, where the percentage that has to be entered is a random 

number between 0 and 1. 

4.3 Performance Measures 
In each simulation run the time a patient spends in each step is monitored, where a simulation run is 

the simulation of one day at the diagnostic center. Since the block schedule is made for one day, each 

day the same block schedule will be used. Therefore it is sufficient to simulate one day. The monitored 

times are used for the performance measures. As discussed earlier the following performance 

measures, which are discussed in section 4.3.1 to 4.3.4, will be determined with the use of the 

simulation model. 

4.3.1 Throughput of Patients 

The average throughput of patients of the simulation runs is determined with equation (14). 
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𝑁 =
∑ 𝑁𝑆𝑖𝑚

𝑁𝑟𝑠𝑖𝑚
𝑆𝑖𝑚=1

𝑁𝑟𝑠𝑖𝑚
 (14)  

In equation (14) the sum of the throughput of patients per simulation (𝑁𝑆𝑖𝑚) is divided by the number 

of simulation runs (𝑁𝑟𝑠𝑖𝑚). The throughput of patients of one simulation run is determined with the 

use of equation (15).  

𝑁𝑆𝑖𝑚 = ∑ ∑ 𝑁𝑖𝑗

𝐽

𝑗=1

𝐼

𝑖=1

 (15)  

The number of patients for type of exam i and exam card j that want to be examined on a day is a 

randomly drawn number. This number is randomly drawn from the distribution for the number of 

patients that want to be examined for the type of exam i and exam card j. 𝑁𝑖𝑗  is the number of patients 

that are examined on a certain day of patient for type of exam i and exam card j. In some cases 𝑁𝑖𝑗  

will not be the same as the random number that was drawn. If there was not sufficient capacity and a 

patient could not be scheduled, 𝑁𝑖𝑗  will be lower than the number that was randomly drawn. In 

equation (15) the number of patients that are examined on a day are summed over the exam cards 

and types of exam.  

The number of patients which could not be scheduled in a simulation run is determined by subtracting 

the throughput of patients from the number of patients that wanted to be examined (which was 

randomly drawn). The average over the simulation runs is taken to determine the average number of 

patients which could not be scheduled per day. 

4.3.2 Average Waiting Time 

The average Waiting time waiting room of a simulation run will be determined by adding the Waiting 

time waiting room for each patient in a simulation run and dividing it by the number of patients in 

that simulation run. To find the average Waiting time waiting room of all the simulation runs, the sum 

is taken of the average Waiting time waiting room of each simulation run and this is divided by the 

number of simulation runs. 

The same is done for the Waiting time dressing room. 

4.3.3 Utilization 

The number of minutes that the dressing room, exam room and scanner is used by each patient is 

monitored in each simulation run. The number of minutes a dressing room is used by a patient is the 

sum of all the activities plus the waiting time in the dressing room for a free exam room. The number 

of minutes an exam room is used by a patient is the sum of the time it takes to prepare, examine and 

finish a patient. The number of minutes a scanners is used by a patient is the time the patient is 

examined. With this data the utilization for the exam room, scanner and dressing room can be 

determined. 

The average utilization of the exam room, scanner and dressing room for this situation is computed 

by taking the sum of the utilization of each simulation run and dividing this by the number of 

simulation runs. 
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4.3.4 Income 

The income per simulation run in this situation is also analyzed. This is done with equation (16). For 

each term of the equation the comparison with equation (5), which was used as the objective function 

to create the block schedule, is made. If the term was not used in equation (5) it is a fixed cost term 

which would not have had an influence on the optimal block schedule. 

𝐼𝑁𝑠𝑖𝑚 = ∑ ∑(𝑁𝑖𝑗 ∗ 𝑅𝑖𝑗)

𝐽

𝑗=1

𝐼

𝑖=1

− 𝐾 ∗ 𝑐𝑒𝑚𝑝𝑙 ∗ 𝑡𝑑𝑎𝑦 + ∑ ([𝑡𝑒𝑛𝑑−𝑘 − 𝑡𝑑𝑎𝑦]
+

)

𝐾

𝑘=1

∗ 𝑐𝑂𝑇

− ∑(𝑐𝑒𝑛𝑘
𝑆𝑐𝑎𝑛 ∗ 𝑡𝑇𝑜𝑡𝑎𝑙𝐸𝑥𝑎𝑚−𝑘)

𝐾

𝑘=1

− ∑(𝑡𝑒𝑛𝑑−𝑘 − 𝑡𝑇𝑜𝑡𝑎𝑙𝐸𝑥𝑎𝑚−𝑘)

𝐾

𝑘=1

∗ 𝑐𝑒𝑛
𝐼𝑑𝑙𝑒

− ∑(1440 − 𝑡𝑒𝑛𝑑−𝑘)

𝐾

𝑘=1

∗ 𝑐𝑒𝑛
𝑂𝑓𝑓

− ∑ 𝑐𝑘
𝑠𝑒𝑟

𝐾

𝑘=1

− 𝑐𝑖𝑛𝑣 

(16)  

 The first term represent the revenue in each simulation run. The number of patients for type 

of exam i and exam card j that are examined per day (𝑁𝑖𝑗) is multiplied by the revenue per 

patient per type of exam i and exam card j (𝑅𝑖𝑗).  

In equation (5) only the potential revenue could be determined. The number of patients for 

which time was reserved for in the block schedule was used instead of the number of patients 

that are examined in a simulation run. When making the block schedule the number of 

patients that are examined in a simulation run is not yet known. However in a simulation run, 

the number of patients is known, therefore this can be used to determine the revenue for the 

diagnostic center.  

 The second term represents the fixed costs of the employees working at the diagnostic center. 

The costs per employee per minute per scanner (𝐶𝑒𝑚𝑝𝑙) is multiplied with the number of 

scanners (K) and the number of minutes the diagnostic center is open for examining (𝑡𝑑𝑎𝑦).  

This term was not required in equation (5).  

 The third term represents the costs of overtime of the employees. For each simulation run it 

is determined whether there is overtime. This is done by subtracting the time the diagnostic 

center is open for examining from the time the last patient has left the center. This is either 

zero or a positive number, since there cannot be a negative amount of overtime 

([∑ (𝑡𝑒𝑛𝑑−𝑘 − 𝑡𝑑𝑎𝑦)𝐾
𝑘=1 ]

+
). The total number of minutes of overtime is multiplied with costs 

per minute of overtime (𝑐𝑂𝑇). 

In equation (5) the second term represented the extended opening hours for each scanner. 

Here the term is replaced by a term which determines the overtime for each scanner. When 

paying the employees extra for overtime it does not matter whether this is because there 

were patients scheduled after the regular opening hours or whether there were delays during 

the day which caused overtime. In both cases the employees need to be paid extra. Therefore 

the overtime for each scanner is determined and the extended opening hours are not taken 

into account.  

 The fourth term represent the energy costs when the scanners are examining. In each 

simulation run the time that the scanner is examining is monitored for each scanner 

(𝑡𝑇𝑜𝑡𝑎𝑙𝐸𝑥𝑎𝑚−𝑘) and this is multiplied with the energy costs for examining (𝑐𝑒𝑛𝑘
𝑆𝑐𝑎𝑛). 
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In equation (5) this term was also used, but it was determined for the number of patients for 

which time was reserved in the block schedule and the time that needed to be reserved for 

the examination time. In the simulation run, the random number of patients and the 

examination time for each patient is known. Therefore also the total time each scanner is 

examining is known. 

