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Abstract 
In this thesis, an interactive decision support tool is designed for task assignment of employees in the SI-

department at Philips Medical Systems in Best. The strong and weak points of the current method for 

assigning employees to tasks are identified and the weak points are improved. The goal is to finish tasks on-

time as much as possible and reduce the lateness of systems. The proposed decision model uses both short-

term and long-term factors. The short-term goal is related to the delivery time urgency while the long-term 

goal is related to employee satisfaction and flexibility of employees due to cross-training in the future. The 

optimization model is integrated in the decision support tool that is designed to allow for an interaction 

between the users (team leads) and the model. The users can input data that is not available in the 

information systems. Also, they can assign employees based on factors that are not included in the model, 

because it is relies on human judgement or information that is not available in the information systems 

(training of new employees, priority-setting of tasks, etc.). The decision support tool was implemented and 

reduced the time spent on employee assignment significantly from up to one hour a day to a maximum of 

1.5 minutes.  
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Management Summary 
Problem Statement 

In system integration (SI), there is a request for a decision support tool to help with the assignment of 

employees to system process steps. In SI, the image guided therapy systems (IGTS) are tested before they 

are shipped to the customer. For this testing, two main resources are needed: boxes and employees. A box 

is the place where the systems stay throughout the testing procedure. The testing procedure consists of 

three process steps: mounting, testing and demounting. The three steps require different types of 

employees. One system responsible (SR) who is the tester and responsible for the testing step, is needed 

throughout the process. In mounting and demounting, one or two additional technicians are needed. The 

assignment of employees is visualized in Figure A.  

 
Figure A: Assignment of employees to process steps 

 

Testers and technicians have separate qualifications for technician steps and tester steps. This qualification 

level is system type specific: one needs to be qualified for a system type to work on that system type. The 

number of system types is currently around 30 and number of employees around 108 that all differ in their 

set of qualifications. This makes assignment of employees to systems challenging. There were also other 

(related) reasons why there was a request for a decision support tool.  

First, the team leads spent a big portion of their day on the assignment of employees to systems in SI. 

Second, employees are assigned to a specific team lead, and team leads in general know the qualification 

sets of their employees well. However, if employees from other teams are to be assigned by them, this 

becomes more challenging and leads to errors.  

Third, employees note that the same people are scheduled on the same type of systems. This can lead to 

other employees not being able to perform these systems quickly anymore, as they have not performed 
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that system in a while. In times of holidays or when employees are working at the customer, this can lead 

to difficulties as there are not enough fast performing employees to meet the desired deadlines. 

Fourth, between start of February 2020 until end of August 2020 a total of 162 delays were recorded with 

a total delay of 858 hours that are caused by not having enough qualified employees available. In those 858 

hours, 21.5 monoplane systems or 17.9 biplane systems could have been processed. Some of these delays 

are because there are simply not enough employees available, but others are because employees are not 

assigned optimally. 

Fifth, the current information system tools do not provide an overview that makes it easy to analyze which 

systems require employees and which employees are available. The current tools also do not contain all the 

information that is useful in making an optimal assignment. 

Proposed Scheduling Methodology 

It was decided that employee assignments are made only to the system process steps that are in progress 

at the time the schedule is made for: the schedule time. This for two reasons. First, there is a lot of variation 

in the time that the process steps take. Second, employees are not trained for just one or some type of 

system types, but mostly for most of the system types and are thus flexible. So, the need to make long-term 

schedules for individual employees is less desired as this in combination with the high level of variation, will 

lead to a significant amount of waiting time while other employees are likely to be able to take over the job.   

The first step of the model is to assign employees as much as possible within their team to their systems: 

intra-team assignment. This is directly and automatically followed by assigning the employees that are not 

assigned yet, to systems (of other teams) that still need employees: inter-team assignment. 

The proposed scheduling methodology uses six factors to come up with the correct assignments. They are 

summarized in Table A together with their contribution to the goal of delivering on-time in.  

 

Table A: Importance of factors relevant for the assignment. 

Factor Contribution to goal Importance 

Delivery Time Urgency Short-term on-time delivery 1 

Employee Type Employee satisfaction and short-

term on-time delivery 

0.2 

Physical Fitness for Biplanes Employee satisfaction 0.2 

Employee Variation Flexibility 0.2 

Tester Availability Short-term on-time delivery 0.1 

Equal Distribution Employee satisfaction 0.1 

 

Delivery Time Urgency is based on the lateness of the system. Systems that are the latest need enough 

employees to prevent them getting later. Employee Type stimulates that employees are assigned to tasks 

that they are hired to do. Physical Fitness for Biplanes stimulates that employees are assigned to a biplane 

when they haven’t worked on a biplane lately as this category of systems is physically more challenging than 

a monoplane. Employee Variation stimulates that employees are assigned to system classes (systems of 

which the process looks like one another) they have performed less to stimulate skill retainment for these 

systems. Tester Availability stimulates the assignment of employees that are available during the whole 
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process as tester, SR, to a system. Equal Distribution stimulates the equal distribution of technician tasks 

among the testers. 

Decision Support Tool 

The decision support tool is the interface that can trigger running the model, but also enables the team 

leads to adjust start and end times of system process steps, and to make assignments themselves. For 

example, the model does not, on request of the team leads, assign more than the number of needed 

employees to a system, but the team leads can do this manually if a system is prioritized. Also, if a new 

employee is trained, the structure for training is determined and handled by the team leads.  

 

In Figure B, the information retrieval by the decision support tool is visualized and explained below. 

 
Figure B: Information retrieval for decision support tool 

The team leads determine in the tool for which time they want to make the schedule, for example now or 

the next day. By a click on a button, the tool (programmed in Python) retrieves information from the 

relevant information sources (flowtracker, qualification matrix and availability tool) and determines the 

optimal assignment. This is then transferred back to the decision support tool. Two additional actions need 

to be performed to correctly use this tool. Firstly, the team leads must update the start and end times of 

system process steps if they are different from the normal routing times. Secondly, shop floor control (SFC) 

must update the expected start time of a mounting step if this differs from the rule that systems can start 

the day after the system is released in SI at 7 am. The rest of the actions are already performed by the 

responsible employees. The time the model maximally requires reaching the optimal solution is 1.5 minutes. 

A maximum of 5 seconds is spent on performing the actual optimization. Most of the 1.5 minutes are 

required for opening of and information retrieval from the information sources (especially flowtracker) and 

write the output of the optimization in the interface in the decision support tool. This is a significant time 

reduction against the time spent by the team leads on scheduling right now, which can be up to 1 hour per 
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day per team lead. Also, the model uses objective data, which leads to a fairer assignment. The model and 

decision support tool were tested on two aspects: does it meet the demands of the team leads and does it 

work correctly.  

The first aspect was tested by having a few meetings with two or more team leads to discuss the features 

of the tool and optimization model. One feature that came from these meetings was to adjust the tool and 

model to also be able make during-the-day schedules and not only end-of-the-day schedules.  

The second aspect was tested by first determining what the expected output should be and then comparing 

this with the output given in the tool. This was a time-consuming process. After, the tool was expected to 

be ‘error-free’, the tool was tested together with one of the team leads by having (almost) daily meetings 

for 3-4 weeks to see if it gives the expected outcomes. 

Conclusions and Future Research Directions 

The more employees that are available and not yet assigned to a system, the better assignment the model 

makes. This makes sense as the number of feasible solutions increases when less employees are 

predetermined.  

The more employees are available relative to the number of employees needed, the closer the sub-

components of the objective (mentioned in Table A) get to their maximum value and thus the closer the 

assignment is to situation where all sub-components are optimal as well. 

Performing only inter-team assignment instead of first intra-team and then inter-team assignment is useful 

especially in the situation where the number of employees already assigned to systems is high.  

Therefore, it is recommended to only use inter-team assignment instead of the combination of intra-team 

assignment and inter-team assignment when the number of predetermined employees is high.  

 

Even though the assignment for only the systems that are in progress at the schedule time is acceptable 

given the situation in the factory, when some conditions in SI will change, this opens opportunity to improve 

the model. 

In the future, a new information system will be introduced that is able to track where in the process step 

(progress is 20%, 50%, 90%, etc.), a system is. This opens the possibility to assign employees to future system 

process steps as this future can be predicted with more accuracy based on real-time data. In the model only 

systems that are not assigned enough employees and employees that are not assigned to a system are 

considered. If this new information is available, all systems and employees in SI can be considered, opening 

an opportunity for further improvement of the on-time delivery.  

The new information system makes it possible to assign systems to boxes optimally. This is because the 

preceding departments will also use this information system and therefore a better prediction can be made 

on when a system can start in SI.  

At last, one other improvement option is to give the model the option to assign additional employees to 

priority systems. These priority systems are both systems marked by Execution Control as priority systems 

and systems that are really late and marked by the model itself as a priority system. 
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1. Introduction 
In this thesis the IGTS-factory (Image Guided Therapy Systems) of Philips Medical Systems International B.V. 

in Best (NL) is described. The request from the company is to design a decision support tool for the 

scheduling of the SI-department (System Integration). The goal of SI is to test the system to ensure the 

quality before it leaves the factory to be shipped to the customer. For this test, the components of the 

system have to be mounted, then tested and then demounted to be made ready for shipment to the 

customer. In order to do this task, two resources need to be scheduled: boxes and employees. A system is 

assigned to a box, in which the mounting, testing and demounting takes place. There are several box types 

differing in size and capabilities. After assignment of systems to boxes, the employees are assigned to a 

system based on their qualifications for the different system types. There are different system types that 

are processed by in SI. Only the difference between monoplanes and biplanes is significant as biplanes 

require additional employees and have a longer process time. In Figure 1 an example of a monoplane system 

that looks like the ones assembled at IGTS, can be found. 

 
Figure 1: Picture of an Azurion 7 (a system similar to that assembled at IGTS) 
https://www.usa.philips.com/healthcare/product/HCNCVD003/azurion-7-c12-azurion-7-f12-image-guided-therapy-system 

1.1 Problem 

There are several reasons why there is a request for a decision support tool for the scheduling within SI.  

First, the scheduling of systems is done manually by the team leads and reacts to last-minute changes. This 

is an improvement compared with the earlier scheduling method where employees scheduled themselves. 

However, it does cost the team leads a lot of time as input from multiple sources has to be combined. This 

time is costly and could also be spent on, amongst others, long-term improvements and increasing 

performance of employees.  

Second, in the case of all the team leads being present at work, manual scheduling does not lead to many 

errors. The number of errors increases when one or multiple team leads are not present, and team leads 

have to schedule employees outside their own team. This situation happens regularly due to holidays, 

sickness, etc. Team leads have information about their own team in their head, but if other’s team 

information is added, this becomes too much to make a proper schedule fast. Errors can have only minor 

consequences if employees respond fast by addressing the issue to the team lead, but also more significant 

consequences if the process continues with too few employees working on a system to meet the desired 

speed and deadlines and this is not mentioned to the team leads. 

https://www.usa.philips.com/healthcare/product/HCNCVD003/azurion-7-c12-azurion-7-f12-image-guided-therapy-system
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Third, employees on the floor note that mostly the same people are scheduled on the complicated and 

physically more intensive biplanes. Other employees that are also qualified for the biplane, tell that they do 

not know how to perform biplanes anymore. As IGTS has aims for flexible employees, this is undesirable as 

this makes IGTS less flexible especially in times of holidays, etc. 

Fourth, management has the feeling that the decision support tool will not only decrease the amount of 

time of the team leads spent on scheduling and the number of errors. The decision support tool for 

scheduling will also optimize the throughput time in SI, because there is less waiting time and a better 

overview on which systems require employees. It is difficult to identify how much there is to gain, but the 

systems are very costly and thus optimizing the throughput time in SI can lead to more on-time 

performance.  

Fifth, between the start of February 2020 until the end of August 2020 a total of 162 delays were recorded 

with a total delay of 858 hours that are caused by not having enough qualified employees available. In those 

858 hours, 21.5 monoplanes or 17.9 biplanes could have been processed. At the moment, SI processes 

around 30 systems per week. Some of these delays are because there are simply not enough employees 

available, but others can be because employees are not assigned optimally.  

Sixth, the current tools do not provide an easy overview to visualize who is available at every time of the 

day and where additional employees or help could be needed. The number of options for tasks assignments 

of an employee that comes available during the day are limited and thus easy to evaluate. Still it is not 

known what these options are. 

1.2 Research Framework 

In order to develop a useful decision support tool, the following research question should be answered. 

What is the optimal scheduling methodology in SI and how should it be implemented? 

The main research question is divided into five research questions. 

In order to schedule systems in a sub-department of a factory, it is important to know which other 

departments and factors impact this schedule resulting in the first research question.  

1. What factors from outside of SI have an impact on the scheduling in SI? 

This question is answered in Chapter 2 by analyzing the environment of SI. Interviews are conducted with 

employees that are responsible for tasks that have an impact on SI. 

Next to the environment of SI, also SI itself impacts the schedule. Therefore, it is important to know the 

situation for scheduling in SI and answer the second research question. 

2. What is the situation for scheduling in SI? 

The situation for scheduling is divided into two parts in Chapter 3. The first part is knowing the process that 

is to be scheduled and answer the sub-question. 

2a.  What is the process in SI that needs to be scheduled? 

This question is answered by conducting interviews with the employees in SI that have different 

responsibilities, like team leads and operators. Relevant information from the information systems is also 

analyzed. 

The second part is knowing what the current scheduling methodology and its strong and weak points are 

resulting in the sub-question. 

  2b.  What is the current scheduling methodology in SI and what are its strong and weak points? 
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This question is answered by interviewing the team leads and operators in SI on the scheduling 

methodology. The qualification for strong and weak points is done by analyzing whether the scheduling 

methodology is suited for the environment as identified in Chapter 2 and 3. 

In order to find a method for scheduling that suits the situation in SI, it is important to answer the third 

research question. 

3. What methods for employee scheduling are described in the literature? 

This question is answered in Chapter 4 by identifying characteristics that describe the situation in SI. Then, 

a literature review is conducted. 

After identifying all the relevant material that is important for the scheduling methodology and using 

methods as proposed by the literature, a model can be constructed and the fourth research question is 

answered. 

4. What is the proposed method for scheduling in SI? 

This proposed method as described in Chapter 5 consists of both the methodology for data retrieval and 

the mathematical model itself. Also, the difference between the current method and the proposed method 

is described. 

After constructing the proposed method and model, the method is tested and validated by answering the 

fifth research question. 

5. What are the results of this proposed method for scheduling in SI? 

In Chapter 6, the model is tested and the implications of these test for situations in SI will be described. 

In Chapter 7, the decision support tool that was developed during this thesis is shown. 

In Chapter 8, a conclusion is given as well as future research directions and recommendations. Also, the 

preliminary results of the implemented decision support tool are given. 

 

 

After describing the structure of the thesis, now it is time to look at the environment in which the scheduling 

in SI takes place. 
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2. Manufacturing Related Process Description IGTS 
In this part, the processes that have an impact on scheduling in SI are described. The goal of IGTS in Best is 

to manufacture systems that are shipped to customers. All departments play their role in realizing this goal. 

First, the physical process at IGTS is explained. Next, the information systems and control of the process 

flow are explained. 

2.1.1 Physical Flow 

IGTS consists of four departments: Building Blocks (BB), SI, Merge and Packaging. Building Blocks 

manufactures some components of the system, SI tests the system, Merge collects all components that are 

part of the order, also components that do not have to be tested by SI and after this Packaging packs the 

components such that they can be shipped to the customer.  

Figure 2: Physical manufacturing and input flow in IGTS 

2.1.1.1 Building Blocks 

The MP&IT-department delivers the Mechanical Parts and Information Technology. Mechanical Parts are 

relatively small components of the system and Information Technology is the software of the system. 

The CAB-department delivers the cabinets for the system including hardware cases that control a specific 

part of the system.  

The CO&DI-department delivers two different parts of the system: the displays and the collimators. 

Essentially this department consists of two different departments, but because they have one team lead, 

are combined.  
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The Geometry-department delivers the arcs of the system. There are mainly two types of arcs: one that is 

hanged in the ceiling and one that has a support on the floor.  

Not all components that are needed by SI are processed at BB. These components come from external 

suppliers and are stored in the external/internal warehouse. Also, BB also manufactures components that 

go directly to the customer and are not tested by SI. BB has a lead time of four days. When components are 

finished in BB before they are needed in SI, they are temporarily stored in BB. 

2.1.1.2 System Integration 

The process in SI is elaborated on in Chapter 3. In SI the system is assembled to be able to test whether it 

works as it should. This to allow for errors to be fixed before the system is shipped to hospitals all around 

the world. When the components are finished in BB, they are moved to SI where they are mounted 

(assembled) together with the components from the internal and external warehouse. Then the system is 

tested after which the system is demounted (disassembled) again and transported to Merge. The total lead 

time of SI is 5 days in case of a monoplane and 6 days in case of a biplane. 

2.1.1.3 Merge 

At Merge all the components that are part of an order are collected in a physical area before they are packed 

at the Packaging-department and transported to a warehouse in Son (10~12 kilometer away from Best) 

where they are temporarily stored before being transported to the customer. When all components are 

collected, administrative steps need to be taken before the process is finished in Merge. Merge is triggered 

when a system is being demounted at SI. There are 17 merge areas, called merge spots, available. Ten of 

them are only available for monoplanes and seven for both mono- and biplanes. Due to agreements with 

the internal logistic provider, only every hour a system can be assigned to a merge spot. The logistic provider 

gets 2 hours to pick all the components from the internal warehouse at Best and place them in the merge 

spot and 5 hours to pick all components stored in the external warehouse in Son.  

If there is no merge spot available, a system has to stay in the box, so the box is blocked for other systems, 

because there is no buffer space available between SI and Merge. Therefore, it is not useful to put priority 

on demounting of systems if there is no merge spot available. A simple calculation on capacity (35/5+12/6 

for SI and 17/2 for Merge, number of boxes/spots divided by time needed) shows that Merge might become 

a bottleneck when all boxes in SI are occupied. Then, Merge will have a throughput per day of 8.5 and SI of 

9. Merge says it is possible to perform their process in 1 day if there are no delivery problems due to defects 

or delays. Currently, the lead time is 2 days. 

Packaging, the process after Merge, does not have capacity issues and is therefore also not relevant for 

scheduling in SI. 

2.1.2 Information Systems and Planning & Control 

To allow the flow between the different departments, there needs to be information and triggers to start 

production or movement of components. This sub-section is about the information flows that are relevant 

for SI. It includes both information systems that handle this information and the people that put data in the 

systems. 
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Figure 3: Information and decision process in IGTS 

2.1.2.1 Information Systems 

There are several information systems, but two of them are important for scheduling. The first is SAP and 

the second is the flowtracker. Only once a day information is extracted from SAP and therefore cannot be 

used to retrieve real-time information from. The flowtracker was designed to collect this real-time 

information from the employees and visualize this information. The flowtracker is therefore the data source 

where the useful information on the statuses of systems should be retrieved from. Information about 

systems that is not in the flowtracker, is thus out of the scope of this project. The flowtracker provides an 

easy overview of what all the statuses of the orders are in IGTS. Next to order information (system type, 

order number, etc.), it also contains information on the status of the order in a department. Every seperate 

Building Block (MP&IT, Cab, etc.) and all separate process steps in SI (mounting, testing, demounting) have 

their own status, so you can see where in the factory and in what stage, a system order is. Amongst others, 

the next relevant information can be found about SI.  

- System identification information (sales order, production order, name, etc.) 

- System type  
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- Planned start and end of process steps (filled in by execution control), that can be used to determine if the 

system is late and if so, how late. 

- Actual start and end of process steps (filled in by operators when they start and end with a process step) 

- Place that system is assigned to (filled in by shop floor control) for SI (box) and Merge (merge spot) 

Next to these information systems, two other information files are relevant for the planning. The first is the 

availability tool. This file contains information about the availability of employees for the whole year and if 

not, why not. This file is updated by the team leads when they are informed about non-availability of their 

employees. Employees are considered non-available when they cannot be scheduled on boxes. This can 

have various reasons including sickness, holidays, working in a different department inside of the factory, 

and working at the customer. 

The second file is the skill matrix. This file contains information on which system types the employees are 

qualified for. More information about these qualifications is given in Chapter 3. 

2.1.2.2 Execution Control – Order process 

The process at IGTS is make-to-order (MTO). Forecasts are made to estimate the number of components 

needed, but the actual manufacturing and additions of features, which is the process at IGTS, are done 

MTO. When the Requested Delivery Date (RDD) is known, Execution Control sets the deadlines and order 

release dates for the production departments in IGTS. The target is to set these deadlines two weeks before 

the preferred start of the system in BB, to allow for better usage of capacity. If there aren’t many orders, 

the system can start almost immediately in BB. 

The deadlines are important, as the systems have to be delivered in time to the customers. Within Europe, 

the delivery by truck requires up to one week. Shipping systems to South America requires 3 to 4 weeks, 

while shipping to China requires 5 to 6 weeks.  

If the Final Shipment Date (FSD) is not met and due to this, the delivery date comes into jeopardy, it is 

possible to perform emergency shipments via cargo. However, this costs per system 10,000 to 15,000 euros 

extra. Some countries/customers already pay extra for air cargo. For a small number of orders there is a 

penalty clause if a system is delivered too late. During the process at IGTS, a system can get prioritized by 

execution control if the costs of missing the deadline are considered significant. Then all departments have 

to put emphasize on getting the order finished as soon as possible. 

The system manufactured at IGTS is for the customers mostly part of a project of building/renovating a 

room for diagnosis of patients. Delivering too early is undesirable as the space where the system should be 

placed in is not ready yet. Delivering too late is undesirable as this could cause delays in the project of the 

customer. There is a small buffer time that allows for a lateness of 2 days before shipment could come into 

jeopardy. Also, after SI there are two more departments. A system that is late in SI, will not necessary be 

late at the customer. The costs of delivering too late differ per customer. 

As mentioned before, it is possible to temporarily store a system in Son before shipping it to the customer. 

Therefore, it is more costly to deliver late then early. However, too early will cause inventory space problems 

in Son if this early delivery is structural, so this situation should not be desired as well. 

2.1.2.3 Shop Floor Control – Flow process 

Shop floor control (SFC) releases orders to SI and also to the other departments. SFC sees a list of systems 

that have to start or should have started at SI. They check for the systems if the components needed to 

start at SI are present or are expected to be present when needed during the mounting. The availability of 
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components can be seen in the flowtracker. If they are not ready, this information has to be manually 

retrieved from the operator or team lead in the BB via a call or e-mail. If the components are or will be 

timely available, SFC looks whether boxes are available and if so, releases a system to box. With this release 

delivery requests to the internal logistic provider are triggered to make sure that the components will be 

available in the box in time. This happens throughout the day. This decision process is elaborated on in 

Chapter 3. In contrast with terminology used in different companies, shop floor control within the scope of 

this project is only responsible for the release of systems to boxes. After this, the team leads are responsible 

for getting the system finished in time and steering the operators that are responsible for working on these 

systems.  

 

2.2 Some Important Definitions 

Classifications are constructed in this sub-section in order to understand the differences in systems and 

employee employability. This is useful when reading the rest of the thesis report. 

2.2.1 Systems 

The systems are classified as indicated in Figure 4. A class is a subset of a category, a type a subset of a class, 

and configuration a subset of a type. To give an example of a system: 

System 12345. Category: biplane. Class: new biplane. Type: new biplane with measurement area that has 

12 cm radius. Configuration: new biplane with measurement area that has 12 cm radius and two additional 

screens delivered. 

Figure 4: System classification. MA 12 + OR means Measurement Area 12 + Operation Room Table. Note 

that the system types and system configurations in Figure 4 do not denote actual types and configurations. 
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Category of systems – Group of system types that require the same resources, i.e. they require the same 

type of boxes, same number of employees in the steps and same time. In this project, there are two 

categories: monoplanes and biplanes. Biplanes require more time and employees as monoplanes, because 

they have two arcs that require additional testing and (de)mounting actions. 

Class of systems – Group of system types that are like one another, i.e. performing the process of all types 

of systems in this class show similar characteristics. Performing one of the systems in the class is like 

performing other systems in the same class. This is important for the level of cross-training for individuals. 

Currently there are four classes: old type monoplanes, old type biplanes, new type monoplanes and new 

type biplanes. The old types are expected to phase out the coming year. An upgraded version of the new 

type of system is introduced. This upgrade is only slightly different from the regular new type system, so 

they are considered as the same class. 

Type of systems – This is the level of where people are officially qualified or not to work on a system. Even 

though some types hardly show any differences, for example only the size of the measurement area is 

different, employees need to be qualified for every type separately to be allowed to work on that system 

type. These are regulation requirements. 

Configuration of systems – Configurations are very specific. This can be on the level of software or additional 

screens and this is less relevant for skill retainment. Those differences in configurations should not impact 

the how well the employee perform. The configurations do impact the size of a system. Biplane systems will 

always be bigger than the most extensive monoplane system, but there are differences in small monoplane 

systems and big monoplane systems. It is difficult or even impossible to predict the size of a configuration 

by information that is available in the flowtracker. SFC can place the bigger monoplane systems in the bigger 

monoplane boxes as they do have an idea how big a system is. 

2.2.2 Employees 

Qualifications – Qualifications of employees are two-fold. The first is system type specific and the second is 

process step specific. Employees need the official qualifications to be allowed to work on a specific type of 

system. Once a qualification is received, the employee is allowed to work on the system for indefinite 

duration. Employees also need to be qualified for the step and tasks they perform. In mounting and 

demounting, technician qualifications are needed, while in testing, tester qualifications are needed. There 

is a difference between having tester qualifications and being a tester. An employee can have tester 

qualifications, but be a technician. The same holds for technician qualifications. This is elaborated on later 

in Chapter 3. 

Skills – There is a difference between skills and qualification. Skills denote how good an employee is in 

performing a specific system, while qualification denotes that an employee is allowed to work on a specific 

system. Skills of employees are at the level of class of systems. This is a level that is not used officially within 

Philips, but is constructed during the thesis after learning from employees that a lot of systems are alike 

and thus working on one of the types in this class makes it easier to work also on other types in this class. 
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3. Current Situation 
After giving a general introduction to the environment of SI, now it is time to discuss SI itself in more detail. 

First, a description of the production process in SI will be given and then the scheduling method is described. 

3.1 Resource and Production Process Description SI 

As described in Chapter 2, three process steps take place in SI: mounting, testing and demounting. All of 

them take place in one box and all of them require different employees. Let’s start with explaining the 

boxes. 

3.1.1 Boxes 

The system that has to be tested is a medical device that makes pictures of parts of the body. Due to this, 

the system has to be tested in a box to ensure that employees do not get exposed when testing the system. 

To make sure that employees can work safely and to make sure components do not get mixed with 

components from different orders, the box consists of two rooms: one for the operator(s) and one for the 

system.  

The lay-out of the SI-department is shown in Figure 5. There are 47 boxes in total, where 35 of them are 

assigned to monoplanes and 12 assigned to biplanes. Biplane boxes can also be used for monoplanes, but 

monoplane boxes not for biplanes. These restrictions are the only real restrictions for system types and 

classes.  

However, there are also differences in lay-out of the boxes that can impact how easy it is to process systems 

with specific options like extra screens, mountable tables, etc. There are 7 types of box-layout, but only 

three have an impact on the process speed.  

Monoplane: Fixed walls, components moved into the box through the door. 

Monoplane: Temporary walls, walls need to be removed to move components in. This box lay-out makes 

the process of mounting and demounting slightly slower because the walls need to be removed.  

Biplane: Fixed walls, components moved into the box through the door. 

 

The boxes are allocated to team leads. The team leads are responsible for the systems in these boxes (and 

employees as will be described later on). These boxes are in located closely to one another to make it easier 

to have an overview, see Figure 5. 

In Table 1, one can find the number of boxes per type and the division of boxes among the team leads.  

 

Table 1: Box types per team lead. Between brackets the color of the team leads as displayed in Figure 5. 

Team Lead Monoplane, fixed walls Monoplane, temporary walls Biplane, fixed walls 

1 (Red) 10 0 2 

2 (Green) 5 1 3 

3 (Purple) 2 4 3 

4 (Blue) 0 6 2 

5 (Orange) 5 2 2 
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Figure 5: Map of the floor of SI. Colors refer to team leads. Numbers in white indicates a biplane box. The 

names of the box and box lay-out type are written in the box below the box number. 

Once a system is released to a box, it is not possible to change boxes. Pre-emption of boxes is thus not 

possible. This is because it would require a lot of time-consuming administrative and physical steps to 

remove the system from the box. Also, given that there is a lot of similarity between capabilities of boxes, 

it is easier to put priority on systems in one of the similar boxes (monoplane or biplane) who are being 

demounted, to finish that system faster and empty the box.  

3.1.2 Employees 

As described before, there are three process steps in SI: mounting, testing and demounting. Employees at 

SI have different qualifications. Technician qualifications are needed only for mounting and demounting; 

and tester qualifications are needed only for testing. Qualifications are system type specific.  

There are two types of employees: technicians and testers. Employees are hired to be one of the two types. 

Employee types differ from qualifications. Some technicians have tester qualifications for some system 

types, mostly high demand systems, to allow for flexibility when demand for tester qualifications is high. A 

tester has to stay with the system also during mounting and demounting, they are the so-called SR (System 

Responsible). Therefore, most testers also have technician qualifications for the systems that they have 

tester qualifications for. There are approximately 108 employees in SI, 88 of them being testers. That is why 

testers are sometimes assigned to only mounting and demounting of a system, as there are often too little 

technicians to perform all the technician tasks. 

Qualifications of employees have three levels as described in Table 2. The qualifications of the employees 

are stored in the qualification matrix information file. 
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Table 2: Qualification and employability of employees 

Type / Qualification level Trainee Certified Mentor 

Technician Only allowed to work 

on mounting and 

demounting of a 

system in presence of 

a technician mentor. 

Allowed to work 

independently on 

mounting and 

demounting of a 

system. 

Allowed to work 

independently on 

mounting and 

demounting of a system 

alone and help trainees 

get certified. 

Tester Only allowed to work 

on the testing of a 

system with a tester 

mentor. 

Allowed to work 

independently on the 

testing of a system. 

Allowed to work 

independently on the 

testing of a system alone. 

Also, the mentor helps 

trainees get certified. 

 

There is not a specific amount of times that an employee has to work on a system, before this employee 

can be certified. New employees in the position of technician or tester, are coupled to a specific mentor for 

a couple of weeks/months to learn. After this time, they are coupled to a new mentor. The mentors 

determine whether a trainee is ready to perform steps alone.  

It is possible that a tester or technician is both certified and trainee for system types that are similar to each 

other. In those cases, they are assigned to a mentor, but not one specific mentor, to work with them on 

those types to check whether they can work on that type. This allocation takes place if team leads want or 

employees request training to happen.  

Employees are assigned to teams. This is done for team building purposes, making it easier to ask for help, 

as well as for team leads having a smaller group that they can oversee more easily. 

For the same reason of proximity, employees are assigned to systems that are assigned to the boxes of the 

team. If there are not enough employees in one team and too many in another, employees can be assigned 

to boxes of other teams.   

Employees are expected to start their workday between 7 am and 9 am and then to work for 8-8.5 hours. 

The end of the day is mostly between 3 pm and 5 pm. Most employees start their work during 7 and 8 am. 

It is desired that employees that work on the same system in mounting and demounting start at the same 

time. However, there are always some steps that can be performed individually.  

3.1.3 Production Process  

The process that starts when a system is assigned to a box, is visualized in Figure 6. There is a difference in 

process speed and number of employees needed for monoplanes and biplanes. For monoplanes, one tester 

and one technician for mounting and demounting are needed. For biplanes, one tester and two technicians 

are needed for mounting and demounting. During testing, in both cases only one tester is needed. However, 

testing of a biplane requires one day extra. 

Like already mentioned in Table 2, the qualification level of the employees is important. For every trainee 

that is present, one mentor should also be present.  
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Figure 6: Employee Assignment Process at SI. Number of employees needed. One tester is assigned to whole 

process. Technicians are only assigned to mounting and demounting. One Tester Mentor is needed 2 times 

for ½ to 1 hour for control check during testing. Assignment of mentor happens by the tester notifying a 

mentor to perform the double-check. This assignment is thus outside of the scope of this thesis. 

 

During the process step testing, a mentor tester needs to perform two manual double checks of 30 minutes 

to an hour. One check happens around the middle of the process and the other check close to the end of 

the process. Even if the tester is a mentor himself, another mentor has to check the work done. 