 The fifth term represents the energy costs when the scanners are idle. The time that a scanner 

is idle is determined by subtracting the total time that was used for examining (𝑡𝑇𝑜𝑡𝑎𝑙𝐸𝑥𝑎𝑚−𝑘) 

from the time the last patient left the diagnostic center (𝑡𝑒𝑛𝑑−𝑘). This is then multiplied with 

the energy costs for when the scanner is idle (𝑐𝑒𝑛
𝐼𝑑𝑙𝑒). 

In equation (5) this term was also used, but it was determined for the number of patients for 

which time was reserved in the block schedule, the time that needed to be reserved for the 

preparation and finish time and for the extra time that was needed to change to another type 

of exam. In the simulation run, the total examination time for each scanner and the time the 

last patient has left the diagnostic center are known. Therefore the idle time of each scanner 

is the time the last patient has left the diagnostic center minus the total examination time. 

 The sixth term represents the energy costs when the scanners are turned off. This is the 

available time in one day (1440 minutes) minus the time that the last patient has left the 

diagnostic center (∑ 𝑡𝑒𝑛𝑑−𝑘
𝐾
𝑘=1 ). 

In equation (5) this term was the last term. Here the time the last patient has left the 

diagnostic center is known and therefore also the time the scanner is off is can be determined. 

 The seventh term represents the costs per day of the service contract of Philips. The costs of 

the service contract per scanner per day (𝑐𝑘
𝑠𝑒𝑟) is summed over the number of scanners (𝐾). 

This term was not required in equation (5).  

 The last term represent the investment costs per day (𝑐𝑖𝑛𝑣) if investments are made. This term 

is zero when the current situation is simulated and is zero or a positive number when changes 

are made to for example the facilities. The investment costs are the depreciation costs per 

day for all the investments that are made. If multiple investments are made, the depreciation 

costs per day for all of the investments is used. 

This term was not required in equation (5).  

The average income for this situation are computed with the use of equation (17). 

𝐼𝑁 =
∑ 𝐼𝑁𝑠𝑖𝑚

𝑁𝑟𝑠𝑖𝑚
𝑠𝑖𝑚=1

𝑁𝑟𝑠𝑖𝑚
 (17)  

In equation (17) the sum of the income per simulation run (𝐼𝑁𝑠𝑖𝑚) is divided by the number of 

simulation runs (𝑁𝑟𝑠𝑖𝑚). 

4.4 Number of Simulation Runs 
As stated before the simulation model is stochastic. The random inputs of the times for the different 

process steps and the number of patients will lead to random outputs. Therefore the outputs are only 

estimates of the true characteristics of the model. To ensure an appropriate statistical analysis from 

the simulation, multiple simulation runs are needed. The number of simulation runs that are needed 

depend on the desired precision and the confidence interval. The desired precision is the relative error 

with respect to the mean that is tolerated by the user. If too many simulation runs are performed, 
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computational time is wasted. However when too few simulation runs are performed, the results do 

not have the desired precision. 

When the number of simulation runs is large enough (>30), the number of simulation runs that are 

required can be determine with the use of equation (18) (Law & Kelton, 2000). 

𝑡𝑛−1,1−𝛼/2
√𝑆2(𝑛)

𝑛
�̅�(𝑛)

≤ 𝛽 
(18)  

Where  

𝑡𝑛−1,1−𝛼/2 = 𝑠𝑡𝑢𝑑𝑒𝑛𝑡 𝑡 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  

𝑆2(𝑛) =  𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑤ℎ𝑒𝑛 𝑛 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛𝑠 𝑎𝑟𝑒 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑  

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛𝑠  

�̅�(𝑛) = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛𝑠  

𝛽 = 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑒𝑠𝑖𝑐𝑖𝑜𝑛  

The estimated variance when n runs are performed is determined with the use of equation (19). 

𝑆2(𝑛) =  
1

𝑛 − 1
∑(𝑥𝑎 − �̅�(𝑛))2

𝑛

𝑥=𝑎

 (19)  

Where  

𝑥𝑎 = 𝑟𝑎𝑛𝑑𝑜𝑚 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛  

 

Together with Philips the desired confidence level is set on 95% and the desired precision on 1%. To 

comply with the law of large numbers, first 30 simulation runs are performed and the precision of 

these 30 runs is determined. The precision is determined with the use of equation (18). If the relative 

precision is not ≤ 0,01, the number of simulation runs (n) should be increased until the precision is  

≤ 0,01.  

The simulation model has multiple outputs, but the income and the throughput of patients are 

considered the most important output variables. The number of simulation runs is increased until 

equation (18) is met for both output variables. 

4.5 Tool in Excel VBA 
The simulation model was translated into code that could be used by Excel VBA to run the simulation. 

The simulation model is only part of the tool that is made in Excel VBA.  

To be able to use the tool, first the user needs to insert all the information about the current facilities. 

The user is asked to state the number of locations, the number of scanners and dressing rooms at 

each location and how they are connected to each other. Also the parameters of the diagnostic center 

and the variables that are dependent on the type of scanner are asked for. 
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The next step is to insert the percentages that need to be used to determine the percent assurance 

for the different process steps and give the mean and standard deviation of the number of patients 

that want to be examined for type of exam i and exam card j, the income, the mean and standard 

deviation of the time to undress and dress of the different exam cards. As a last step the mean and 

standard deviation of the time to prepare, finish and examine a patient needs to be given for the 

different exam cards for the different types of scanners.  

Now the user can use the tool. He can choose whether he wants to use a block scheduling policy or a 

FCFS scheduling policy. When the FCFS scheduling policy is used, the assumption of an infinite number 

of available dressing rooms will also be used for the scheduling of patients. Otherwise the different 

scheduling policies cannot be compared. This assumption is not used for the simulation art of the tool. 

Then multiple simulation runs are performed. Once the whole program is done, the performance 

measures can be checked. If the user wants to change the situation he can do so by changing the 

values of the input variables. Once the input variables are changed the program can be run again and 

the performance measures can be compared. This can be repeated as many times as the user wants, 

to compare different situations with each other. A schematic representation of the tool in Excel VBA 

is described in Appendix E. 

4.6 Verification and Validation of the Tool in Excel VBA 
Also the tool needs to be go through the process of verification and validation. The verification of the 

model in GUSEK, which is part of the tool, will not be discussed in this section, because it is already 

discussed in section 3.3. The verification of the tool in Excel VBA will be discussed in section 4.6.1 and 

the validation will be discussed in section 4.6.2. 

4.6.1 Verification 

Also the simulation model was developed in several phases. In each phase another level of detail was 

added. The code is written in different modules and they were debugged separately. The interactive 

debugger was often used to check the results of the different steps.  

In each phase the simulation model was run with different inputs. The start of each event was written 

to an output file and it was checked whether the times that were used for the different events could 

be a number that was randomly drawn from the distribution. The performance measures were written 

to another output file. The final model can be run without any errors or warnings. 

4.6.2 Validation 

To be able to develop a simulation model with a high face validity there have been conversations with 

subject-matter experts. Not only was a hospital visited to see the process of examining patients on an 

MRI scanner, there have also been conversations with people within Philips who have a lot of 

experience working with an MRI scanner. They provided a lot of insight in the process.  

The data was collected in the same manner as for the mathematical model.  
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5. Results: Case study Customer X 
In this chapter the simulation model is applied to customer X. In section 5.1 the different input 

parameters will be described and in section 5.2 the results of the different simulations will be 

presented. 

5.1 Input Parameters 
The facilities of customer X are presented in Appendix F. The facilities of customer X are a good 

environment to test the simulation model, since he has multiple locations with different types of 

scanners. He also has a different number of dressing rooms at the different locations. In some 

locations, the dressing rooms are directly connected to the exam rooms, while in other locations, a 

patient can go to multiple exam rooms from one dressing room.  

If there is no historical data available for the number of patients of type of exam i and exam card j that 

called on a day to make an appointment, the historical data  of the number of patients of type of exam 

i and exam card j that were actually examined can be used. The number of patients that were 

examined on a day will be considered as the number of patients that called to make an appointment 

for that day. However it could be the case that the demand for some days was higher, but the patients 

could not be examined on that day due to capacity problems. 

The value of all the other variables can be gathered by discussing it with the people who work at the 

diagnostic center that is modelled or estimates can be found on the internet. All the estimates were 

verified with the people who work at Philips to check whether they thought it were estimates that are 

representative of reality. 

5.2 Simulation Results 
First the optimal percent assurance will be determined for the FCFS policy in section 5.2.1. With the 

FCFS policy it is not necessary to use the percent assurance for the number of patients that time needs 

to be reserved for, because there will not be time reserved for a certain number of patients. The 

patients will call and they will be scheduled immediately. 

Then this optimal percent assurance for the different times will be used for the block scheduling policy 

and the optimal percent assurance for the number of patients that need to be scheduled will be 

determined in section 5.2.2. A comparison between the block scheduling and FCFS scheduling policy 

will be made in section 5.2.3. In the last part of this section, section 5.2.4, several scenarios will be 

tested where changes are made to the current facilities. 

5.2.1 Determine Optimal Percent Assurance for the Times when a FCFS Policy is Used 

For the FCFS scheduling policy the percent assurance for the time to undress, prepare, examine, finish 

and dress of patients is varied. The percent assurances are the same for all these times, since there is 

no obvious reason why a distinction should be made between the different variables. The effect on 

the different performance measures is presented in Figure 11 and Figure 12. 
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Figure 11; Different percentages assurance versus the expected income and average throughput of patients 

 
Figure 12; Different percentages assurance versus the average waiting times and average utilizations 

Figure 11 shows that the higher the percent assurance, the lower the total expected income is and the 

lower the throughput of patients is. This is as expected, since when the percent assurance increases 

more time is reserved for each patient and less patients can be scheduled on a day. When the average 

throughput of patients increases, the number of patients which could not be scheduled on a day 

decreases. This is also as expected, since these values are directly related to each other.  

Figure 12 shows the average waiting times and the average utilizations with respect to the different 

percentages assurance. When the percent assurance increases, the average waiting times decrease. 

This is especially the case with the Waiting time waiting room. The utilizations of the dressing rooms, 

exam rooms and scanners also decrease as the percent assurance increases. The main reason for this 

decrease is the decrease in waiting time waiting room. When there is less waiting time for the dressing 
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rooms, the patients will go faster through all the different process steps. This will also decrease the 

utilization of the dressing rooms, exam rooms and scanners. 

When only looking at these results it can be concluded that the best value for percent assurance is 

0.1, since the expected total income and the throughput of patients are the highest in this case. 

However the maximum acceptable waiting time for patients is 37 minutes. Therefore there is also a 

line for 37 minutes in Figure 12. The total average waiting time, which is the waiting time waiting room 

and waiting time dressing room combined, should be less than 37 minutes. The total average waiting 

time, when the percent assurance is 0.64, is 36 minutes. If the percent assurance would be 0.63, the 

total average waiting time is 39 minutes. Therefore the optimal percent assurance in this case is 0.64.  

5.2.2 Determine Optimal Percent Assurance for the Number of Patients when a Block 

Scheduling Policy is Used 

For the block scheduling policy the percent assurance for the number of patients for which time needs 

to be reserved for is varied from 0.5 to 0.9. The percent assurances for the times are set on 0.64. The 

effect on the different performance measures is presented in Figure 13 and Figure 14.  

 
Figure 13; Different percentages assurance for the number of patients versus the expected income and average 
throughput of patients 
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Figure 14; Different percentages assurance for the number of patients versus the average waiting times and average 
utilizations  

The lowest percent assurance presented is 0.5, because when the percent assurance was set at a lower 

value, the block for the type of exam “Other” became very large and therefore it started to resemble 

the FCFS scheduling policy more and more when the percent assurance was lowered. As can be seen 

when doing a quick comparison of Figure 11 and Figure 12 with Figure 13 and Figure 14, it can already 

be seen that the FCFS scheduling policy performed better. This will be discussed in the next section in 

more detail. 

As can be seen in Figure 13, the highest expected income and throughput of patients can be achieved 

when the percent assurance for the number of patients is set on 0.6. In Figure 14 it can be seen that 

the total average waiting time is less than 37 minutes when the percent assurance is set on 0.6. 

Therefore a percent assurance for the number of patients of 0.6 will be used when a block scheduling 

policy is used. 

5.2.3 Comparison Between Block Scheduling and FCFS Scheduling Policy 

The difference in performance measures when a block scheduling policy or when a FCFS scheduling 

policy is used, is compared. The percent assurance for the times of all the process steps are set on 

0.64 and the percent assurance for the number of patients for the block scheduling policy is set on 

0.6. The results are presented in Table 1.  

Performance Measure 
FCFS 
Scheduling 
policy 

Block 
Scheduling 
policy 

Expected Income ($)  $ 148.153,88   $ 106.367,34  

Average Throughput of Patients 238.50 174.02 

Average Number of Patients which could not be scheduled 67.63 135.97 

Average Waiting Time Waiting Room (min) 22.90 8.63 

Average Waiting Time Dressing Room (min) 12.76 5.52 

Total Average Waiting time (min) 35.66 14.15 

Average Utilization Exam Rooms (%) 98% 62% 
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Average Utilization Scanners (%) 64% 40% 

Average Utilization Dressing Rooms (%) 81% 44% 
Table 1; Comparison between a FCFS scheduling policy and a block scheduling policy 

Table 1 shows that the FCFS scheduling has a higher expected income and a higher throughput of 

patients. Since a lot less patients are examined with the block scheduling policy, the average waiting 

times and the utilization of the scanners, exam rooms and dressing rooms are lower than when a FCFS 

scheduling policy is used.  

It can be concluded that when the time between patients with different types of exam is 1 minute, 

the FCFS scheduling policy performs better. It was estimated by the people who work at Philips that 

the extra time needed between patients with different types of exam is 1 minute. 

It was also tested what the effect would be if the number of extra time needed between patients with 

different types of exam was increased. It turned out that the block scheduling policy performed better 

than the FCFS scheduling policy when the extra time needed between patients with different types of 

exam was increased to 28 minutes. The results are shown in Table 2. 

Performance Measure 

FCFS 
Scheduling 
policy 

Block 
Scheduling 
policy 

Expected Income ($)  $   80.836,34   $   87.836,96  

Average Throughput of Patients 134.67 144.97 

Average Number of Patients which could not be scheduled 167.43 167.18 

Average Waiting Time Waiting Room (min) 13.25 6.47 

Average Waiting Time Dressing Room (min) 15.92 4.66 

Total Average Waiting time (min) 29.17 11.13 

Average Utilization Exam Rooms (%) 96% 56% 

Average Utilization Scanners (%) 34% 32% 

Average Utilization Dressing Rooms (%) 70% 38% 
Table 2; Comparison between FCFS scheduling policy and block scheduling policy when the extra time needed between 
patients with different types of exam is 28 minutes 

As can be seen in Table 2, the expected income and throughput of patients is higher for the block 

scheduling policy than when a FCFS scheduling policy is used when the extra time needed between 

patients with different types of exam is 28 minutes. The waiting times and the utilization of the exam 

rooms, dressing rooms and scanners are lower when a block scheduling policy is used. When a FCFS 

scheduling policy is used, it occurs more often that patients with different types of exam are scheduled 

after each other. Therefore a lot more time is needed between patients, which results in overtime at 

the end of the day. Therefore the waiting times and the utilization of the exam rooms, dressing rooms 

and scanners is higher than when a block scheduling policy is used.  