3.2 Scheduling Process 

To design a model that helps with scheduling, it is important to know first what the current methodology 

for scheduling is. The scheduling in SI is divided in two steps. The first one is system to box assignment and 

the second is employee to system (and thus box) assignment. 

3.2.1 Boxes 

The scheduling of systems on boxes is performed by SFC. Every half an hour, a new box can be released and 

within two hours hereafter, the materials of a specific system should be placed in the box. SFC has a list of 

the systems supposed to be scheduled for that day or next day (or previous days and not scheduled yet) 

and checks whether the components of these systems are available. This is manually performed in 

flowtracker and SAP. If the components are not available, a call is made to the responsible person when 

they can be expected.   

After it is known that a system is available to be placed in a box, SFC checks in the flowtracker which boxes 

are available and assigns a box to a system. These steps are performed several times a day.A box is available 

in the flowtracker, if the SR in the box has finished the previous system in flowtracker.  
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This box assignment is done based on system category. The biplanes can only be placed in 12 boxes. BB can 

only deliver 2 biplane systems a day, where biplanes have 6 days of processing time. Therefore, SFC allocates 

only biplanes in the biplane boxes. However, analysis of the flowtracker shows that around 9% of orders in 

biplane boxes are monoplanes and 2% of orders in monoplane boxes are biplanes. In absolute numbers, 

this means that 19 monoplanes were assigned to biplane boxes and 17 biplanes were assigned to 

monoplane boxes. The latter should not be possible, so this indicates errors in the flowtracker. 

The monoplanes can be placed in every box, although there are differences in size of these systems. If 

multiple boxes are available, SFC tries to take into account that bigger systems are placed in the bigger 

monoplane boxes. For example, some systems do not have a screen. As screens are relatively big, these 

systems are placed in smaller boxes. The information on the size of the systems is taken from SAP where 

the components that are added to the system can be viewed. An estimate on the size can be made by SFC 

based on this. 

Systems with priority are already released to a box even if the components are not available yet, if boxes 

are free. After all, mostly delayed, components of these priority systems come available, the mounting of 

the system can immediately start, because all the components from the warehouse are already placed in 

the box.  

The employees in SI work in teams. Boxes are assigned to specific teams. Although not a restriction, 

employees are placed with their own team on their own boxes. When assigning systems to boxes the 

amount of new systems is as much as possible spread equally among the teams (taking into account number 

of boxes per team lead). 

At the end of every day, SFC talks with the team leads to discuss which systems are expected to arrive in SI 

the next day. Hereafter, the team leads plan the employees on the systems.  

3.2.2 Employees 

The employees are mainly scheduled at the end of the day for the start of the next workday. The team leads 

discuss with SFC which boxes will be released the next day and which systems maybe will be released the 

next day. Before making the schedule, the team leads have walked past their boxes to check on progress 

and to know which employees will become available after mounting and demounting and which systems 

require technicians for demounting. Before, the availability tool is checked. However, this is forgotten 

mostly because of rush. The availability tool contains the names of the employees and their availability 

throughout the year. The reason why employees are not available is also documented. This document is 

updated whenever changes occur.  

The scheduling method that the team leads follow is: 

First, priority systems are assigned to testers and technicians that are needed to meet the deadline stated.  

If there are new employees that are being trained, they are assigned together with their mentor to a system 

that has little lateness to allow for delay due to learning. 

Process steps that have employees working on them who are absent the next working day are assigned 

employees to replace them. Most of the time the absence is left unnoted unless the employees 

communicate this to the team leads directly. That is because the availability tool is forgotten to be checked 

before scheduling. 

The following steps happen in random order after the two steps mentioned above. 

Assigned technician(s) that are qualified for the system type and available the next are assigned to the 

systems that will be mounted the next day. 
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A tester that is qualified for that system is assigned to the system for mounting and is expected to work on 

the system throughout the whole process, so also during testing and demounting. 

Technicians that are qualified are assigned to demounting. 

The following steps happen if at least one team has not enough employees for one or more of their systems. 

If there are not enough employees available within own team, it is checked whether other teams have 

employees available that can work in the team. 

If too many employees are available within own team, it is checked whether they could help other teams. 

If there are not enough employees overall, it is checked which systems are the most important with regards 

to their deadline and where employees can best help with the mounting and demounting to speed these 

processes up. For testing adding employees is not beneficial, so no additional testers are added. It is time-

consuming for the team leads to have a clear overview on which systems are the latest. 

The time for a process in the box is not deterministic and changes due to delays happen on a regular basis. 

Therefore, the schedule is updated when changes occur during a day. Then, decisions are made based on 

the available information about the processes. Sometimes this decision is based on information available in 

the flowtracker about the status of the boxes (delay, on time, etc). Most of the time this information comes 

from the employees that go to the team leads for help, or when team leads are on the floor and judge the 

status of the boxes. This might lead to subjective decisions, because information is incomplete and biased. 

Situations that happen during the days are amongst others: 

- Technicians are earlier finished then expected with mounting and/or demounting. They are 

assigned to different systems to help speed up the process there or are assigned to a new system 

that is already released to a box. 

- There is a stop in a box, meaning the process has come to a standstill due to issues in delivery, 

failure of tests or not enough employees. The tester is still responsible for the system, so officially 

should stay with the system until the stop is fixed. However, if it is really long-lasting stop it can be 

decided that the tester is temporarily assigned to different activities. For technicians it is more easily 

decided that they can leave the system they are working on. This could be temporarily if they are 

required after the stop is fixed or completely if the steps that still have to be performed can be 

performed by the tester alone. 

- An employee is not present on the floor due to last-minute circumstances, like illness, and the 

process in the box is stopped or is delayed due to this absence. If the process in the box is stopped 

and delay is not acceptable, employees are allocated to this box. If delay is acceptable, but the 

status or number of employees on other boxes allow employees to be reallocated, then these 

employees are reallocated. If the number of employees does not allow for a shift, a judgement is 

made about which systems is the most important and employees are shifted accordingly. 

3.2.3 Strong and Weak Points 

After identifying what the current method for scheduling is, it is important to find its strong and weak points. 

This to include the strong points in the model and try to find a solution for the weak points.  

3.2.3.1 Boxes 

In the box assignment, a strong point is that SFC combines information from a lot of sources, also sources 

that are not easy to automate the retrieval from. These sources are consulted to make a better estimate of 
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when a system is expected to arrive in SI and also to get a better view on the size of the system to place it 

in an appropriate box.  

Another strong point is that SFC has an overview of which systems are the latest and thus judges and uses 

in their scheduling which systems are more important to be assigned to a box as soon as possible. 

A weak point is that SFC has the intention to only assign biplanes to biplane boxes. Around 18% of orders 

were orders for biplanes while around 26% of boxes are assigned to biplanes. Biplanes require one day extra 

in SI, but even if this is taken into account, biplanes need only 21% of box capacity while 26% is of boxes are 

biplane boxes. It would make sense to look more what is expected to arrive in SI in the near future, as this 

is known at the latest four days (when system starts in BB) before the system enters SI. With this change, 

boxes can be allocated more efficiently with regards to due dates.  

 
Figure 7: Monoplanes and biplanes in SI on a given day in the period June 2019-March 2020. 

As can be seen in Figure 7, sometimes the number of biplanes in SI is low, while the number of monoplanes 

is high (around day 171, 281, 301-331). In those times, monoplanes can and should be assigned to biplane 

boxes to utilize the capacity better.  

The problem has its origin in another weak point. In box scheduling, the scheduling is done short-term. This 

makes it difficult to see what is coming and if a monoplane box can be released on a biplane box.  

3.2.3.2 Employees 

One of the strong points is that the team leads know the skills of the employees. They also know who work 

together well and if there is a high-priority system, it is useful to have the fastest employees working on 

that system. They have experience with scheduling and therefore automatically eliminate certain options, 

because they are not feasible.  

Another strong point is that they can plan the training of a new employee accordingly to the system types 

that are expected to have the highest demand.  

However, there are also weak points. Although the assignment is done with care, there is a lot of subjectivity 

involved as well. According to a few employees, it leads to employees being assigned to the same class of 
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systems a lot because they perform that system well and fast. Employees that are not fast enough do not 

get assigned to these systems anymore. If they cannot practice these systems, they cannot improve their 

skills.  

The team leads say they do want to take a lot of factors into consideration. However, these factors are not 

objectively considered. This has three main reasons. Firstly, some information is not available to make an 

objective judgement. Secondly, some information is not shown in a straightforward way to quickly make an 

objective judgement and thirdly, the team leads are people, so subject to subjective thinking. 

There is no information available on who has worked on which system. Only the SR is showed in the 

flowtracker, but only in the raw background date of the tool. This version cannot easily be accessed by the 

team leads nor is it visualized in an overview. There is no information available on the technicians of a 

system. Therefore, the team leads can only make a subjective decision that is based what they can 

remember. They cannot objectively assign employees to systems in a way to retain their skills; equally 

distribute the technician tasks among the testers; and not assign an employee consecutively to biplane 

systems for mounting and demounting. 

The information on who is available is on the laptop via the availability tool, while the team leads make the 

decision at a physical board that is not close to their desk. Most of the time, this availability tool is not 

checked before scheduling, so the team leads forget that someone is not available, unless the employee 

reminds them of it. This leads to having not enough employees assigned to a system. Also the opposite side 

happens where employees come back to SI from not being available and not getting assigned to a system. 

Also, the team leads assign the same employees to the systems, because they do not have a clear overview 

on who is qualified for this system type in their head. Although this information is available in the 

qualification matrix that is printed next to the scheduling board, it is only consulted if the team leads cannot 

make a schedule with the employees they have in their head.  

The lateness of systems is not presented in descending order, so the team leads find it hard to determine 

which systems are most behind schedule and therefore the most important to schedule enough employees 

to. This leads to subjective decisions on which system is the most important and thus to more and higher 

lateness of systems then necessary. 

The team leads do not have an overview of where additional employees could be useful or what the exact 

statuses of the systems are when changes occur during the day. In short, they do not know what the options 

are for an employee that comes available during the day. 

3.2.4 Narrowing the Scope 

Using the boxes more efficiently is desirable. However, getting correct and up to date information to make 

the box assignment turned out to be too difficult at the moment. However, this is important in order to 

design a tool that is useful and less time-consuming for SFC. This has three reasons. 

The first reason is lack of data. To safe time, it is decided not to wait for all BB to finish with their components 

of a system before a system is assigned and released to a box in SI. This, as there is a time difference 

between time of release of a system to a box and the actual start time in SI, because components from the 

internal warehouse and some BB have to be picked before. This time difference is at least 2 hours, but can 

be up to even 6,7 hours, because certain components from BB are needed at the end of the mounting step. 

Therefore, SFC calls BB to check when the component that is not finished according to flowtracker will be 

finished. This information is not stored in any information system.  
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The second reason is timing. Systems are released to boxes throughout the day. A release can only happen 

once every 30 minutes instead of all at once. This means that when a lot of boxes are in use, either systems 

have to be assigned to boxes that are currently in use and thus it is uncertain if these boxes will become 

available in time, or free boxes are waiting for a decision moment. Both are not desirable. The former has 

too little updated information available to know if this box will be empty at the time it is needed. To get this 

information is more time-consuming then looking at the available boxes only. The latter requires boxes to 

stay empty for a longer time, which is undesirable when a lot of boxes are already in use. 

The third reason is about insight and elaborates on the second reason. Using the decision support tool to 

make a decision only on one or two systems is needed to tackle the issues described in the second reason. 

Doing this is only useful if the user does not know what the options and statuses of the systems and boxes 

are, and the tool can provide this insight. However, the information systems that SFC uses already provides 

insight in this relevant information. Firstly, the flowtracker shows the systems in the sequence of when they 

are planned to arrive in SI. Systems that are late are at the top of the list, so the most important to schedule 

to a box. Secondly, the statuses of the boxes (occupied or not) are also available in the flowtracker in a clear 

overview. Thirdly, the statuses of incoming systems are as described in the first reason, available to SFC, but 

not in the information systems. So, SFC has more insight than the decision support tool would be able to 

gather. 

There are ways to make more efficient use of the boxes by looking at the number of employees that will be 

available and by planning monoplane systems on biplane boxes for example. Providing a tool that gives 

more information on what is expected in the future, give the number of biplanes expected to be in SI on 

any given date in the next two weeks, can be helpful. The same holds for employees. However, it is believed 

that a support tool that will also give recommendations on to which team or box to assign a system, will not 

be used, because it misses relevant information that would make this tool useful. 

Therefore it is decided not to include box assignment in the model, but to provide some information to SFC 

that can help them make better decisions when either boxes or employees are scarce. 

3.3 Performance 

The performance in the period end of February 2020 until end of August 2020 is displayed in Table 3, which 

is a representative time period to analyze the lateness. The lateness for the upgrade systems is high in 

comparison with other systems. SI is responsible for testing whether the systems work as they should. As 

the upgrade systems are recently introduced, there are more errors to be found and solved and this explains 

the higher lateness. 
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Table 3: Lateness of systems in SI in the period end of February 2020 – end of August 2020. From ‘Average’-

column on it is in hours. ‘80% is between’ is only calculated for systems with more than 20 data points 

(quantity). 

Nr System class Quantity Average Min Max 80% is between 

 Total 691 9.8 -48 376 -4 16 

1 New monoplane 221 7.1 -22 95 -4 16 

2 Old monoplane 187 7.2 -17 49 -4 16 

3 New monoplane 107 6.1 -9 56 -4 16 

4 New biplane 53 8.7 -48 146 -4 16 

5 New monoplane 42 5.1 -47 26 -4 16 

6 New biplane 31 1.5 -16 25 -8 8 

7 New monoplane 12 7.7 -47 26   

8 Upgrade monoplane 12 40.2 9 167   

9 Old biplane 8 15.25 -1 40   

10 Upgrade monoplane 6 156.5 0 376   

11 Old monoplane 5 15.2 -1 40   

12 Upgrade biplane 3 109 8 180   

13 Upgrade monoplane 2 71 -26 168   

14 Upgrade biplane 1 160     

15 Upgrade monoplane 1 155     

 

80% of systems are delivered between 4 hours (half a day) early and 16 hours (2 days) late. The average is 

9.8 hours late, but this is so high due to the upgrade systems. If the upgrade systems are not part of the 

calculation, the average is at 6.9 hours late. 

In the flowtracker it is recorded if a delay is caused because there are not enough (qualified) employees. In 

the last six months, 162 delays were recorded with a total delay of 858 hours. The average delay is 5.3 hours 

while delays range between 1 and 47 hours. In that delay time, given the normal routing times, 21.5 

monoplanes could have been processed and 17.9 biplanes. A capacity issue is not always due to wrong 

assignment of employees. Sometimes the number of employees available is too low given the number of 

system tasks. Still there is potential in optimizing the schedule to avoid delays due to wrong assignments. 

The lateness in SI is thus relatively high, although it is not clear how much of this lateness is due to the 

scheduling of boxes and employees. Even though the need for improvement regarding lateness might not 

be fully known, there are other factors in the scheduling that are important and needed. These are related 

to the variation among employees, physical difficulty of performing some systems and equal distribution of 

technician tasks among testers. Chapter 4 describes the literature regarding these topics and how to 

incorporate them into a model. But first, these factors and their relevance for scheduling are described. 

3.4 Relevance of Factors for Scheduling 

The factors can be classified into two classes. The first is system specific and the second is employee specific. 

System specific is about which systems are the most important to be assigned enough employees in case of 
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a shortage for employees. Employee specific is about what is the right way to assign specific employees to 

a system. The factors are displayed in Table 4.  

 

Table 4: Relevant factors for scheduling 

System specific Employee specific 

Delivery Time Urgency Employee Type 

 Physical Fitness for Biplane 

 Employee Variation 

 Tester Availability 

 Equal Distribution 

 

As mentioned in the previous chapter, the goal of IGTS is to deliver on time. There are three ways in which 

a factor can contribute to this goal: short-term on-time delivery, flexibility and employee satisfaction. In 

Table 5 an overview is given of the contribution of the factors and their importance. 

 

Table 5: Relevance of a factor in comparison with the other factors. 

Factor Contribution to goal Importance 

Delivery Time Urgency Short-term on-time delivery 1 

Employee Type Employee satisfaction and short-

term on-time delivery 

0.2 

Physical Fitness for Biplane Employee satisfaction 0.2 

Employee Variation Flexibility 0.2 

Tester Availability Short-term on-time delivery 0.1 

Equal Distribution Employee satisfaction 0.1 

 

Delivery time urgency belongs to short-term on-time delivery as this factor maximizes on-time delivery of 

systems by assigning enough employees to systems that are late to avoid them getting later.  

Tester availability also belongs to short-term on-time delivery. For the process, it is better to have the same 

SR during the whole process. Although the impact on the short-term on-time delivery is less than the 

delivery time urgency, still it is preferred to have an SR present during the whole process.  

Employee variation is related to flexibility as this factor will try to maximize the flexibility of employees by 

retainment of skills for system classes. In the long-term this will make sure that people retain their skills for 

system types that they are also classified for. These skills are important to keep the level of processing 

quality and speed of employees high. If skills are not retained, this leads to some employees coming into a 

downward spiral in quality and speed for a system class. This makes them less flexible in the future and will 

impact the on-time delivery. 

Employee type, physical fitness for biplane and equal distribution all belong to employee satisfaction. 

Employee variation also partially belongs to employee satisfaction.  

Employee type is important as employees are hired to perform certain activities. They can also perform 

other activities, but these qualifications are trained to be more flexible if there are not enough employees 
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for certain tasks (testers performing technician tasks and technicians performing tester tasks). When this 

flexibility is not required however, they should be assigned to the tasks they are hired for. Employees feel 

more satisfied if they are assigned to tasks they are hired for. Also, it has some impact on the short-term 

on-time performance as testers perform testing more often and are therefore better in tester tasks. For 

technicians, the same reasoning holds. 

Physical fitness for biplane is important as biplanes are physically more challenging then monoplanes. If 

biplanes are performed consecutively, this has an impact on the physical state of the operator. Although 

this impact is not necessarily damaging according to the operators, it is also not pleasant to perform biplanes 

consecutively. Employees feel more satisfied if they are not assigned consecutively to biplanes. 

The equal distribution factor is related to the employee type variable. As there are more technician tasks 

then technicians and less tester tasks than testers, testers are more likely to perform technician tasks and 

technician tasks should be equally distributed amongst testers. Equal distribution is perceived as fairer and 

employees will feel more satisfied with a fair distribution.  

The importance of the factors is displayed in Table 5. The factors and their relevance are included in the 

model. As can be seen the delivery time urgency is the most important. The employee type, physical fitness 

for biplane and employee variation are equally important and followed by tester availability and equal 

distribution as these factors have less impact on their respective contributions. 
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4. Literature Study 
In this chapter, the analysis done in the literature review (van Hezewijk, 2020) is summarized in order to 

answer the research question: What methods for scheduling are described in the literature? First, the 

characteristics of the problem are described, followed by the solution methodologies. 

4.1 Characteristics of the problem  

In the article by Van den Bergh et al. (2013) multiple classifications were used to order the articles about 

employee scheduling. These classifications are personnel characteristics and decision delineation; 

constraints, performance measures and flexibility; solution method and uncertainty incorporation; and 

application area and applicability of research. These classifications also have sub-classifications. The sub-

classifications that describe the scheduling situation in SI the most are the following and written in italic. 

Skills (qualifications) are personnel characteristics to diversify between employees. Employees are assigned 

to tasks (process step). Constraints related to the number of employees that are to be assigned to a system 

are best described as soft coverage constraints. This as under and overstaffing is allowed. Skills 

(qualifications) are modeled as hard skills constraints as it is not allowed to work on a system without a 

mentor if an employee is not qualified. Balance (fairness in working conditions) is important for the 

scheduling in SI, as this is something that is highly valued by employees.  

Fisher (1981, 1985) identified that difficult IP problems were actually easy IP problems with a set of side 

constraints making it complicated. Placing these constraints (soft constraints) into the objective function, 

Lagrangian Relaxation Method, made it easier to solve.  

Of the articles described in Van den Bergh et al. (2013), only 8.9% have their application area in a production 

environment. Most articles are about a service environment. 18% of the articles include fairness in their 

model. 82% of the articles assume a deterministic environment. 

Skills are incorporated in different ways in the articles included in the review by Van den Bergh et al. (2013). 

The first is that skills are trainable, which relates to the employee variation factor described in the previous 

chapter. The other is a hierarchical perspective where employees are hired and paid to perform certain 

tasks and should be assigned to these tasks as much as possible. This relates to the employee type factor 

and equal distribution factor described in the previous chapter.  

Training is mostly viewed as a cost in the review by Van den Bergh et al. (2013), however the research by 

Yang et al. (2007) and Brusco (2008) look at the level of cross-training needed to improve the performance. 

Yang et al. (2007) show that cross-training improves the performance in job shops.  

4.2 Solution methodologies 

4.2.1 Review Van den Bergh et al. (2013) 

The review by Van den Bergh et al. (2013) show that mathematical programming was the most used solution 

method (53.3% of articles) for employee scheduling, followed by improvement heuristics (42.8%). Mixed 

Integer Programming (MIP) and Integer Programming (IP) are used in 34.3% of the articles. Genetic 

algorithms, tabu search and simulated annealing are used in 19.2% of the articles. These are methods that 

can be used to find close-to-optimal solutions for MIP and IP problems.  

Two articles from the review by Van den Bergh et al. (2013) show close resemblance regarding the 

characteristics to the scheduling situation in SI: Maenhout and Vanhoucke (2010) into personalized crew 

rostering in the airline industry and Sabar et al. (2009) into the personnel scheduling in assembly centers. 

Maenhout and Vanhoucke (2013) split their model into three objectives: minimization of activities that do 



31 
 

not have an employee assigned to them; creation of fair schedule by penalizing deviation from average 

values; maximize consideration of the preferences from the employees. A genetic algorithm is used to find 

a solution, but the authors note that creating a robust schedule is one of the main issues for future research.  

Sabar et al. (2009) try to minimize the movements of employees among the different stations of an 

assembly center as this has a negative impact on the performance and causes dissatisfaction among the 

assemblers. They use a multi-agent approach to incorporate the interest of four different aspects of the 

schedule: production planning, planning at each station, overall employee satisfaction and individual 

employee satisfaction.  

4.2.2 Uncertainty 

As described before, uncertainty is not much incorporated in the review by Van den Bergh et al. (2013). The 

research by Li and Ierapetritou (2007, 2008) explores process scheduling under uncertainty and identifies 

two key elements for scheduling under uncertainty: schedule generation and schedule revisions. Schedule 

generation is the deterministic part and schedule revision is the reactive part that responds to uncertainty. 

They also describe two approaches to handle uncertain situations: reactive or preventive. Reactive means 

that when an uncertain situation occurs, the schedule is made again. No consideration of the uncertainty 

has to be performed. Preventive means that the model includes uncertain situations and tries to find a 

solution that remains feasible even given these uncertainties. According to Dias and Ierapetritou (2016) 

reactive approaches are less computational expensive and conservative and therefore more accepted in 

the industry. However, they can lead to infeasibilities or sub-optimal solutions. Also, when uncertainties 

happen on a frequent basis, the computation should not take much time. 

Another recently developing area of research is that of distributionally robust optimization (DRO). Rahmian 

and Mehrotra (2019) describe it as the combination between stochastic optimization (SO) and robust 

optimization (RO). These two fields try to balance profitability and robustness of process scheduling (Shang 

& You, 2018). In SO it is assumed that the decision maker has complete knowledge of the probability and 

tries to minimize the costs. In RO it is assumed that the decision maker does not have any knowledge in the 

distribution and tries to minimize the worst-case cost. DRO uses ambiguity sets to model uncertainty. 

(Rahiman & Mehotra, 2019)  

The research by Shang and You (2018) applied their methodology to combine DRO MILP (Mixed Integer 

Linear Programming) and a ‘wait-and-see’ approach, as they value the implementation of some decision to 

after uncertainty realization to reduce conservatism of decisions, just as Dias and Ierapetritou (2016). 

4.3 Conclusion 

The main aspects to use in the model is that using soft constraints can help get a solution faster and allows 

to distinguish between constraints and preferences. Also, fairness is important for the schedule and a 

consideration of multiple interests (employees and delivery times) are relevant. 

In some situations, it is needed to make changes and exchange two employees, to make sure that all tasks 

are assigned enough employees. However, according to Hochba (1997), minimizing the number of task 

changes is NP-hard and thus can only be solved by approximations. That is why it is decided to not include 

pre-emption of employees in this thesis as it is not needed often. Also, it is expected to require a lot of time 

to implement and solve, while speed of solution retrieval is crucial in this project. 

Heuristics like genetic algorithms, tabu search and simulated annealing should be used when optimal 

solution generation requires an extensive amount of time. Otherwise, optimal solutions are preferred. 
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5. Employee Assignment Model 
As described in Chapter 3, the team leads first schedule their own employees to their own boxes as much 

as possible. If this is not possible or they have employees left, they consult with other team leads if they 

have employees available or if the other team leads need additional employees. The same methodology is 

followed by the employee assignment model. First, employees of a team are assigned to systems that are 

assigned to that team. After this is performed for all teams, the employees that are not assigned yet are 

assigned to the systems that still need additional employees.  

In this chapter, first a description is given for the situations in which the employee assignment model is 

used. Secondly, the contribution of this thesis to the scheduling methodology in SI is described. Then, the 

mathematical model with the assumptions of the model, list of variables and the integer programming 

model is described. At last, the construction of the input variables is given. 

5.1 Application of Model 

In this section, the application of the decision support tool is explained. First, the goal of the tool and model 

are explained. Then, the situations are sketched in which the model can and will be used. Finally, the 

methodology for dealing with data input by the responsible employees is described. 

5.1.1 Goal 

The goal of the model is to assign specific employees to systems in the optimal way. This assignment is done 

for a specific time, called the schedule time. Employees are assigned to process steps of systems that are 

happening at this schedule time. If a different process step is expected to start half an hour later than the 

schedule time, no employees are already assigned to this step. This as It is not possible to make a good 

prediction whether the previous process step will be finished at that time.  

 
Figure 8: Time spent on process in comparison with expected time. Quantile shows the distribution of 

lateness for process steps. They show the value at 0.1 (10%), 0.2, 0.3, etc. of the data. 

In Figure 8 the time spent on process steps in comparison with expected times spent is visualized. As one 

can see, the lines are not close to the x-axis and this supports the claim that it is not possible to make a good 

-20

-10

0

10

20

30

40

50

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9La
te

n
es

s 
(+

) 
Ea

rl
in

es
s 

(-
)

Quantile

Time spent on process in comparison with expected time

Mounting

Demounting

Testing mono

Testing bi

Full mono

Full bi



33 
 

prediction whether the previous process step will be finished at that time as the variation is too high. That 

this is not immediately something negative is supported by the article from Shang and You (2018) and 

supported by Dias and Ierapetritou (2016). Shang and You (2018) show a real-life application of a ‘wait-and-

see’ approach to delay some decisions for after uncertainty realization to reduce conservatism of decisions. 

The objective can be split into two main goals. The first, and most important goal, is to maximize the 

assignment of the number of employees to systems that are the latest to avoid them getting later. The 

second is to maximize the assignment of the ‘right’ employees, see Table 5 in Chapter 3, to the systems. 

This maximization of assignment will be elaborated on in this chapter. The model is structured as an Integer 

Programming Model. The first goal is more important than the second goal, but they are described in one 

objective function. This has the implication that the optimal solution always consists of the solution that 

maximizes the first goal and within the feasible solutions given the constraints, optimizes the second goal.  

5.1.2 When to use 

There are mainly two situations for which the decision support tool is to be used. The reason why the tool 

is used is different in these situations.  

The first situation is when a schedule has to be made for the next morning. As most process steps start in 

the morning and end in the morning as well, as they are expected to take 1, 3 or 4 full days to finish, the 

biggest peak for employee allocation is also in the morning. This is the time when people become available 

and can be assigned to another system. The number of employees available for scheduling is large as well 

as the number of systems to be allocated to. So, the number of decision variables is also large. The main 

reason to use the tool here is to assign employees to the right system when there are a lot of different 

possibilities to assign the employees, but only one or a few optimal ones.  

The second situation is when employees are to be assigned to other systems, because they finished their 

tasks. The number of employees available for scheduling at this time is small and thus the number of 

decision variables and systems is small as well. However, in this situation it is usually not clear to the team 

leads where the employees could be needed. The main reason to use the tool here is to know better which 

options there are and to assign employees with the main objective to optimize the first goal of the objective. 

The two situations are referred to as end-of-the-day and during-the-day. 

5.1.3 How to use 

In Figure 9 the tasks of the employees for the usage of the decision support tool is described. As can be 

seen, only three additional tasks are performed by the responsible employees compared to the situations 

as it is now. For SFC this is updating the time of when the systems can start in SI. For the team leads this is 

updating the expected end times of system process steps for process steps that are delayed or finished 

earlier before making an end-of-the-day schedule. Also, they can add or adjust employees in the decision 

support tool if they want to change the assignment performed by the model or give input for the model.  

For during-the-day, no additional tasks for the team leads are required.  
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Figure 9: Data retrieval for decision support tool 

The model then retrieves data from the different data sources as also can be seen in Figure 9. Which 

information is retrieved from which sources and where in the model it is used is displayed in Table 6. Some 

data is not available yet in the flowtracker, however this data will be available in the near future.  

 

Table 6: Information retrieved from data sources  

Factor Factor type Resource type Information system 

Active system process 

steps 

Constraints and 

decision variables 

Systems Flowtracker 

System type information Constraints Systems Flowtracker 

Employee Available Decision variables Employees Availability tool 

Qualification level 

employees 

Constraints Employees Qualification matrix 

Delivery Time Urgency Objective  Systems Flowtracker 

Employee Type Objective Employees Qualification matrix 

Physical Fitness Biplane Objective Employees Flowtracker (future) 

Employee Variation Objective Employees Flowtracker (future) 

and qualification 

matrix 

Tester Availability Objective Employees Availability tool 

Equal Distribution Objective Employees Flowtracker (future) 
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5.2 Difference between current methodology and proposed methodology 

In Table 7 an overview is given of the major contributions of this thesis to the scheduling methodology in 

SI. The contribution is in the field of information (IS) or scheduling (OPAC). Contributions that are related to 

IS are about automation and information systems integration (IS). Contributions that are related to OPAC 

are about improving the quality of decisions in the scheduling method. 

 

Table 7: Identification of the contribution of this thesis to the scheduling method in SI. 

Current situation Decision support tool & model Contribution 

Team leads spent a maximum of 

1.5 hours each day to make the 

planning. When they make the 

planning for the next day, this 

takes between 10-40 minutes 

depending on the number of 

employees needed and available. 

The model takes at most 1.5 

minutes to come up with an 

optimal solution. Gathering 

information from information 

systems, data cleaning, etc 

accounts for most of the time. 

Optimization of the model takes 

at most 5 seconds. 

Decreasing the amount of 

schedule time for the team 

leads from 10-40 minutes to a 

maximum of 1.5 minutes. (IS) 

Team leads spent a lot of time 

during the day to find the tasks 

that can be done during the day. 

The overall time spent on this is 

between 20 minutes and 45 

minutes. 

The decision support tool can 

easily retrieve the options that 

need to be fulfilled by using real-

time information from the 

flowtracker to estimate the start 

time of a process step and end 

time.  

Decreasing the time during the 

day that team leads spent on 

allocating employees to 

different systems. (IS) 

Employees are assigned to the 

systems that are the latest to avoid 

those systems getting even later. 

However, it is not clear to the team 

leads which systems are the latest, 

so this takes a lot of time and 

mistakes are easily made.  

Employees are assigned to the 

systems that are the latest to 

avoid those systems getting even 

later. The model uses real-time 

information from flowtracker to 

determine which systems are the 

latest. 

Making it clearer which 

systems are the latest by using 

real-time data. (IS) 

Subjectivity leads to assignment of 

the same fast employees to the 

same system class. This leads to a 

downward spiral for the 

employees that are slower in 

working on that system class 

which will impact the long-term 

on-time delivery of SI. 

Employees are assumed to be 

equally fast regardless of their 

skill and qualification level. They 

are assigned to systems to assign 

employees to the system types 

they performed the least to break 

the downward spiral and keep a 

production mix for every 

employee that meets their 

qualification mix for the system 

types. 