It can be concluded that when the extra time needed between patients is low (in this case lower than 

28 minutes), the FCFS scheduling policy performs better than a block scheduling policy. When the 

extra time needed between patients is high (in this case 28 minutes or higher), the block scheduling 

policy performs better. The FCFS scheduling policy performs better when the extra time needed 

between patients is low, because the flexibility of the FCFS scheduling policy makes sure that all the 

patients are scheduled after each other on a day. With the block scheduling policy it could happen 
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that there are gaps in the schedule of a day, because there were less patients that wanted to have a 

certain type of exam than expected.  

5.2.4 Changes to the Current Facilities 

There are 3 different scenarios that will be tested. These are presented in Table 3. 

Scenario Description of the scenario 

1 Add 2 dressing rooms to a location which has 2 scanners and 2 dressing rooms. 

2 Add a new scanner and 2 dressing rooms to the facilities of scenario 1. 

3 Make an investment to reduce the examination time of patients on one type of scanner 
to the facilities of scenario 2. 

Table 3; Description of the different scenarios that are tested 

The scenarios will be discussed one by one and the effect on the different performance measures will 

be presented. 

Scenario 1: Add 2 dressing rooms to a location which has 2 scanners and 2 dressing rooms 

From the average utilizations of the individual exam rooms and dressing rooms it can be seen that it 

could be beneficial to add extra dressing rooms to the location that has 2 scanners and 2 dressing 

rooms. 2 dressing rooms are added which are connected to both exam rooms. A patient can go to 

both exam rooms from all 4 dressing rooms. The effect on the performance measures when a FCFS 

scheduling policy is used is shown in Table 4. 

Performance Measure 
Current 
Facilities 

2 dressing 
rooms added 

2 dressing 
rooms added 
with a percent 
assurance of 0.6 

Expected Income ($)  $     148.153,88   $   148.086,88   $ 155.011,30  

Average Throughput of Patients 238.50 238.50 249.70 

Average Number of Patients which could not 
be scheduled 

67.63 67.63 51.97 

Average Waiting Time Waiting Room (min) 22.90 9.88 15.55 

Average Waiting Time Dressing Room (min) 12.76 15.57 18.72 

Total Average Waiting time (min) 35.66 25.45 34.27 

Average Utilization Exam Rooms (%) 98% 98% 103% 

Average Utilization Scanners (%) 64% 64% 68% 

Average Utilization Dressing Rooms (%) 81% 77% 86% 
Table 4; 2 dressing rooms added to a location which had 2 scanners and 2 dressing rooms 

As can be seen in Table 4 when comparing the current facilities and the situation in which 2 dressing 

rooms are added, the throughput of patients is the same. The expected income has decreased, 

because there were extra costs for the investment in the dressing rooms. The waiting time in the 

waiting room has decreased a lot when 2 extra dressing room are added, because there are more 

dressing rooms available for the patients. The waiting time for the exam room has increased a bit due 

to the fact that there are more dressing rooms in which patients can be waiting. The total average 

waiting time has decreased. The utilization of the exam rooms and scanners are the same, since the 

number of dressing rooms does not have an influence on how long the exam room and scanner are in 
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use. The utilization of the dressing rooms has decreased, because there are more dressing rooms, so 

the patients can be spread over the dressing rooms. 

Since the total average waiting time has decreased, the percent assurance can also be decreased. The 

percent assurance could be decreased to 0.6 to avoid total average waiting times of more than 37 

minutes. This results in a higher throughput of patients and a higher expected income. 

Therefore it can be concluded that it is beneficial to add 2 dressing rooms, but only when the percent 

assurance is decreased as well. Otherwise it is not beneficial to add 2 dressing rooms. 

Scenario 2: Add a new scanner with 2 dressing rooms to the facilities of scenario 1. 

The throughput of patients could also be increased by adding a new scanner. However it is a large 

investment to buy a new scanner with 2 dressing rooms. The results are shown in Table 5. The percent 

assurance used for the times of all the process steps is 0.6. 

Performance Measure 
Facilities of 
scenario 1 

1 scanner with 
2 dressing 
rooms added 

Expected Income ($)  $     155.011,30   $   166.781,61  

Average Throughput of Patients 249.70 269.90 

Average Number of Patients which could not be scheduled 51.97 40.81 

Average Waiting Time Waiting Room (min) 15.55 17.66 

Average Waiting Time Dressing Room (min) 18.72 18.86 

Total Average Waiting time (min) 34.27 36.52 

Average Utilization Exam Rooms (%) 103% 102% 

Average Utilization Scanners (%) 68% 66% 

Average Utilization Dressing Rooms (%) 86% 85% 
Table 5; One extra scanner with 2 dressing rooms are added to the facilities of scenario 1 

As is shown in Table 5 by adding one scanner with two dressing rooms the throughput of patients and 

the expected income has increased. The number of patients which could not be scheduled for an 

appointment has decreased. The values for all the other performance measures are roughly the same. 

Therefore it can be concluded that it is beneficial to add a scanner with two dressing rooms to the 

facilities of scenario 1.  

Scenario 3: Make an investment to reduce the examination time of patients on one type of scanner to 

the facilities of scenario 2. 

When an investment is made in the software of a certain type of scanner, the times that are needed 

for the examining a patient can be reduced by 30% according to the people who work at Philips. 

Customer X has two scanners that are of the type for which the examination time can be reduced by 

30%. The result of this investment are shown in Table 6. 

Performance Measure 
Facilities of 
scenario 2 

Reduction of 30% in the 
examination time of 
patients of one type of 
scanner (2 of this type) 

Expected Income ($)  $     166.781,61   $   171.218,19  
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Average Throughput of Patients 269.90 276.97 

Average Number of Patients which could not be 
scheduled 

40.81 27.26 

Average Waiting Time Waiting Room (min) 17.66 18.88 

Average Waiting Time Dressing Room (min) 18.86 17.63 

Total Average Waiting time (min) 36.52 36.51 

Average Utilization Exam Rooms (%) 102% 101% 

Average Utilization Scanners (%) 66% 63% 

Average Utilization Dressing Rooms (%) 85% 83% 
Table 6; 30% reduction of the times required for preparing, examining and finishing patients for one type of scanner 

As is shown in Table 6 the expected income and the throughput of patients is increased when the 

times for examining patients for one type of scanner are reduced by 30%. The values for the other 

performance measures stay roughly the same for both situations. Therefore it can be concluded that 

it is beneficial to make the investment to reduce the times for examining patients by 30%.  
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6. Conclusion and Recommendations 
In this chapter the overall conclusion is given in section 6.1. The recommendations to customer X and 

Philips are described in section 6.2 and the academic relevance and further research are described in 

the last section of this chapter, section 6.3. 

6.1 Overall Conclusion 
This chapter gives the conclusion of the research project by seeing whether the steps of the 

assignment are fulfilled and the goal is reached.  

The first step of the assignment was to find the optimal way to schedule patients in this research 

environment. After a literature research and conversations with people who have experience with 

working in this sort of research environment it was hypothesized that by using block scheduling the 

expected total benefits and the throughput of patients could be increased. However this turned out 

not to be true for customer X. The results of the case study of customer X show that the use of a FCFS 

scheduling policy generated better results for the expected total benefits and the throughput of 

patients.  