Assign employees to systems 

to invoke that employees 

retain their skills for the system 

types they are qualified for 

using an objective measure of 

production mix per employee. 

(OPAC) 
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Because employees are assigned 

to the same system class because 

they are good in them, some 

employees are assigned to 

biplanes consecutively.  

Mounting and demounting of 

biplanes are physically more 

challenging than monoplanes. 

That is why employees that did 

not perform biplanes lately are 

more suited to work on a biplane. 

They are assigned to biplanes. 

Include short-term variation in 

system categories (mono- and 

biplane) to avoid preventable 

physical issues of employees 

due to long-term working on 

the physically more challenging 

systems. (OPAC) 

Even though it is preferred to have 

one SR present during the whole 

process in SI, the tester is not 

checked whether they are 

available during the whole 

process.  

The more days a tester is 

available, the more preferred and 

likely they are assigned as SR to 

the system. 

Knowing which testers are 

available the most and thus 

more suited to become the SR 

of a system. Objectively looking 

at number of days available 

instead of subjective measure 

now. (IS & OPAC) 

Distribution of the technician tasks 

among the testers is not 

performed.  

Testers are compared with one 

another how many times they 

performed technician tasks lately. 

To distribute the technician tasks 

equally among the tester, the 

testers with the highest number 

of technician tasks lately, are 

assigned to the technician tasks. 

Spread technician tasks equally 

among testers. (OPAC) 

5.3 Mathematical Model 

Like mentioned before, the model first assigns employees as much as possible within their own team to 

their own systems (boxes). Then, it is checked if all tasks have enough employees assigned (intra-team 

assignment). If not, the employees of all teams that are not assigned yet are assigned to these tasks (inter-

team assignment). This is done by the decision support tool, the team leads will just see the end result in 

which both assignments have been performed. 

5.3.1 Assumptions 
The following assumptions are made. If necessary, an explanation is given below the assumption. 

- The data retrieved from the input files are correct and up to date. 

There can be small errors in the input from the flowtracker, however this does not happen that often. 

However, the team leads are aware of that the model uses the flowtracker, availability tool and qualification 

matrix and they are responsible for updating these files, otherwise the tool might give wrong solutions. 

- The processing times of the process steps are based on deterministic routings, i.e. all employees 

have equal processing times independent of their qualification or skill level. 

It is difficult to predict the process time of a system. Adjustments in time can be made, but this is input 

given by the team leads or input given by the flowtracker. See Chapter 6 for more information on how this 

input is handled. 

- Free days, training outside of boxes, employment outside of SI of employees is all included by the 

team leads in the availability tool and thus input for the model. 
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- Training of employees inside the boxes is initiated by the team leads and is input given by the team 

leads. 

- Only systems that are assigned a box by SFC are included in the model. If a box is maintained, no 

systems are assigned to the box by SFC. 

- Team leads assign additional employees to process steps if they put priority on a system. Assigning 

additional employees is not done by the model.  

- Pre-emption of employees is not done by the model. The team leads should exchange employees 

if it is required to exchange employees due to qualifications. When an employee is not available 

and technically is pre-empted, the model assigns a new employee to replace the non-available 

employee. 

5.3.2 List of variables 
The list of variables is divided into three lists. The first list contains the variables that are sets of the decision 

variable and the decision variable itself. The second list are the input variables that are present in the model. 

The third list are input variables that are used to construct the input variables present in the model. 

5.3.2.1 Decision Variable 

xs,e,st   binary decision variable to assign an employee (e) to a process step (st) of a system (s).  

  Value is 1 if an employee is assigned to a process step of a system and 0 if not. This value  

  can also be input instead of a decision made by the model, if the team lead fills in who  

  they want on specific systems process steps in the decision support tool. 

 

de   process step demounting. Value of index st. 

e  employee. Index in decision variable. 

E  set of all employees 

E(ti)  set of employees that are available in SI at the schedule time (ti) 

E(ti,te)  set of employees from a specific team (te) that are available in SI at the schedule time (ti) 

mo   process step mounting. Value of index st. 

s  system. Index in decision variable. 

S   set of systems that are to be scheduled in a schedule period. Systems that are in SI. 

S(te)  set of systems assigned to a team (te) that are to be scheduled in a schedule period. 

st  step in process. Index in decision variable. 

ST   set of steps in process 

test   process step testing. Value of index st. 

5.3.2.2 Input Parameters Model 

DTUs,st  Delivery Time Urgency for each system (s) and step (st). As on-time-performance is  

  important, the higher the delivery time urgency (lateness of a system) compared to  

  other systems, the more likely a system is assigned enough employees. 

et  employee type 

EDe,st  Equal Distribution of technician tasks among testers for each employee (e) and the  

  process step (st) testing. When this value is high, the tester is assigned a lot of technician  

  tasks lately and is therefore more likely to be assigned a tester task. 

ET   Set of employee types (et) (technician, tester) 
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ETVe,st  Employee Type Variable. Binary variable that determines whether the employee (e) is  

  assigned to a process step (st) that meets their employee type. 

NEVs,e,st  Netto Employee Variation for an employee (e) for each system (s) and step (st). Like the 

  Variation value, when this value is high, it means that the employee has performed the  

  class that this system belongs to, fewer than they should. The maximizing objective will  

  then assign this system to this employee. 

PFBs,e  Physical Fitness for Biplane for an employee (e) for each system (s). When this value is high, 

  this means that the employee has not performed biplanes the last two times. This makes 

  the employee more suited to perform the physically more challenging biplane. 

qs,e,st  Employee Type (et) qualification of an employee (e) for a system (s). Technician   

  qualifications are needed during mounting/demounting and Tester qualifications are  

  needed during testing. Values are: 1 = trainee, 2 = qualified and 3 = mentor. 

TAs,e,st  Tester Availability of an employee (e) for the process step (st) testing for a system (s). The 

  higher this value, the more days a tester is present during the testing of a system and 

  more suited they are to be SR. 

te   team.  

TE  set of teams 

ti   time for which the schedule is made, i.e. schedule time. This is an input manually chosen  

  by the team leads. 

vDTU  valuation of Delivery Time Urgency in the objective of the model. The importance of on  

  time processing of systems in every process step. Value is 1. 

vED  valuation of Equal Distribution of testers to technician tasks in the objective of the model. 

  The importance of equally sharing technician tasks among testers to a process step. Value

  is 0.1 

vETV  valuation of Employee Type Variable in the objective of the model. The importance of  

  assigning the right employee type to a process step. Value is 0.2. 

vNEV  valuation of Netto Employee Variation in the objective of the model. The importance of 

  an employee’s variation in assignment to a certain system class. Value is 0.2. 

vPFB  valuation of Physical Fitness for a Biplane in the objective of the model. The importance of 

  assigning an employee that has not performed biplanes lately to a biplane. Value is 0.2 

vTA  valuation of Tester Availability in the objective of the model. The importance of assigning  

  an employee that is available as much as possible during the whole process of a system.  

  Value is 0.1. 

xs,st  input variable. Number of employees that have to be assigned to a process step (st) of a 

  system (s). If a step does not need employees to be assigned to it, as the step is in the 

  future beyond the ti, the value is zero. 

5.3.2.3 Input Variables for Construction of Parameters 

AVe,d  Availability of an employee (e) on a day (d) in the expected process time of a system. 

ASSTs,st   Actual Scheduled Start Time. Start time that is assigned by the model as the scheduled      

  start time of a process step (st) of a system (s).  
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cats   category system (s) value. 1 = system is of category biplane, 0 = system is of category  

  monoplane 

dSTy  demand for a certain system type (STy) in the last six months 

e(qSTy,et ≥ 2) employee that is qualified for a system type (STy) for a specific employee type (et) 

EVs,e,st  Employee Variation. The actual system type (STy) mix assigned to an employee (e) in the  

  last six months for a process step (st). 

MAe,a  Monoplane Assigment in the the last two assignments (a) of an employee (e) to a system  

  process step. The last assignment is identified with a = -1 and the second last with a = -2.  

  Value is 1 if assignment is to a monoplane system and 0 if not. 

PSTs,st   Planned Start Time. Start time that is assigned to a system (s) by Execution Control as the  

  time a step (st) should start to meet the desired due date in SI. 

SC(s)  System Class that a system (s) belongs to. 

STy   System Type 

STy(s)  System Type that a system (s) belongs to. 

STYS  Set of System Types 

TechAe,t  Tech Assignment of an employee (e) in the last 10 assignments. The last assignment is  

  identified with a = -1, second last with -2, etc. Value is 1 if assignment is to mounting or  

  demounting process step only and 0 if assignment is to testing process step. 

TEVs,e,st  Target Employee Variation per employee (e), system (s) and process step (st). Given the  

  system type qualifications within a team and overall demand for those system types and  

  thus system classes, what should be the mix of system classes assigned to an employee.  

5.3.3 Integer Programming Model 

In this section the mathematical model is described. First, one important variable that has an impact on 

both constraints and objective is described. Then, the objective, constraints, size of the model and at last 

the solution method are described. The formulas have an identification in the following format ‘x-x-x’. The 

first x is for definition of what the formula is for. The options for this are TD = Task Definition (determine 

which system process steps are in progress at the schedule time), O = Objective, C = Constraints and I = 

Input. The second x is to which assignment it applies. The options are 1 = intra-team assignment, 2 = inter-

team assignment and B = both assignments. The third x is a formula number. TD has one, O has three, C has 

six and I has 9 formulas.  

5.3.3.1 Number of Employees Needed 

Like mentioned before, the schedule is made only for the system process steps that are in progress, i.e. at 

the moment of schedule time. For this the variable described below is constructed. This value is important 

in the objective as well. 

(TD.B.1) The maximum number of employees that should be assigned to a step are determined based on 

schedule time, system category and process step. Mounting and demounting need (a) employee(s) if the 

time to schedule for is between the actual start and end time of these two steps. As the tester is also the 

SR, testing needs an employee if the time to schedule for is between the start time of mounting until the 

end time of demounting. For monoplanes, one employee is needed/allowed during mounting and 

demounting, while for biplanes two employees are needed/allowed. 
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𝑥𝑠,𝑠𝑡 = {

0 𝑖𝑓                     𝑠𝑡𝑒𝑝 𝑖𝑠 𝑛𝑜𝑡 𝑖𝑛 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠
1 𝑖𝑓    𝑠 ∈ 𝑆(𝑐𝑎𝑡𝑠 = 0) 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒
1 𝑖𝑓                                                 𝑠𝑡 = 𝑡𝑒𝑠𝑡
2 𝑖𝑓    𝑠 ∈ 𝑆(𝑐𝑎𝑡𝑠 = 1) 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒

  for all s ∈ S and st ∈ ST   (TD.B.1)  

5.3.3.2 Objective 

The only difference between the objectives of intra- and inter-team assignment is the set of employees and 

systems for which the model should find a solution. The rest is the same. The set of systems for intra-team 

assignment is denoted by S(te), while for inter-team assignment the set is denoted by S. For employees this 

is E(ti,te) and E(ti) respectively. ST is the same (mounting, testing, demounting) in both assignments. 

5.3.3.2.1 Intra-team assignment 

For all te ∈ TE: 

Maximize 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.1.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.2) 

𝑣𝑃𝐹𝐵 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑃𝐹𝐵𝑠,𝑒 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.3) 

𝑣𝑁𝐸𝑉 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +      (O.1.4) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.5) 

𝑣𝐸𝐷 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝐷𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡       (O.1.6) 

5.3.3.2.2 Inter-team assignment 

Maximize 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.2.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.2) 

𝑣𝑃𝐹𝐵 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑃𝐹𝐵𝑠,𝑒 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.3) 

𝑣𝑁𝐸𝑉 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.4) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +        (O.2.5) 

𝑣𝐸𝐷 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝐷𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡        (O.2.6) 

5.3.3.2.3 Explanation 

(O.B.1) Delivery time urgency of the system is the most important component of the objective. Systems 

that are the latest, are the most important to have enough employees assigned to them.  

(O.B.2) Correct Employee Type assignment is among the group of second most important components of 

the objective together with PFB (O.B.3) and NEV (O.B.4) as described in Table 5 in Chapter 3. This sub-

component maximizes the assignment of employees to the tasks that they are hired for.  
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(O.B.3) Physical Fitness for Biplanes maximizes the assignment of employees to biplane systems that have 

performed monoplanes during the last two assignments. These employees are physically more suited to 

perform a biplane than people that have also performed a biplane in one of these two assignments. 

(O.B.4) Employee Variation maximizes the assignment of employees to system classes that they have 

performed less than they should have. This to stimulate skill retainment. 

(O.B.5) Tester Availability is among the group of third most important components of the objective together 

with ED (O.B.6). This sub-component maximizes the assignment of employees that are available the most 

during the whole process of a system, as SR, to the test step. 

(O.B.6) Equal Distribution of technician tasks to testers maximizes the equal distribution of technician tasks 

to testers. Testers that have performed more technician tasks in the last 10 assignments are more likely to 

be assigned to tester tasks, i.e. the test step as SR.  

5.3.3.3 Constraints 

In contrast with the objective, the set of employees and systems that are used to construct the constraints 

are the same for both intra-team and inter-team assignment. It is the goal of intra-team assignment to 

assign employees as much as possible within their own team. Because the model also takes input from the 

decision support tool as described in section ‘Input handling’ on the next page, it happens often that an 

employee from one team is assigned to a system of another team. To also allow for this situation, the 

constraints should be about all the employees and systems.  

5.3.3.3.1 Mathematical visualization of constraints 

∑ 𝑥𝑠,𝑒,𝑠𝑡 ≤ 𝑥𝑠,𝑠𝑡
 
𝑒∈𝐸(𝑡𝑖)      for all s ∈ S and st ∈ ST   (C.B.1) 

∑   
𝑠∈𝑆 ∑ 𝑥𝑠,𝑒,𝑠𝑡

 
𝑠𝑡∈𝑆𝑇 ≤ 1     for all e ∈ E(ti)    (C.B.2)  

∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑞𝑠,𝑒,𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 ∗ 𝑥𝑠,𝑒,𝑠𝑡 ≥ 2 ∗ ∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑥𝑠,𝑒,𝑠𝑡      

       for all s ∈ S    (C.B.3) 

∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑞𝑠,𝑒,𝑡𝑒𝑠𝑡𝑒𝑟 ∗ 𝑥𝑠,𝑒,𝑠𝑡 ≥ 2 ∗ ∑   
𝑒∈𝐸(𝑡𝑖) ∑ 𝑥𝑠,𝑒,𝑠𝑡

 
𝑠𝑡∈𝑆𝑇       

       for all s ∈ S and st = test   (C.B.4) 

𝑥𝑠,𝑒,𝑠𝑡 = 0 𝑜𝑟 1      for all for all s ∈ S, e ∈ E(ti) and st ∈ ST  (C.B.5) 

5.3.3.3.2 Explanation 

 (C.B.1) The maximum number of employees assigned to a step of a system is depended on the variable xs,st 

that is constructed in TD.B.1.  

(C.B.2) An employee can be assigned to at most one system at every moment in time. 

(C.B.3) The sum of qualifications for mounting and demounting must be greater than two times the 

number of assigned employees to that system in all steps. One could argue that employees assigned to the 

testing step do not need to be included here, but as the employee assigned to the testing step is the SR and 

thus present during all steps, it also has to be included (TD.B.1). The number two stands for the level of 

qualification needed to work on a system independently (qualified). A qualification of one (trainee) does 

not allow an employee to work on a system without an employee with qualification of three (mentor). 

(C.B.4) The sum of qualifications for testing must be greater than two times the number of employees 

assigned to that system in the testing step.  

(C.B.5) The decision variable is a binary decision variable. 
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5.3.3.3.3 Input handling 

An additional line of constraints is added to input the decisions made by the team leads and the earlier 

made decisions by the model of steps that are not finished yet for the new schedule time.  

The input is taken from the decision support tool. The input first goes through two checks before it is added 

to intra-team assignment model. The first check is whether the employee is available on the day that the 

schedule is made for. The second is whether the system and step that the employee is assigned to, is still 

busy at the time that the schedule is made for. This is done by checking if xs,st > 0. If these condition holds, 

the input is added to the model. 

𝑥𝑠,𝑒,𝑠𝑡 = 1           (C.1.6) 

The output from the intra-team assignment model is automatically added as input to the inter-team 

assignment model. This as the assignment is performed by the Python code immediately after the intra-

team assignment. As input added in the intra-team assignment model is also part of the output of the intra-

team assignment model, as the value of those xs,e,st are 1 (C.1.5), this is also input for the inter-team 

assignment.  

𝑥𝑠,𝑒,𝑠𝑡 = 1           (C.2.6) 

5.3.3.4 Size of Model 

The decision variable is the assignment of an employee (e) to a system (s) step (st), xs,e,st. To give insight in 

the size of the model in this thesis, the number of decision variables is calculated. The data used is from six 

months between the 1st of March and 1st of September. 

There are 47 boxes. During the last six months there was a minimum of 21 boxes and maximum of 47 boxes 

occupied on a day. This is approximately 45% to 100% of boxes occupied. As described in Chapter .. there 

are 5 teams and the number of boxes per team is between 8 and 12. S(te) is therefore between 3 and 12 

and S is between 21 and 47. 

There are in total around 110 employees. During the last six months, there was a minimum of 31 and a 

maximum of 81 employees available at SI. This is approximately between 28% and 74% of employees 

available. Given that the number of employees per team is between 19 and 24, this means that E(ti,te) is 

between 5 and 18 employees and E(ti) is between 31 and 81. 

This number might seem very low, however can be explained by the following. A little bit less than half of 

the employees is hired to sometimes work outside of the factory at customers. Analysis of the availability 

tool from 2019 showed that those employees spend at least 4% of working days at customers and at most 

58%. The average is 31%. This translates to every day, at least 2 employees are at customers (close to the 

holiday periods) and at most 32 employees. The average is 19%. 

There are three process steps for every system. Even though some can require 0 employees at the schedule 

time, they are still present in the model (TD.B.1). 

The number of decision variables is given by DV = s*e*st, where s is number of systems, e is number of 

employees and st is number of steps. Given the numbers mentioned above, there is a minimum of 45 

decision variables and a maximum of 648 decision variables in the intra-team assignment. In the inter-team 

assignment this minimum is 1953 decision variables and the maximum is 11,421 decision variables. 

Although this number is large, for both assignments there are already decision variables set as input. For 

the inter-team assignment, the number of set decision variables is higher than for the intra-team 

assignment as it takes output from the intra-team assignment as input. 
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The number of constraints for both assignments is given by C = s*st+s+s*1+e, where the meaning of the 

variables is the same as in the calculation for the number of decision variables. In the intra-team assignment, 

there is a minimum of 20 constraints and a maximum of 78 constraints. For the inter-team assignment, the 

minimum is 136 constraints and the maximum is 316 constraints.  

5.3.3.5 Solution Method 

The decision support tool is a combination between the interface in Excel and the data preparation, cleaning 

and calculation in Anaconda3. The version of Python is 3.7.3. The version of Anaconda is Anaconda Inc 

Python 3.7.3 (2019.07). To construct and find solutions for the model, the PuLP package version 2.3 is used. 

This is an open-source package under the license of MIT. PuLP is an LP modeler that can call GLPK, COIN 

CLP/CBC, CPLEX and GUROBI to solve linear problems. In this project, the solver was not specified and thus 

PuLP chooses its own solver among one of the above to solve the problem. The decision variables are set 

to binary decision variables.  

5.4 Input Variables 

The calculation of the input variables that are used in the mathematical model are described below. They 

are split into the parts of the objective that the calculation is for.  

5.4.1 Delivery Time Urgency 

(I.B.1) The actual start time is the time for which the schedule is made (schedule time). 

𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 = 𝑡𝑖            (I.B.1) 

(I.B.2) The delivery time urgency of the systems is based on when the system should start (PSTs,st) and will 

start (ASSTs,st). If the system starts earlier than it should, the impact is lower (1/4) than when it starts late. 

Even though it rarely happens, systems can arrive one day in advance of their planned time in SI. To allow 

for this situation to happen, the ‘1’ is added to the equation to allow for employees to be assigned to the 

system. If there would be no ‘1’, this part of the objective would be negative and in a maximizing function, 

this would result in no employees being assigned to this system even if there are enough employees 

available to work on systems that are early. 

𝐷𝑇𝑈𝑠,𝑠𝑡 = {

1

4
∗ (𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 + 1 − 𝑃𝑆𝑇𝑠,𝑠𝑡)

(1 + 𝑐𝑎𝑡𝑠) ∗ (𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 + 1 − 𝑃𝑆𝑇𝑠,𝑠𝑡 ) 
     𝑖𝑓 𝐴𝑆𝑆𝑇𝑠<𝑃𝑆𝑇𝑠
𝑖𝑓 𝐴𝑆𝑆𝑇𝑠>𝑃𝑆𝑇𝑠 

     (I.B.2) 

5.4.2 Employee Type 

(I.B.3) The Employee Type Variation is 1 if an employee with an employee type is assigned to a process 

step that matches their employees and 0 if not. 

𝐸𝑇𝑉𝑒,𝑠𝑡 = {

0                𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑠𝑡𝑒𝑟 𝑎𝑛𝑑 𝑠𝑡 = 𝑡𝑒𝑠𝑡
1           𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑠𝑡𝑒𝑟 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒
 0        𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 𝑎𝑛𝑑 𝑠𝑡 = 𝑡𝑒𝑠𝑡
 1   𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒

       (I.B.3) 

5.4.3 Physical Fitness employee Biplane 

(I.B.4) The physical fitness of an employee for a biplane system is determined by looking at the two last 

assignments of an employee to process steps. The last assignment has more impact on the physical fitness 

then the second last assignment. However, if both assignments were to monoplanes, this has impact is 

combined and these employees are preferred the most. 

𝑃𝐹𝐵𝑠,𝑒 =
1

3
∗ 𝑀𝐴𝑒,𝑡 = −2 +

2

3
∗  𝑀𝐴𝑒,𝑡 = −1       (I.B.4) 
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5.4.4 Employee Variation 

(I.B.5) The target variation of an employee is the percentage of systems of system class (SC) that the 

employee should have performed given his qualifications. This value is determined by summing the demand 

of all systems of this system class that the employee is qualified for in a specific employee type (tester or 

technician). This value is then divided over the sum of demand for all system types that an employee is 

qualified for in a specific employee type. This formula holds for tester qualifications that are needed in the 

testing process step. The value is 0 if an employee is not qualified to work on a system as a tester.  

𝑇𝐸𝑉𝑠,𝑒,𝑠𝑡 =

{
 

 
0                                                             𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 < 2

∑  𝑆𝑇𝑦∈𝑆𝐶(𝑠)
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

∑  𝑆𝑇𝑦∈𝑆𝑇𝑌𝑆
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

              𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 ≥ 2 
      

       for st = test and et = tester  (I.B.5) 

(I.B.6) The target variation of an employee is the percentage of systems of system class (SC) that the 

employee should have performed given his qualifications. This value is determined by summing the demand 

of all systems of this system class that the employee is qualified for in a specific employee type (tester or 

technician). This value is then divided over the sum of demand for all system types that an employee is 

qualified for in a specific employee type. This formula holds for tester qualifications that are needed in the 

testing process step. The value is 0 if an employee is not qualified to work on a system as a tester. 

𝑇𝐸𝑉𝑠,𝑒,𝑠𝑡 =

{
 

 
0                                                             𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 < 2

∑  𝑆𝑇𝑦∈𝑆𝐶(𝑠)
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

∑  𝑆𝑇𝑦∈𝑆𝑇𝑌𝑆
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

              𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 ≥ 2 
      

       for st = mo & de and et = technician (I.B.6) 

 (I.B.7) The Netto Employee Variation looks at the percentual difference between the actual variation 

(Employee Variation) and what the variation should be (Target Employee Variation). The further away from 

the target, the more impact it should have on the objective. The third power graph follows this pattern and 

is therefore used for this difference. The percentual difference is used because different classes of systems 

have different demand. An absolute difference could lead to overvaluation of the high demand systems, 

while especially for low demand systems it is important that they are equally shared amongst employees to 

allow everyone to stay trained on these systems. The maximum of 0 and the percentual difference is taken 

because an employee that is qualified will always be preferred over an employee that is not qualified (who 

has a value of zero for this variable). The NEV is displayed for a system but calculated based on the system 

class the system belongs to. The maximum value is 1, which is reached when the EV = 0 and TEV > 0.  

𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 = {
0                                                         𝑖𝑓 𝑇𝐸𝑉 = 0

max ((
𝑇𝐸𝑉−𝐸𝑉

𝑇𝐸𝑉
)3, 0)                        𝑖𝑓 𝑇𝐸𝑉 > 0

      (I.B.7) 

5.4.5 Tester Availability 

(I.B.8) The Tester Availability looks at whether testers are available during the whole expected process 

time of the system in SI. For monoplanes (cats = 0) this is 5 days and for biplanes (cats = 1) 6 days. This 

summation is divided by the expected number of days the process of the system will take, to put the value 

of this variable into proportion with the other variables values. The first day is not taken into account for 

the calculation as employees that are not available that day, are not part of the set E(ti) or E(ti,te). 
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Availability in the second day is given more value as during this day, testing starts. So, if a tester is not 

available then, this tester is less desired to be assigned to testing. On this second day, the tasks that require 

tester qualifications and skills start. If a tester is not available on this day, it is not useful to assign them as 

an SR. 

𝑇𝐴𝑠,𝑒,𝑠𝑡 =
3∗𝐴𝑉𝑒,𝑑=2+∑ 𝐴𝑉𝑒,𝑑=𝑖

5+𝑐𝑎𝑡𝑠
𝑖 = 3

(5+𝑐𝑎𝑡𝑠)
       (I.B.8) 

5.4.6 Equal Distribution of technician tasks to testers 

(I.B.9) The Equal Distribution of technician tasks to testers looks at the amount of time a tester is assigned 

to only mounting or demounting and not testing in the last 10 assignments. This summation is divided by 

ten, to put the value of this variable into proportion with the other variable values. 

𝐸𝐷𝑒,𝑠𝑡 =
∑ 𝑇𝑒𝑐ℎ𝐴𝑒,𝑑=𝑖
−1
𝑖 = −10

10
         (I.B.9) 

5.5 Outcomes of model in different situations 

In the section below, the outcomes that come from different situations are described.  

5.5.1 Scenario 1: Not Enough Employees 

Delivery time urgency decision: Delivery time urgency is the most important component and has the highest 

valuation, so the system will always decide based on the due dates of systems (I.B.1) and (I.B.2). One could 

argue that the start time in (I.B.2) is not depended on the number of employees assigned to it. While this is 

true, the objective forces the model to think it is. In (O.B.1), one can see that the Delivery time urgency is 

multiplied by the sum over all employees that are assigned to a system. It is a maximizing objective where 

constraint (C.B.1) and variable (TD.B.1) limit the number of employees assigned to a system. The model will 

therefore try to assign as many employees to the systems with the earliest due date as this will result in the 

highest objective value.  

As the delivery time urgency differs a lot between systems and it hardly occurs that two systems have the 

same delivery time urgency, the model will assign employees to the systems with the highest DTU. The 

situation that two systems only have one employee assigned to them while they both need two (or three) 

will not occur often. Only if there are not enough qualified employees available (C.B.3 and C.B.4) to satisfy 

the needs of the system with the highest DTU completely, this can occur. However, this situation is due to 

not having enough qualified employees available in SI and this is not something that the model can 

influence. Also, the situation does not happen often as employees have a high level of cross-training, so this 

situation can be solved by the team leads manually by exchanging employees.  

Trade-off decision: The second part of the decision is who to assign to the systems that have the highest 

delivery time urgency. There are five components that determine who is preferred to be assigned. These 

can be split up into two different groups. The first group with employee type, physical fitness for a biplane 

and employee variation has a valuation that is twice (0.2 for first group and 0.1 for second group) the 

valuation of the second group with tester availability and equal distribution. Assume the situation where 

there are two employees that are the only two options to be assigned to a system. They have values for 

input variables in the model as described in Table 8. For both employees, the difference is 0.1 in their favor 

for one component (NEV for Employee 2 and TA for Employee 1). But, because Employee 2 has this 

advantage for a component that has a higher valuation, Employee 2 is more suited for the system. This is of 

course a small and easy example, but this trade-off happens on a larger skill. When employees are 
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compared, the difference between components should be twice as high when this difference is in the 

second group and an equal difference is present in the first group. 

Table 8: Example for trade-off  

 DTU ETV PFB NEV TA ED Objective 

value 

Employee 1 1.2 1 0.67 0.3 0.42 0.8 1.716 

Employee 2 1.2 1 0.67 0.4 0.32 0.8 1.726 

 

5.5.2 Scenario 2: Enough Employees 

In this scenario, the component (O.B.1) is similar in all situations where there is equality in the constraint 

(C.B.1). The maximizing objective also makes sure this will be the case in the solution and thus there is no 

delivery time urgency decision. The trade-off decision takes place with most likely more options as in 

scenario 1 as there are more employees available for the systems.  
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6. Performance of model 
The performance of the model is measured by testing the model for different situations. First, the test plan 

is described and then the output of the simulations is analyzed in the results and recommendations for 

using the tool are drawn from these results. The validation and verification of the decision support tool (and 

thus model) that is done by me and together with the team leads is described in Chapter 8, the conclusion. 

The decision support tool is currently used by one team lead to test it. That is why the validation and 

verification are preliminary results and I decided to not include them in the research part of the report, but 

in the conclusion. 

6.1 Test Plan 

The test plan describes the situations that will be tested and how the test is set-up.  

6.1.1 Test situations 

The model and its outcomes are tested for 18 different situations. Every situation is tested five times, 

because the test uses randomly generated input. So, a total of 90 test runs is executed. Each situation has 

three situation factors. The situations are constructed using the analysis as performed in section 5.5.4 about 

the size of the model. The first situation factor is the number of systems in SI. Both the minimum number 

of systems, 21, and maximum number of systems, 47, are tested to see if there is a difference between a 

low and high number of systems in SI. 

The second situation factor is the number of employees available in SI in comparison with employees 

needed. Around 20% less employees than needed, around just enough employees, and around 20% more 

employees than needed are tested. The first and last case are extreme situations whereas the second case 

is a case that happens on a regular basis. These extreme situations are identified by looking at the maximum 

and minimum numbers of systems in mounting, demounting and employees available.  

The third situation factor is the number of decision variables already predetermined (employees already 

assigned to systems) in the decision support tool. 0%, 40% and 80% predetermined are tested. This, as the 

number of employees and systems that are going to be predetermined at a schedule moment at the end-

of-the-day schedule is going to be between 40% and 80%. The 0% is calculated to show what the situation 

would be if the model would make the entire schedule.  

6.1.2 Set-up of test 

As there is no past information available on who was assigned to which systems, the situations are tested 

using random generation of variables. 

The ‘number of systems’ is a given test variable (as described in the section above). The demand distribution 

for system types in the last six months is used to make a list of systems in SI with the length of the ‘number 

of systems’. This list differs in every test run. 

The ‘number of employees available’ is also a given test variable. The list of employees with the length of 

the ‘number of employees available’ is selected randomly as well and differs every test run.  

Another selection takes place in the situations where employees are predetermined. To make the 

simulation possible, the assumption is made that systems either have all the employees they need assigned 

or none. 

When 40% of systems and employees are predetermined, this means that the set of S and E(ti) shrink to 

60% of the size when 0% of employees are predetermined. In the case of 80% predetermined, the same 

sets shrink to 20% of the size. This is also done randomly.  
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The number of employees needed is based on the number of systems in mounting and demounting, which 

are input test variables. For each system, a probability for in which process step the system is at the schedule 

time, is then given based on these input values. 

The value of the parameters in the objective function have been generated using different methods. They 

can be divided into two groups. The first group are the objective variables that can already be calculated by 

the decision support tool as the information needed is available in the flowtracker (DTU, ETV and TA). The 

other group does not have this information available yet in the flowtracker (PFB, NEV and ED). 

The DTUs,st is determined based on the past information on the lateness of systems.  

The ETVe,st is determined in the same manner as in the decision support tool. The variable is constructed for 

the employees that are part of E(ti). 

The TAs,e,st is determined in the same manner as in the decision support tool. The variable is constructed for 

the employees that are part of E(ti). However, this value could on average be lower than in real-life because 

the employees are selected randomly. This could have the implication that an employee is selected that is 

currently not in SI for a long time. However, as the value relative to the values of other employees is more 

important than the absolute value, this is considered a minor difference from reality. 