The flexibility of the FCFS scheduling policy makes sure that all the patients are scheduled after each 

other on a day. With the block scheduling policy it could happen that there are gaps in the schedule 

of a day, because there were less patients that want to have a certain type of exam than expected. 

Overall it can be concluded that when the extra time needed between patients is low (the actual value 

can differ between diagnostic centers, for customer X it was less than 28 minutes), the FCFS scheduling 

policy is better than the block scheduling policy. When the extra time needed is high (for customer X 

this was 28 minutes or more), the block scheduling policy performs better than the FCFS scheduling 

policy. 

It is possible to make changes to the current facilities and the average times that are required for the 

different process steps. When changes are made to the facilities or the average times for the different 

process steps, the results are in line with what would be expected. As was discussed in chapter 2 it is 

better to have two dressing rooms for one scanner than one per scanner. This can also be seen in the 

results of the case study of customer X. For customer X it is also beneficial to add a scanner or make 

investments to the software of the scanners to reduce the average times of the different process 

steps. However this might not be the case for all diagnostic centers. It is depended on the investment 

that needs to be made and the extra expected income that can be generated by making this 

investment. 

The goal of this research is partly reached. A tool was developed which allows changes to the available 

facilities to analyze the change in the performance measures. However the new way of patient 

scheduling, the block scheduling policy, was not better for customer X than the scheduling policy that 

is currently used, the FCFS scheduling policy.  

6.2 Recommendations to Customer X and Philips 
It can be recommended to customer X to keep using the patient scheduling policy that is used now. 

There will not be gained anything by starting to use the block scheduling policy. It can also be 

recommended to invest in extra dressing rooms, scanners and the software of the scanners. This can 

increase his expected income and the average throughput of patients.   
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The following recommendations are for Philips. The simulation model can be used for different 

customers to make recommendations to those customers on which investments increase their total 

expected benefits and throughput of patients the most. This way Philips can do more than just tell a 

customer to make a certain investment: the effect of the investment can also be shown. Therefore 

the simulation tool can be used for marketing purposes. 

It might be useful to talk to the customers and explain them how they can reduce the number of exam 

cards that are used. Now some exam cards have a slightly different name, but it could be that the 

same scans were indicated on the exam card. In the data that is collected by Philips, this is seen as two 

different exam cards. When all the people who work with the scanners use the same exam card names 

for the different exams, the number of exam cards used will already be reduced a lot.  

It is shown that it is better to have two dressing rooms per scanner than one dressing room per 

scanner. This is advice Philips can give to its customers. However measurements should be done to 

determine the different times for patients to undress and dress again after the exam to be able to 

determine the optimal number of dressing rooms for a customer of Philips. 

6.3 Academic Relevance and Further Research 
It is shown that since the time that can be saved when scheduling two patients of the same type of 

exam is not very large, there is no advantage of using a block scheduling policy. The chance that there 

are gaps in the schedule for a day is too large and therefore the benefits of block scheduling is not 

found.  

However it is known from the people who have worked a lot with MRI scanners that scheduling two 

patients with the same type of exam after each other saves time. Therefore another scheduling policy 

should be made which is more flexible than the block scheduling policy, but schedules patient with 

the same type of exam after each other. The policy should be more flexible than the block scheduling 

policy to avoid gaps in the schedule for a day. For example the scheduling policy where patients are 

called back for the details of their appointment can be investigated further. 
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Appendix A: Assumption Justification 
1. All patients can be scheduled on all scanners. 

All patients can be examined on all scanners at all locations. All the scanners can examine each patient 

successfully, but there may be differences in the time it takes to examine a patient successfully on the 

different types of scanners. Therefore there are some preferences to do certain types of exam on 

certain scanners, but the extra time it takes to do an exam on a scanner that is not preferred for this 

type of exam is taken into account. Therefore the assumption can be made that all patients can be 

scheduled on all scanners. 

2. All patients come for elective examining. For these patients appointments can be planned in 

advance. There are no unexpected patients who need to be examined urgently or who just 

walk into the center to get examined. (Cardoen, Demeulemeester, & Beliën, 2010).  

Since most diagnostic centers are not connected to a hospital, they do not have emergency patients. 

Therefore this assumption can be made. 

3. No-shows are not considered. It is assumed that all patients come for their appointment. 

Studies have shown that when the percentage of no-shows increases, the risk that the doctor stays 

idle increases and the waiting times of patients decreases (Cayirli & Veral, 2003). According to the 

people who at Philips, the percentage of no-shows at diagnostic centers is negligible, therefore this 

will not be considered. 

4. Once a patient enters the diagnostic center for his appointment, he needs to be examined on 

that day. He cannot be rescheduled to another day to avoid overtime. 

Patients would be dissatisfied if they cannot be examined on the day that they were scheduled. If they 

cannot be examined on the day they were scheduled, the scheduling policy is not performing well. 

Then the scheduling policy should be changed. Since the scheduling policy is under investigation, this 

assumption is made. 

6. Only the energy costs while examining are dependent on the type of scanner. The energy costs 

when the scanner is idle or turned off are independent on the type of scanner. 

When the scanners are examining there can be a large difference in the amount of energy they use 

due to the technical aspects of the different types of scanners. When the scanners are idle or turned 

off, the amount of energy that is used is roughly the same for the different types of scanners.  

7. The time to change to another type of exam is independent of the previous type of exam and 

is independent of the type of scanner. 

Between different types of exam, the coils need to be changed. This will take extra time, but it does 

not matter which coil needs to be replaced.  

8. The opening hours and the maximum allowed extended opening hours are the same for all 

locations. The maximum allowed extended opening hours is the time after the official opening 

hours in which patients can be scheduled. 
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Since the locations all belong to the same company, they usually have the same opening hours and 

maximum allowed extended opening hours.  

9. The number of patients that want to be examined with a certain exam card is normally 

distributed. 

The number of patients that want to be examined with a certain exam card varies every day. The 

demand for all the exam cards is collected for a year and it was tried to fit a distribution to this data. 

When looking at the histogram of an exam card, it could resemble a normal distribution, but there is 

a high peak at zero. This can be seen in Figure 15. The distribution that fits these random variables 

best is found with the Input Analyzer of Rockwell Arena. This turned out to be a beta distribution. 

However the p-value for the Chi-square test and for the Kolmogorov-Smirnov test were smaller than 

0.05. Therefore this is not a good fit. 

 
Figure 15; Histogram of the number of patients that want to be examined with a certain exam card 

Therefore it was tested what the distribution would be if there would not be such a high peak at zero. 

This can be seen in figure Figure 16. 

 
Figure 16; Histogram of the number of patients that want to be examined with a certain exam card where part of the zero 
demand is removed 

With the use of the Input Analyzer of Rockwell Arena, the distribution that fits the random variables 

best is a normal distribution. The p-value of the Chi-square test was still <0.05, but the p-value for the 

Kolmogorov-Smirnov was >0.15. Therefore it is decided to use a normal distribution for the number 

of patients that want to be examined with a certain exam card. 

However data that follows a normal distribution can also take on negative values. These value will not 

be considered in this case. They will be considered as 0. Then there is a peak at zero and the histogram 

will look like the distribution in Figure 15, but maybe with a lower peak at 0. 