The PFBs,e cannot be calculated based on information in flowtracker, so is approximated. The binomial 

distribution is used, to get the probability of performing 0,1 or 2 monoplanes in the last two assignments. 

This probability is then used to generate the PFBs,e values per employee. The binomial distribution is used 

because the probability of an employee of being assigned to a monoplane can be used to determine the 

probability of being assigned to a specific number of monoplanes in the last n times. The same reasoning 

will hold for the EDe,st. 

The NEVs,e,st is calculated using the normal distribution. This distribution is used as the assumption is made 

that most employees have performed a variation of system classes that is close to their target variation.  

The EDe,st is calculated using the binomial distribution. The probability of a tester being assigned to a 

technician task is used to generate the probability of an employee being assigned to 0 to 10 systems as a 

technician. 

 

6.2 Results 

In this results section, the output from the simulations are analyzed.  

6.2.1 High or low level of predetermined decision variables 

The first test is to check if a higher level of predetermined decision variables, less options to choose from, 

impact the objective value negatively. This is expected as when there are less employees to choose from, 

there is less flexibility. It is difficult to fully compare the situations objectively as one cannot make a 

judgement about the objective value of the predetermined decision variables. Therefore, the assumption 

is made that the outcome of the objective is representative for the objective value of the predetermined 

decision variables. For the case of 40% predetermined this implies that the objective value outcome divided 

by 0.6 will give a good estimate on the overall objective value. For the case of 80% predetermined the 

objective value should be divided by 0.2 to give a good estimate. This gives the results as summarized in 

Table 9. Here it can be seen that the difference between 47 systems and 21 systems is negligible when the 

effects of having 40 or 80 percent of decision variables predetermined. Also, it can be concluded that having 

more decision variables predetermined leads to a lower objective value as is expected. 
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Table 9: Difference in value objective function when compared with 0% predetermined case. 

 0% 40% 80% 

47 systems 1 0.947 0.853 

21 systems 1 0.957 0.857 

Overall 1 0.952 0.855 

6.2.2 Contribution of sub-component to objective 

In Chapter 5, values were given to the weigh factors related to the sub-components of the objective. It is 

tested whether in the objective value, the contribution of these sub-components to the objective value 

follows the same proportions as the importance to compare the desired weigh factor to the actual 

contribution in the objective. 

 

Table 10: Contribution to the objective value. ‘%pre’ is percentage predetermined, ‘~ 20% less’ is around 20% 

less employees than needed, ‘~enough’ is around enough employees, and ‘~20 more’ is ~20% more 

employees than needed. 

 % pre ~20% 

less 

~ enough ~20% more  % pre ~20% less ~ enough ~20% more 

DTU 0 0.90 0.85 0.86 NEV 0 0.04 0.06 0.06 

 40 0.90 0.83 0.82  40 0.04 0.07 0.06 

 80 0.86 0.82 0.84  80 0.06 0.08 0.08 

ETV 0 0.03 0.04 0.04 TA 0 0.01 0.01 0.01 

 40 0.03 0.05 0.05  40 0.01 0.02 0.01 

 80 0.04 0.05 0.05  80 0.02 0.02 0.02 

PFB 0 0.02 0.03 0.02 ED 0 0.00 0.00 0.00 

 40 0.02 0.03 0.02  40 0.01 0.01 0.01 

 80 0.02 0.02 0.01  80 0.00 0.01 0.00 

 

Table 11: Percentual difference of contribution. ‘~enough’ is compared to ‘~20% less’ and ‘~20% more’ is 

compared to ‘~enough’. 

 % 

pre 

~20% less ~enough ~20% more  % pre ~20% less ~enough ~20% more 

DTU 0  -6% 1% NEV 0  51% -10% 

 40  -7% -1%  40  69% -21% 

 80  -4% 2%  80  24% 1% 

ETV 0  52% -3% TA 0  42% -5% 

 40  49% 15%  40  59% -15% 

 80  27% -1%  80  18% -6% 

PFB 0  51% -11% ED 0  59% -27% 

 40  75% -27%  40  55% -33% 

 80  35% -51%  80  67% -32% 
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As can be seen in Table 10, this statement is in general true. DTU has the greatest contribution as expected 

and TA and ED the least. However, there are differences in contribution for ETV, PFB and NEV. This 

difference can be explained because PFB only contributes for biplane systems, and these are a small portion 

of the systems in SI and thus also a smaller portion of the objective.  

As can be seen in Table 11, all the contributions (except for DTU) increase when more employees are added 

and the situation changes from less employees than needed to enough employees. This makes sense as 

there are more employees, so more feasible combinations. However, it is expected that this would also hold 

for the situation change from enough employees to more employees than needed as even more feasible 

solutions will exist. However, in the tests this is not the case. Therefore, a look is taken if this is due to 

differences in situations or if the model is not performing properly in this situation of abundance of 

employees. This is done by identifying the maximum a sub-component of the objective can reach and how 

the model performs for these sub-components.  

6.2.3 Maximization of sub-components of the objective 

The goal of the objective is to optimize the assignment. However, because there are multiple sub-

components that determine the objective, not all sub-components can be optimized. The model is tested 

for its ability to maximize the sub-components of the objective by comparing it with the models where the 

objective consists of only the sub-components of the objective. For example, for maximization of the sub-

component of delivery time urgency, the objectives would be: 

Maximize: 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇        (O.1.1) 

And 

Maximize: 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇         (O.2.1) 

The constraints stay the same as in the mathematical model described in Chapter 5.   

 

Table 12: Degree of optimization for sub-components of objective. ‘%pre’ is percentage predetermined, ‘~ 

20% less’ is around 20% less employees than needed, ‘~enough’ is around enough employees, and ‘~20 more’ 

is ~20% more employees than needed. 

 % pre ~20% less  ~ enough ~ 20% more   % pre ~20% less  ~ enough ~ 20% 

more  

DTU 0 0.99 0.99 0.99 NEV 0 0.90 0.92 0.92 

 40 0.99 1.00 1.00  40 0.89 0.94 0.93 

 80 0.99 1.00 1.00  80 0.89 0.94 0.95 

ETV 0 0.82 0.92 0.85 TA 0 0.74 0.85 0.89 

 40 0.80 0.90 0.85  40 0.76 0.86 0.92 

 80 0.85 0.85 0.86  80 0.87 0.88 0.93 

PFB 0 0.67 0.84 0.94 ED 0 0.87 0.89 0.89 

 40 0.67 0.85 0.92  40 0.79 0.90 0.93 

 80 0.73 0.95 0.92  80 0.95 0.82 0.96 
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Table 13: Change in degree of optimization for sub-components of objective. ‘~enough’ is compared to ‘~20% 

less’ and ‘~20% more’ is compared to ‘~enough’. 

 

 

As can be seen in Table 12, the model is maximizing the objective components relatively well. As expected, 

the DTU is the closest to optimizing the sub-component of the objective as it is the most important sub-

component. All the other components score high as well, only Physical Fitness for Biplane scores relatively 

low in comparison with its valuation when the number of employees available is around 20% lower than 

needed. The number of employees qualified for technician tasks in monoplanes is 70% higher than for 

biplanes. For tester tasks, 42% more employees are qualified for monoplanes. This difference in 

qualification can explain the low Physical Fitness score in Table 12. There are just less employees to choose 

from, so the chances are higher that an employee is picked that has already performed a biplane in the last 

two assignments.  

It is expected that all the employee related objective components will be able to get closer to their 

maximum value when more employees are added. This as there are more employees, so more feasible 

combinations. This is also confirmed by the tests.  

In contrast with the contribution of the sub-components to the objective, the maximization of the sub-

components of the objective shows, in general, the expected results. Therefore, it is concluded that the 

model performs the optimization correctly.  

6.2.4 Objective function evaluation 

Another way to evaluate the objective is to see how much the maximization of one sub-component of the 

objective relates to maximization of the objective. To proceed on the example of maximization of DTU in 

the previous section, the following objectives are maximized: 

Maximize: 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇        (O.1.1) 

And 

Maximize: 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇         (O.2.1) 

The decision variables that come from this assignment are then filled in in the full objective function as 

described in the mathematical model in Chapter 5. This value is compared with the value that comes from 

maximizing the objective as described in the mathematical model in Chapter 5.  

The results are shown in Table 14. 

 % pre ~20 less ~enough ~20 more  % pre ~20 less ~enough ~20 more 

DTU 0  0% 0% NEV 0  2% 0% 

 40  1% 0%  40  5% -1% 

 80  1% 0%  80  5% 2% 

ETV 0  12% -7% TA 0  14% 5% 

 40  12% -6%  40  13% 6% 

 80  0% 2%  80  1% 6% 

PFB 0  25% 12% ED 0  2% 0% 

 40  26% 8%  40  13% 3% 

 80  30% -4%  80  -14% 17% 
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Table 14: Decision variables in objective function. ‘%pre’ is percentage predetermined, ‘~ 20% less’ is around 

20% less employees than needed, ‘~enough’ is around enough employees, and ‘~20 more’ is ~20% more 

employees than needed. 

 % 

pre 

~20 less ~enough ~20 more  % pre ~20 less ~enough ~20 

more 

DTU 0 0.99 0.98 0.97 NEV 0 0.87 0.95 0.90 

 40 0.99 0.98 0.96  40 0.79 0.95 0.96 

 80 0.97 0.96 0.98  80 0.89 0.93 0.96 

ETV 0 0.75 0.83 0.84 TA 0 0.62 0.65 0.55 

 40 0.72 0.84 0.91  40 0.63 0.67 0.69 

 80 0.84 0.91 0.93  80 0.74 0.77 0.70 

PFB 0 0.39 0.31 0.51 ED 0 0.33 0.65 0.55 

 40 0.44 0.29 0.44  40 0.58 0.67 0.68 

 80 0.51 0.44 0.42  80 0.59 0.77 0.71 

 

As can be seen, maximizing DTU shows the biggest relation with the objective. This makes sense as the DTU 

is a big portion of the objective. The DTU is followed by NEV and ETV. 

Maximizing NEV means assigning employees in a variated way. This also has a big relationship with the 

objective as this sub-component tries to assign employees that are qualified for a system to the system. 

Thus, this sub-component will also try to maximize the number of employees assigned to a system. The only 

difference is that sometimes a system is picked that is not that urgent. This causes the difference, but 

therefore in the situation where there are more than enough employees available, the objective value of 

NEV is really close to the objective value of DTU as can be seen in Table 14. 

For maximization of the ETV sub-component, employees are only assigned to the tasks that are related to 

their employee type (technician or tester tasks). Therefore, the ETV is more related to the objective when 

there are enough or more employees available as when there are less employees available. 

In the maximization of the TA sub-component, only tester tasks are fulfilled and therefore the values stay 

relatively low. This same reasoning also holds for maximization of the ED sub-component. 

In the maximization of the PFB sub-component, only biplanes are fulfilled. Because the DTU value is 

multiplied by 2 for biplane systems, the value is still relatively high.  

6.2.4.1 Intra-team Assignment 

The reasons why intra-team assignment is performed were described in Chapter 3. However, it does impose 

a loss of flexibility on the scheduling. To determine what the impact is of this loss, an additional test is 

performed to compare the model as described in Chapter 5 (with first intra-team and then inter-team 

assignment) and a test model with only inter-team assignment. The results are shown in Table 15. In the 

third column ‘taking size of problem into account’, the average additional employees assigned is adjusted 

for the difference in size of the problem to give more accurate comparison values.  
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Table 15: Differences between intra-team and inter-team assignment & only inter-team assignment. 

Cases Average additional 

employees 

assigned 

Taking size of 

problem into 

account 

Average 

difference in 

objective 

Minimum 

difference in 

objective 

Maximum 

difference in 

objective 

0% 0.33 0.33 2% 1% 3% 

40% 0.53 0.89 4% 1% 9% 

80% 0.33 1.67 5% 0% 18% 

47 systems 0.51 0.51 3% 1% 6% 

21 systems 0.29 0.65 5% 1% 14% 

~20 less 0.20 - 5% 1% 18% 

~enough 0.73 - 3% 1% 8% 

~20 more 0.27 - 2% 0% 4% 

 

As expected, inter-team assignment always has a neutral or positive effect on the assignment in terms of 

both objective value and additional employees assigned. However, this difference is in most cases not as 

big as expected as five separate assignments (one per team) are combined. An explanation for this is that a 

lot of employees have a large skill set and therefore there already is a lot of flexibility within one team.  

However, in one case the difference is big. This is the case where the percentage of predetermined 

employees is high (80%). This is expected as the number of feasible options then becomes very small and 

pooling of all employees creates more feasible options. In the case where a lot of employees are already 

predetermined it can be useful for the team leads to assign employees using only inter-team assignment.  

 

6.3 Implications and Recommendations 

The implications that come from the above results are the following: 

The less employees that are already assigned to a system, the better assignment the model makes. This 

makes sense as the number of feasible solutions increase when less decision variables are predetermined.  

The contribution of the sub-components to the objective increase from the situation less employees than 

needed to enough employees, but not from enough to more employees than needed. 

The more employees are available relatively to the number of employees needed, the closer the sub-

components get to their maximum value and thus the closer the assignment is to situation where all sub-

components are optimal as well. 

Maximization of the sub-components of DTU and NEV score high in their ability to optimize the objective, 

while ETV’s ability to do the same increases when the number of employees available relative to the 

number of employees needed increases. The sub-components PFB, TA and ED score lower for this as they 

are relevant for less decision variables. 

Performing only inter-team assignment instead of first intra-team and then inter-team assignment is 

useful especially in the situation where the number of employees already assigned to systems is high.  

 

This leads to the following recommendations: 

Try to pre-assign employees to systems in cases where it is really necessary, training or priorities, as the 

objective value will likely reduce when more employees are already assigned. 
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Indicate to the employees that when there are more employees available relative to the employees needed, 

the model is able to optimize the assignment is such a way that it is fairer and more satisfiable. However, if 

the number of employees available relative to the number of employees needed is low, the delivery time is 

the deciding factor. 

When the number of employees that are already assigned is high, the number of employees assigned to a 

system can be increased if only inter-team assignment is performed instead of first intra-team assignment 

and then inter-team assignment. 
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7. Decision Support Tool 
This section describes the features of the decision support tool developed during this master thesis. In 

Figure 10 an overview of how it looks is displayed and in the figures that follow, a specific part of the tool is 

zoomed into. The decision support tool uses Excel as the interface, but performs all the data calculation, 

cleaning and integration in Python.  

 
Figure 10: Anonymized and small subset of decision support tool. Zoom-ins are given in Figure 12, 13 and 

14. Different colors indicate different team leads. 

The information in the figures is anonymized and used to explain the model. In Figure 11 an overview of the 

relevant information that can be found in the flowtracker is displayed. The actual flowtracker contains over 

100,000 rows and 58 columns from all departments in SI. These rows are not organized in chronical order. 

The information from flowtracker is used as a basis for the decision support tool, Figure 10. The values in 

the decision support tool can be adjusted by the team leads to give more insight in the actual statuses in 

the boxes that is not available in the flowtracker. A system is in SI, when two conditions are met. The first is 

that a system is assigned to a box and the second is that demounting is not finished yet. So according to 

Figure 11, this means that Best is not in SI anymore as it is already finished and Zwolle is not yet in SI, 

because it is not assigned to a box even though according to the planned start, it should have been in SI. 

Also for the decision support tool a small selection is given to illustrate its functionalities. 

 

When a system is in SI, the system information is copied using Python to the decision support tool, as can 

be seen in Figure 13. From the system information, only the system type is relevant for the schedule, but 

the rest of the information is copied to the tool as the information is relevant for the team leads or SFC for 

other purposes than scheduling. Every box is assigned to a team lead and the team leads are identified with 

colors. 
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Figure 11 : Example of flowtracker relevant information. Time of retrieval: 25-09-2020 15:15. 

Figure 12: Zoom-in of core of the decision support tool 
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In Figure 12, the core of the decision support tool is displayed. The first relevant information for the 

schedule is the times below mounting, testing and demounting. If a system is assigned to a box today, it is 

assumed that it can start the workday after at 7 am (example: box 7). This is a general rule discussed with 

SFC. The rest of the times are filled on based on the routing that stand for these process steps. When a step 

is not finished yet at the time it is expected to finish, the time is replaced by the time when the code is run 

(now) + 1 hour. All other process steps that follow after are updated based on the routing as well. This to 

avoid that employees will be assigned to a process step that has not started yet if a during-the-day schedule 

is made. At the end of the day however, team leads should gather data on the actual status of the process 

steps and adjust the times of system process steps that differ from the expected finish time, to make sure 

that they make a schedule for the right systems the day after. In Figure 12, it can be seen that box 2 and 

box 6 are expected to go to the testing step on the schedule time that is written in the top right of the 

figure. The team leads thus have to check with operators in box 2 and 6 if they are going to realize that time 

and if not, what time they do expect to finish to make sure that the technicians stay assigned to the boxes 

as long as the mounting has not finished yet. 