10. The times for all the different process steps have a lognormal distribution. 
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The times for all the process steps varies for each patient. The Input Analyzer of Rockwell Arena was 

again used to find the distribution that fits the random variables the best. The lognormal distribution 

turned out to be a good fit. An example of a histogram of one of the exam cards for the examination 

time is shown in Figure 17. The p-value of the Chi-square test was 0.449 and the p-value for the 

Kolmogorov-Smirnov was >0.15. 

 
Figure 17; Histogram of the times for the examination of different patients 

It is also known from Strum, May and Vargas (2000) that they recommend a lognormal model for 

predicting the surgical procedure times. Therefore it is chosen to use a lognormal distribution for all 

the times of the different process steps. 

Extra assumption made for the simulation model: 

11. The costs of employees per minute does not depend on the type of scanner. 

There are some differences in the way of working with the different types of scanners. In most 

diagnostic centers all employees can work with all types of scanners and therefore the salary of the 

different employees does not differ. 
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Appendix B: Notations and Descriptions Used 
Notation Description 

𝜶 Confidence interval. 

𝜷 Desired precision. 

𝒄𝒆𝒏
𝑰𝒅𝒍𝒆 Energy costs per minute when the scanners are idle. A scanner is idle between 

patients. 

𝒄𝒆𝒏
𝑶𝒇𝒇

 Energy costs per minute when the diagnostic center is closed. 

𝒄𝒆𝒏𝒌
𝑺𝒄𝒂𝒏 Energy costs per minute on scanner k when the scanners are examining. 

𝒄𝒆𝒎𝒑𝒍 The costs per employees per scanner per minute. 

𝒄𝒊𝒏𝒗 The depreciation costs of the investments made per day. 

𝒄𝑶𝑻 The costs per minute of overtime. 

𝒄𝒌
𝒔𝒆𝒓 The costs per day per scanner (k) for the service contract of Philips. 

𝑬𝑶𝑯𝒎𝒂𝒙 The maximum number of minutes allowed extended opening hours. 

𝒇𝒕𝒊𝒋𝒌
𝑬𝒙 (𝒕) The probability density function (pdf) of the time needed to examine a patient of 

type of exam i and exam card j on scanner k.  

𝒇𝒕𝒊𝒋𝒌
𝑭𝒊𝒏(𝒕) The probability density function (pdf) of the time that is needed to finish a patient 

of type of exam i and exam card j on scanner k. 

𝒇𝒕𝒊𝒋𝒌
𝑷𝒓𝒆(𝒕) The probability density function (pdf) of the time needed to prepare a patient for 

the exam of type of exam i and exam card j on scanner k. 

𝑭𝑵𝒊𝒋
(𝑿) The cumulative distribution function (cdf) of the number of patients that need to be 

scheduled for type of exam i and exam card j. 

𝑭𝒕𝒊𝒋𝒌
𝑬𝒙 (𝑻) The cumulative distribution function (cdf) of the time that is needed to examine a 

patient for type of exam i and exam card j on scanner k. 

𝑭𝒕𝒊𝒋𝒌
𝑭𝒊𝒏(𝑻) The cumulative distribution function (cdf) of the time needed to finish a patient of 

type of exam i and exam card j on scanner k. 

𝑭𝒕𝒊𝒋𝒌
𝑷𝒓𝒆(𝑻) The cumulative distribution function (cdf) of the time needed to prepare a patient 

of type of exam i and exam card j on scanner k. 

𝑰 Type of exam , 𝑖 = 1 … 𝐼 

𝑰𝑵 The average expected income over the simulation runs. 

𝑰𝑵𝒔𝒊𝒎 The expected income for each simulation run.  

𝑱 Exam card , 𝑗 = 1 … 𝐽 

𝑲 The number of scanners, 𝑘 = 1 … 𝐾. 

𝒏 The number of performed simulation runs 

𝑵 The average throughput of patients over the simulation runs. 

𝑵𝒊𝒋 The number of patients that are examined on a certain day of patient for type of 
exam i and exam card j.  

𝑵𝒑𝒊𝒋 The number of patients for type of exam i and exam card j that time needs to be 
reserved for so that the random number of patients that arrive each day is less than 
this number with probability p. 

𝑵𝑺𝒊𝒎 Per simulation run the throughput of patients.  

𝑵𝒓𝒔𝒊𝒎 The number of simulation runs that are done.  

𝒑 Percent assurance: the probability that a random variable X with a given probability 
distribution will have a value less or equal to x.  𝑝 = 𝑃(𝑋 ≤ 𝑥).  

𝑹𝒊𝒋 The revenue per patient for type of exam i and exam card j. 

𝑺𝟐(𝒏) Estimated variance when n simulation runs are performed. 

{𝑺𝒊𝒋𝒌|𝒊 ∈ {𝟏, … , 𝑰}; 𝒋 ∈ {𝟏, … , 𝑱}; 𝒌 ∈ {𝟏, … , 𝑲}}  

 The number of patients of type of exam i and exam card j for which time is reserved 
on scanner k. This will give the length of a block. 

𝒕𝑪𝑶 The time (minutes) that is needed to change to another type of exam. 
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𝒕𝒅𝒂𝒚 The regular working hours of the diagnostic center in minutes 

𝒕𝒆𝒏𝒅−𝒌 The time the last patient has left the dressing room that came from scanner k. 

𝒕𝒏−𝟏,𝟏−𝜶/𝟐 Student t distribution. 

𝒕𝑻𝒐𝒕𝒂𝒍𝑬𝒙𝒂𝒎−𝒌 The total time scanner k was examining. 

𝒕𝒑𝒊𝒋𝒌
𝑬𝒙  The time for examining that needs to be reserved for each patient for type of exam 

i and exam card j on scanner k so that the random time that is needed for a patient 
is within this timeframe with probability p.  

𝒕𝒑𝒊𝒋𝒌
𝑭𝒊𝒏 The time to finish a patients that needs to be reserved for each patient for type of 

exam i and exam card j on scanner k so that the random time is needed for a patient 
is within this timeframe with probability p.  

𝒕𝒑𝒊𝒋𝒌
𝑷  The time in the exam room that needs to be reserved for each patient for type of 

exam i and exam card j on scanner k so that the random time that is needed for a 

patient is within this timeframe with probability p. 𝑡𝑝𝑖𝑗𝑘
𝑃 = 𝑡𝑝𝑖𝑗𝑘

𝑃𝑟𝑒 + 𝑡𝑝𝑖𝑗𝑘
𝐸𝑥 + 𝑡𝑝𝑖𝑗𝑘

𝐹𝑖𝑛 

𝒕𝒑𝒊𝒋𝒌
𝑷𝒓𝒆 The time for preparing a patient that needs to be reserved for each patient for type 

of exam i and exam card j on scanner k so that the random time that is needed for 
a patient is within this timeframe with probability p.  

𝒙𝒂 Random output of one simulation run. 

�̅�(𝒏) Mean of the outputs of n simulation runs. 

{𝒚𝒊𝒌|𝒊 ∈ {𝟏, … , 𝑰}; 𝒌 ∈ {𝟏, … , 𝑲}}  

 Whether or not the scanner k will be setup for a type of exam during a day. Setup 
𝑌𝑖𝑘 = 1. No setup 𝑌𝑖𝑘 = 0. 

𝒁𝒌 This is the planned number of minutes overtime on scanner k. If there is no planned 
overtime 𝑍𝑘 = 0. If there is planned overtime 𝑍𝑘 > 0. 

[ ]+ This value is either a positive value or zero. For example [−1]+ = 0. 
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Appendix C: GUSEK Code 
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Appendix D: Estimating Missing Data 
Philips collects data of each scanner that has been sold. A part of this data is the preparation, 

examination and finish time of each patient that is examined. The type of exam and the exam card 

which were used for this patient were also documented. With the use of this data of a year the mean 

and standard deviation for the preparation, examination and finish time for each exam card on a 

certain type of scanner were determined. Since not all the exam cards were used on all scanners, the 

mean and standard deviation of each exam card that was not used on a scanner is missing. However 

to be able to find the best solution for the block schedule and for the simulation part of the tool, a 

time is needed for each exam card. Therefore it is decided to make estimates for the missing values. 

This is done in the following steps: 

1. For each type of scanner, the weighted average and variance are determined for each type of 

exam. If there are multiple scanners of the same type, the weighted mean and variance for 

the type of exam are determined with the data from all scanners of that type. 

2. With the weighted mean and variance of one type of exam, the factor that represents the 

differences between different types of scanners is determined. For example if there is a 

scanner of type A which has a weighted average of �̅�𝐴 for a specific type of exam and there is 

a scanner of type B which has a weighted average of �̅�𝐵 for that same type of exam. The factor 

(∆) is determined by �̅�𝐴/�̅�𝐵. This is done for each type of exam to determine the factor 

between the different scanners. 

3. With the use of the ∆ between two types of scanners for a certain type of exam, the values 

(means and standard deviation of the time to prepare, examine and finish of a type of exam) 

that are known on one scanner can be used to determine the values of the other scanner that 

are unknown. A value that belongs to the type of exam of scanner of type A is determined by 

𝐵 ∗ ∆, where B is the value that belongs to scanner of type B.  

4. In some cases, the mean and variances of a type of exam cannot be determined for a type of 

scanner, since the scanner has never done this type of exam. To be able to determine the 

missing data in these cases, first the weighted mean and variances for the scanners of the 

different types as a whole are determined. The factors between these types of scanners is 

then determined. With the use of the factor between the different types of scanner, the 

missing values can be determined. 
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Appendix E: Schematic representation of the tool in Excel VBA 
In this appendix the different steps of the tool will be discussed. Each process step that is colored will 

be discussed in more detail later in the appendix. 

Figure 18 shows the steps that will be executed when the user decides to run the program. First it will 

be checked whether the user has entered values for all the variables. If the user wants to simulate the 

current situation, the variables of the current situation will be used. If the user wants to simulate a 

new (fictional) situation, the variables of the new situation will be used.  

Then the user can choose whether to use block scheduling or the FCFS scheduling policy. If block 

scheduling is used, a block schedule will be created. Once the block schedule is created or when this 

step has been skipped, a simulation run will be ran. At the end of a simulation run, the performance 

measures for this simulation are determine. With the use of equation (18), which is discussed in 

section 4.4, it will be determined whether more simulation runs are required. If more simulation runs 

are required, they will be run.  

Block 
scheduling

Start the 
Program

Set all the variables using the input from 
the sheets. Either use variables of current 

or new situation, dependent on which 
button is used to start the simulation

Use block 
scheduling or 

FCFS?

Create block 
schedule

(Figure 19)

FCFS

Do a simulation run
(Figure 21)

Generate performance measures

More runs 
required?

No

End

Yes Process step

   Decision point

Start/End

   Connecting arrow

Legend

 
Figure 18; Overview of the steps that will be executed when the simulation is ran 

Figure 19 shows an overview of the steps that will be executed when the block schedule is created. To 

create a block schedule the mathematical model that is developed in chapter 4 needs to be solved. 

This will be done with the use of the program GUSEK.  

First the types of exam will be categorized in the categories A and B and the exam cards will be 

categorized in categories A1 and A2. Then the input file for GUSEK will be created. The simulation will 

be stopped till the mathematical model is solved in GUSEK. The user needs to open the file with which 

the mathematical model of chapter 4 can be solved. Once the solution has been found, the simulation 
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model can continue and the output of the mathematical model will be used as the block schedule. A 

block “Other” is created on each scanner on which there is still time left within the regular working 

hours. 

GUSEK

Create an input file for Gusek 
to solve the mathematical 

model

Stop the simulation until there 
is an output file created by 

GUSEK

Open the file “Final model.mod” in GUSEK 
and set the gap between the current solution 

and the best solution to 0.01 (due to 
computation time). This is done by writing - -

mipgap 0.01 in the second row in the box 
that appears with the path: 

View->Parameters (or SHIFT F8) 

Run the GUSEK program by clicking on the 
two feet 

Close GUSEK
Use the results of the model in 
GUSEK as the block schedule

Create a block “Other” on each 
scanner on which time is left

End

Categorize types of exam and exam cards 
(Figure 20)

Create Block 
Schedule

 
Figure 19; Overview of the steps that will be executed when the block schedule is created 

Figure 20 shows an overview of the steps that will be executed to categorize the types of exam and 

the exam cards. First a type of exam is taken that has not yet been categorized. If the number of 

patients for which time needs to be reserved is less than 2, it will belong to category B. Else the type 

of exam will belong to category A. If the type of exam belongs to category B the number of patients 

for which time needs to be reserved will be added to the total of the types of exam that belong to 

category B. Also the times that need to be reserved for the different process steps and the income will 

be multiplied with the number of patients for which time needs to be reserved and are then added to 

the totals of category B. If there are no more types of exam left that need to be categorized, the total 

of the times that need to be reserved for the different process steps and the total income that belong 

to category B will be divided by the total number of patients for which time needs to be reserved for 

of all the exam cards that belong to category B. This is done to get a weighted average of the variables 

for the category “Other”.  

The same is done for to categorize the exam cards in categories A1 and A2. 
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Is that 
number of 

patients less than 
2?

Yes

This type of 
exam 

belongs to 
category B

No

This type of exam 
belongs to 
category A

Add the number of patients for 
which times needs to be 

reserved for this type of exam to 
the total of category B 

Add the times that need to be reserved for all the 
process steps and the income times the number 
of patients for which time needs to be reserved 

to the totals of the times of the process steps and 
income of category B

More 
types of exam that 

need to be 
categorized?

Determine the number of patients 
for which time needs to be 

reserved for a type of exam that 
has not yet been categorized

Yes

No

Divide the total times of all the 
process steps and the total 
income of category B by the 
total number of patients for 

which time needs to be reserved 
for of category B

Categorize types of 
exam and exam cards

Is that 
number of 

patients less than 
2?

Yes

This exam card 
belongs to 

category A2 of 
that type of exam

No

This exam card 
belongs to 

category A1

Add the number of patients for 
which times needs to be 

reserved for this type of exam to 
the total of category A2 of that 

type of exam

Add the times that need to be reserved for all the 
process steps and the income times the number 
of patients for which time needs to be reserved 

to the totals of the times of the process steps and 
income of category A2 of that type of exam

More 
exam cards that 

need to be 
categorized?

Determine the number of patients 
for which time needs to be 

reserved for an exam card that has 
not yet been categorized

Yes

No

Divide the total times of all the 
process steps and the total 

income of category A2 of each 
type of exam by the total 

number of patients for which 
time needs to be reserved for of 
category A2 of that type of exam

End
 

Figure 20; Overview of the steps that will be executed to categorize the types of exam and exam cards 
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Figure 21 shows an overview of the steps that will be executed in each simulation run. It starts with 

the patients that call. For each of these patients it is checked whether an appointment can be made. 

Then the number of scanners that will be simulated at once will be determined. Next the steps the 

patients go through that have an appointment on one of these scanners will be simulated. When all 

the scanners are simulated the simulation run is finished. 

Make 
appointment

(Figure 22)

End

Patients call

Determine the number of 
scanners that will be simulated 

at once
(Figure 23)

Simulate the steps of each 
patient that has an 

appointment on one of these 
scanner(s) (Figure 24)

Have all the 
scanners been 

simulated?

Yes

No

Do a simulation 
run

 
Figure 21; Overview of the steps that will be executed in a simulation run 

Figure 22 shows the steps that are executed when an appointment is made. First it is checked whether 

there is a block schedule. If this is the case it is checked whether there is a subblock in the block 

schedule of the same exam card as the patient has. If this is also the case, it is checked whether there 

is enough time available to make an appointment for this patient in this subblock. If there is enough 

time available, the patient will be scheduled in this subblock and the time that is left in this subblock 

will be updated. If there is not enough time available to schedule this patient in this subblock it is 

checked whether there is another subblock for the same exam card. If this is the case it is checked 

whether there is enough time available in this new subblock. If this is not the case it is checked whether 

there is a subblock of the same type of exam for the exam card “Various”. If this is the case there will 

be checked whether there is enough time available in this subblock to schedule the patient. If this is 

not the case it is checked whether there is a subblock for the type of exam “Other”. If this is the case 

there will be checked whether there is enough time available in this subblock to schedule the patient. 

If this is not the case, the patient will not be scheduled. 

If there is no subblock for this exam card to begin with, there is immediately checked whether there 

is a subblock for the same type of exam of the exam card “Various”.  If this is the case it will be checked 

whether there is enough time to schedule this patient in that subblock. If there is not a subblock for 

the exam card “Various” it will be checked whether there is a sublock for the type of exam “Other”. 

The subblocks are considered in the order of the scanners. So first it will be checked whether there is 

a subblock on the first scanner, then on the second scanner etc.  
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If there is not a block schedule, the FCFS scheduling policy will be used. Then first the scanner which 

has the earliest available appointment time is found. Then it is checked whether there is enough time 

available to schedule this patient. If this is the case, the patient will be scheduled on this scanner and 

the earliest available appointment time is updated. If this is not the case, the patient will not be 

scheduled since the latest time each patient has to be done with the exam is the same for each 

scanner. 

Is there a 
block 

schedule?

Yes

Is 
there a 

subblock for 
this exam 

card?

Yes

Enough 
free time in the 

subblock to 
schedule the 

patient?

Yes

Schedule the 
patient in this 

subblock

End

No

Find the scanner 
that has the 

earliest available 
appointment 

time

Enough 
Time available  

to schedule 
the patient?

No

Is 
there a subblock 

of the type of 
exam

“Other”?

Update the 
free time in 

the block

No

Do not 
schedule this 

patient

Yes
Schedule the 

patient on 
this scanner

Update the 
earliest 

available 
appointment 

time

No

Yes

No

Is there 
another subblock with 

the same exam card 
(that has not yet been 

checked)?

Yes

Is there 
a block of the type 
“Other” (that has 

not yet been 
checked)?

No

No

Yes

Make 
appointment

Is there a 
subblock with this 
type of exam with 

exam card 
“Various”?

Yes

 
Figure 22; Overview of the steps that will be executed when an appointment is made for a patient 

Figure 23 shows an overview of the steps that will be executed when the number of scanners is 

determined that will be simulated at once. This is necessary since in some situations a patient can go 

to multiple scanners from his dressing room. First the first scanner that has not yet been simulated is 

taken. The number of dressing rooms that belong to this dressing room is determined. Then it is 

checked whether the next scanner shares these dressing rooms. If this is the case, the scanner is added 

to the scanners that are used for the simulation of the appointments of the patients. If there still are 

scanners that have not yet been simulated it is checked whether the next scanners also shares the 

dressing rooms with the previous scanners. If this is not the case, the scanners for the simulation of 

the appointments of the patients is known. 
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Start with the first scanner 
that has not yet been 

simulated

Check the number of dressing 
rooms that can be used for 

this scanner

Does 
the next scanner 

share these 
dressing 
rooms?

No

Use these scanner(s) for the 
simulation of the 

appointments of the patients

End

Yes

Add this scanner to the 
scanners that are used for the 

simulation of the 
appointments of the patients

Are 
there scanners  

that have not been 
simulated?

No

Yes

Determine the number of 
scanners that will be simulated 

at once

 
Figure 23; Overview of the steps that will be executed when the number of scanners that will be simulated at once is 
determined 

Figure 24 shows an overview of the steps that are executed in the simulation of each patients that has 

an appointment on one of these scanners. First the patient will arrive at the diagnostic center. The 

patient will first wait (if necessary) and then be send to a dressing room. In the dressing room, the 

patient will undress and wait (if necessary) before he can be send to the exam room. In the exam 

room, the patient is prepared, examined and finished. Once the patient is done in the exam room, the 

time the exam room will be available again will be updated with the time the patient has left the exam 

room. The patient will go back to his dressing room and dress. Once the patient is dressed, the time 

the dressing room will be available for the next patient will be updated with the time the patient has 

left the dressing room. 
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One or more scanners at one location

One of the exam rooms

One of the dressing rooms

Waiting for 
dressing 

room

Undress in 
dressing 

room

Waiting for 
exam room

Get 
examined
(Figure 27)

Dress in 
dressing 

room

Patient 
arrives

Send patient 
to dressing 

room
(Figure 25)

Send patient 
to exam 

room
(Figure 26)

Prepare 
patient

Finish patient

Update the time the exam room will be 
free again

Update the time the dressing 
room will be free again

End

Simulate the steps of each 
patient that has an 

appointment on one of 
these scanner(s)

 
Figure 24; Overview of the steps that will be executed in the simulation of each patient that has an appointment on one 
of these scanners 

Figure 25 shows an overview of the steps that will be executed when the patient is send to the dressing 

room. First the dressing room from which the patient can go to his exam room that will be free the 

earliest will be found. Once this is done, the patient will be send to the dressing room. It is checked 

whether the patient is already present at the diagnostic center before he is send to the dressing room. 

The patients will be send to the dressing room using the queue policy by appointment time. 

Find the dressing room from which the 
patient can go to his exam room that is free 

the earliest

Send the patient to this dressing room when 
the patient is present and the dressing room 

is free

End

Send patient to 
dressing room

 
Figure 25; Overview of the steps that will be executed when the patient is send to the dressing room 

Figure 26 shows an overview of the steps that will be executed when the patient is send to the exam 

room. The patient will be send to the exam room for which he has made an appointment. It is checked 

whether the patient is done undressing and whether the exam room is free before he is send to the 

exam room. The patients will be sent to the exam room using the queue policy by appointment time. 
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Send the patient to the exam room for which 
his appointment is made when the patient is 
done undressing and the exam room is free

End

Send patient to 
exam room

 
Figure 26; Overview of the steps that will be executed when the patient is send to the exam room 

Figure 27 shows the steps that will be executed when the patient is examined. If it is the first patient 

on this scanner, the time that is needed to examine the patient should include the extra time to start 

with a new type of exam. If this is not the first patient on this scanner, it is checked whether the 

previous patient had the same type of exam. If this is not the case, the time that is needed to examine 

the patient should include the extra time to start with a new type of exam. Otherwise, the time that 

is needed to examine the patient should not include the penalty time to start with a new type of exam. 

Is this the first 
patient on this 

scanner?

Yes

The time it takes to examine the 
patient should include the penalty time 

to start this type of exam

End

No

Had the 
previous patient on 

this scanner the same 
type of exam?

No

Yes

The time it takes to examine the 
patient should not include the penalty 

time to start this type of exam

Get 
examined

 
Figure 27; Overview of the steps that will be executed when the patient is examined 

 