The second relevant information are the names of the employees that are displayed in the same cell color 

as the team they are part of. In this way, it is easier to see where employees of the teams are located. The 

employees that are assigned to a process step of a system, stay assigned to that process step as long as they 

are available in SI and as long as the system is in that process step. 

The third and last relevant information for the schedule is the schedule time in the top-right corner. This 

value can be chosen using a drop-down list where multiple fast-pick options are given, but also a specific 

date and time can be chosen. The fast-picks are ‘next workday 7 am’ for the end-of-the-day schedule and 

‘now’ for the during-the-day schedule. The assignment of employees is to process steps that are happening 

at the schedule time and not for process steps that happen later. 

There is also some other information in the decision support tool that provides more insight for the team 

leads. The grey color of the cells with the names of the process steps in Figure 12 are there to quickly show 

the team leads in which process step the system is at the schedule time. The column right of the ‘Finished 

in SI’ column shows two types of information per system. The number at the top is the number of hours 

that a system is delayed, and the number below is the number of employees that are still needed after 

assignment. For box 3, the delay right now is 7 hours and 1 additional employee is needed. Because it is a 

biplane, the system in box 3 requires three employees for demounting. However, only two employees are 

assigned, thus one additional employee should still be added. The values in this column turn red if they are 

positive. This provides a signal that the team leads should pay more attention to these systems because of 

lateness or lack of employees. On the left side of Figure 14 a list with employees that are not assigned yet, 

but who are available is given. On the right side, a list of employees that is not available and the reason why 

is given. The lists are constructed for the schedule time and divided per team lead. In Figure 14 the list of 

employees that are not available on the 16th of September 2020 (date of schedule time) is given.  
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Figure 14: Zoom-in of employee availability in 

decision support tool 

 

 

 

Figure 13: Zoom-in of box information in decision support tool 

In the decision support tool, some workarounds were designed to handle wrong input and deal with input 

that is handled by the team leads. 

According to the model, only 2 (for monoplanes) and 3 (for biplanes) employees can be assigned to a 

system. However, if a system has priority, an additional employee can be scheduled on the system. To 

handle this input without ignoring the constraint, the additional employee is removed from the list of 

employees that are available for scheduling (E(ti)). This makes sure that this employee is not scheduled to 

a different system. 

If the team leads assign employees to the system that do not meet the qualification criteria, the employees 

written by the team leads are not considered input for the model and employees that do meet the criteria 

are assigned. 

If the team leads or SFC updates the times in the decision support tool to a date that is not a workday, the 

date is changed to the first day after the date that is a workday. 
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8. Conclusion and Future Research Directions 
In this chapter, the answer to the research questions identified in the research framework (section 1.2) are 

summarized in the conclusion. After, future research directions are proposed, and the preliminary results 

of the decision support tool are described. 

8.1 Conclusion 

In this thesis, a decision support tool for SI is designed. To construct this tool, the research questions 

identified at the beginning of the thesis were answered. These answers are summarized below. 

1. What factors from outside of SI have an impact on the scheduling in SI? 

The factors from outside of SI that have the biggest impact on the scheduling are SFC and Execution Control. 

Execution Control determines what the deadlines for systems are and SFC determines when SI can start 

with a system. These decisions and dates are passed on to SI are by the flowtracker. 

2. What is the situation for scheduling in SI? 

 2a. What does the process in SI look like? 

When a system is assigned to a box in SI, it goes through three process steps (mounting, testing and 

demounting) that need different employees. One employee should be present during all three steps, the 

SR that is qualified to test the system. During mounting and demounting additional employees are required. 

These employees need to be qualified for the technician steps. There are several system types that need to 

be processed in SI and they all require separate qualifications. However, most employees are trained on a 

lot of different system types and thus can be used flexibly.  

 2b. What is the current scheduling methodology in SI and what are its strong and weak points? 

The scheduling methodology used now is a manual assignment of employees to system process steps by 

looking at the lateness of systems. However, this assignment can be subjective because of three reasons: 

information to make an objective decision is not available, information to make an objective decision is not 

visualized in an easy to interpret overview, or the subjective nature of decision making by humans. 

3. What methods for scheduling are described in the literature? 

Mathematical Programming is the most used method of describing and solving an employee scheduling 

problem (Van den Bergh et al., 2013). Within Mathematical Programming, MIP and IP are used in a major 

portion of articles. Approaches like genetic algorithms, tabu search and simulated annealing are used to get 

close-to-optimal solutions when time to get to an optimal solution are high. 

Incorporation of uncertainty has two key elements: schedule generation (deterministic) and schedule 

revisions (reactive). Recently developing areas of DRO, a combination between SO and RO show promising 

results.  

Soft constraints can help generate feasible solutions and distinguish between constraints and preferences.  

4. What is the proposed method for scheduling in SI? 

The proposed method for scheduling takes six factors into account: delivery time urgency, employee type, 

employee’s physical fitness for biplanes, employee variation, tester availability during whole process of a 

system and equal distribution of technician tasks to testers. Delivery Time Urgency is the most important. 

The second most important are the employee type, physical fitness biplane and employee variation. The 

third most important are tester availability and equal distribution. The model is an integer programming 

model that is solved using the PuLP package in Python. The optimization is performed within 5 seconds. The 
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goal of the model is to assign employees to system process steps that are in progress at the schedule time 

using the factors described above. The model also can handle predefined employee assignments to systems. 

5. What are the results of this proposed method for scheduling in SI? 

The results show that the model gives better results if less employees are pre-assigned to system process 

steps, but still gives good results if this is not the case. The model is able to maximize the sub-components 

of the objective better when the ratio ‘number of available employees: ‘number of needed employees’ is 

higher. However, it performs well if this is not the case. If a lot of employees are pre-assigned to system 

process steps, it leads to better results if only inter-team assignment is performed instead of the 

combination of intra-team and inter-team assignment.  

The thesis contributes to the literature by being an application of a task employee scheduling problem that 

is applied in practice. 

8.2 Future Research 

This research has its limitations. These limitations can be subject for further research in the future. Below, 

recommendations for topics for future research are given. 

8.2.1 Time Horizon 

The first topic for future research is the time horizon. During this thesis, it was decided to only look at the 

assignment of employees to process steps that are in progress at the schedule time. This was done because 

the variation in process times was too big to make the assignment of specific employees to systems in the 

future useful. Another reason is that employees are trained to work on multiple types of systems and 

therefore the flexibility is quite high. If this would not be the case, it would be more important to reserve 

specific employees for tasks. Otherwise a system process step cannot be executed as there are no other 

employees that are qualified to work on the system process step.  

One of the few situations in which this might occur is when a high number of employees is predetermined 

to be assigned to a system process step. If this is the case, it might occur that an employee that is already 

assigned should have not been assigned yet, as he is needed in the near future for another system process 

step. 

In the future, a new information system that is able to track where in the process step a system is, will be 

introduced in IGTS. This information can be used to make a prediction of when a system will be finished. 

This will open the possibility to improve the schedule methodology and include assignments to system 

process steps that take place in the future. This also allows for long-term planning related to retainment of 

skills. The model introduced in this thesis chooses between the employees that are not assigned yet and 

compares their variation levels. Employees that are already assigned to a system process step are not 

included in the comparison. Even if this employee has performed a lot less of a system class than his/her 

target. However, it can be necessary to assign this employee to that system. If a schedule is made that also 

includes future process steps, this situation would take place less. The schedule could maximize the 

assignment of the right employees better as all employees are considered and not only the employees that 

are not assigned yet. Maybe with the addition of switch costs if the situation requires this. 

8.2.2 Inclusion of Box Assignment 

If the new information system as described in the previous section will be implemented, it is also easier to 

incorporate the box assignment as well. Information that was first not retrievable from an information 

system, expected finish time in the BB, will then be available. With this information, a recommendation for 
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assignment of a system to a specific box can be given to SFC without requiring SFC to spend more time on 

this as it would take them to assign the system themselves. With this, SFC is also able to postpone the 

assignment of systems to SI if there are no qualified employees available for the system. This would allow 

SI to use its resources more efficiently. 

8.2.3 Priority 

At the start of this thesis, one of the ideas was to assign additional employees to systems that have priority. 

Priority systems are systems of which the delivery date to the customer comes in jeopardy. The model does 

not assign additional employees to these systems as the desired number of employees on a system is also 

the maximum number of employees on a system (testing = 1 employee, mounting/demounting = 1 

(monoplane) or 2 (biplane) additional employees). This as the team leads were strongly against the model 

to assign additional employees to systems. They wanted to make this decision themselves. However, when 

systems are late or have priority, it could be useful if the model automates this decision.  

Also in other situations in which enough employees are available, the model can make a decision on 

whether systems need additional employees. 

8.2.4 Uncertainty 
In this thesis, no detailed analysis was performed to generate knowledge about what causes the uncertainty 

in process times of process steps. This because much of the information relevant in explaining the 

uncertainty was not available. However, an analysis about this could be useful in both making a more solid 

schedule and also where the biggest improvement opportunities can be made. 

8.2.5 Academics  
From an academical point of view it is also interesting to investigate the potential of stochastic optimization, 

robust optimization or distributionally robust optimization. For these three fields, different levels of 

knowledge about the probability distribution are required. It depends on the amount of information that 

can be obtained about the uncertainties as described in section 8.2.4. If the highest level of knowledge 

about the probability distributions is obtained, a comparison can be made on the impact of these three 

fields of study.    

8.3 Preliminary Results Decision Support Tool 
The optimization model in the decision support tool that was implemented during the thesis consists of all 

the factors that can be calculated using the information from the flowtracker. At the moment, the 

flowtracker does not contain information yet of employees that are assigned to a system in another role 

than the system responsible. This means that the information about past assignments as technician to the 

mounting and demounting steps are missing. This has an impact on three sub-components of the objective: 

physical fitness of employee for biplanes, employee variation and equal distribution of technican tasks 

among testers. Physical fitness for biplanes cannot be calculated in a fair manner at all, as only the mounting 

and demounting step are physically challenging. Employee variation can only be calculated for the testing 

steps. This will be implemented in the optimization model after the thesis is submitted. The equal 

distribution can be calculated by a workaround that is not as accurate but considered sufficient for the time 

being. This also will be implemented in the optimization model after the thesis is submitted. If in the 

validation and verification the outcomes of the optimization model from the decision support tool are 

discussed, this does not include these three sub-components, but the following objective that replaces the 

objectives in the mathematical model described in Chapter 5. The constraints stay the same. 
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Intra-team assignment 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.1.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.2) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡       (O.1.5) 

Inter-team assignment 

Maximize 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.2.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.2) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡        (O.2.5) 

8.3.1 Validation and Verification 
The paper by Sargant (1999) describes validation as whether the right model is built and its implementation 

is correct. In the same paper, verification is described as whether the model is built accurately and has the 

expected outcomes.  

8.3.1.1 Validation 

The validation of the model was executed by having a few meetings with two or more team leads at the 

same time. I choose to write the outcomes of two of these meetings down as these had the biggest impact 

on the decision support tool. Most other meetings resulted in improvements for the lay-out of the decision 

support tool. 

The first decision support tool that I presented focused on the end-of-the-day schedule. However, from this 

meeting it occurred that the team leads had a desire to also integrate the during-the-day schedules in the 

tool. This as they did not have an overview of where employees could be assigned to if they come available 

during the day. After implementing this feedback, the second decision support tool was tested together 

with a thorough explanation of the optimization model used in the decision support tool. The team leads 

were very positive on the sub-components of the objective that are used in the assignment and identify 

them as important and useful. One team lead proposed to also include which employees do not work 

together well. After discussing with the team leads it was decided to let this go, as this would require 

updating another file and also was considered not desirable. Also, some workarounds were discussed that 

are required to get rid completely of manual scheduling and the manual scheduling board (addition of extra 

employees for priority systems, addition of trainees for testing, error-codes if something is wrong with a 

system). This means that the employees in SI go to the display where the decision support tool is visualized 

to see where they should work and what the statuses are instead of going to the manual scheduling board 

for this. 

8.3.1.2 Verification 

The verification of the model was performed throughout the design of the tool. The code was checked 

multiple times (and updated almost as often) if there was a difference between expected outcomes and 

actual outcomes. After the decision support tool was considered ‘error-free’, (almost) daily meetings 

started with one of the team leads to make a schedule using the tool. As a comparison the team leads made 

one as well. During this stage it was tested again whether the decision support tool works correctly. Minor 
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modifications were done every day, but most of them focused on additional features that me or the team 

leads would like to have to create more insight for both team leads and operators. No major faults in the 

decision support tool were found in this stage. 

 

To conclude, a lot of time was spent on implementing the optimization model and design of a decision 

support tool that the team leads want to use. Even though this process is still ongoing, the preliminary 

results show that the tool meets the demands of the team leads and helps them in such a way that they 

want to use the decision support tool to schedule employees. 
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Appendix B: Abbreviations & Definitions 
Abbreviations 

BB  Building Blocks. This is the combined name for the four processes that take place in QL2. These are

 all sub-assembly processes that assemble parts from suppliers to IGT-specific subsystems that also

 include specific features that are requested by the customer. 

DRO Distributionally Robust Optimization 

DTU  Delivery Time Urgency. Sub-component in the objective. Related to the systems. This sub-

 component tries to maximize the assignment of the most employees as possible to the system that 

 have the highest delivery time urgency. Meaning, systems that are the latest and are thus the most 

 urgent. 

IGTS  Image Guided Therapy Systems. The factory on campus Best that is working on these types of 

 systems. This is a medical device that used radiation to make pictures. One of the applications is to 

 make pictures of the brains, heart, etc.  

IP Integer Programming 

EC Execution Control. Department that checks whether deadlines are met and if not, what is required 

 to still meet the deadlines. 

ED Equal Distribution of testers to technician tasks. Sub-component in the objective. Related to the 

 employees. This sub-component tries to equally distribute technician tasks among testers. 

ETV Employee Type Variable. Sub-component of the objective. Related to the employees. This sub-

 component tries to maximize the assignment of the right employee type to the right process step. 

 Testers to the test step and technicians to the mounting or demounting step. 

MIP Mixed Integer Programming 

NEV Netto Employee Variation. Sub-component of the objective. Related to the employees. This sub-

 component tries to assign employees in a varied way to system types that they are certified for to 

 stimulate skill retainment. 

PFB Physical Fitness for Biplane. Sub-component of the objective. Related to the employees. This sub-

 component tries to assign employees that have not performed biplanes lately to biplanes. This as 

 biplanes are physically more challenging. 

RO Robust Optimization 

SFC Shop Floor Control. Department that checks the status of the process and assigns systems to boxes 

 in SI. 

SI System Integration department from IGT. In this department the mounting, testing and demounting 

 steps take place. 

SO Stochastic Optimization 

SR System Resposible. Employee that is responsible for the system and that is with the system during 

 the whole process. The tester of the system. It is preferred to have one person as SR, but the SR 

 can change if the SR is not available on a given day. 

TA Tester Availability. Sub-component of the objective. Related to employees. This sub-component 

 tries to maximize the assignment of employees that are available the most during all the system 

 process steps as a tester of a system. 
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Definitions 

Box  The box is the place where the mounting, testing and demounting of an     

 individual system takes  place. It is separated in two places, control room    

 and radiation room.  

During-the-day schedule Schedule that is made during the day to assign employees to new system 

    process steps when they become available during the day.  

End-of-the-day schedule Schedule that is made at the end of the day for the following day to assign 

    employees that are available the next workday in the morning to new  

    system process steps. 

Floor   The floor is the area where the process of System Integration (SI) takes place, so   

  mounting, testing, demounting. It consists of 48 boxes.  

Schedule time Time for which the assignment is made. Employees are assigned to system process  

  steps that take place at that time. 

Skills  After being qualified for a system, it is important to retain the ability to perform a system  

  by regularly performing it. This is how skills is defined, as the number of repetitions  

  someone has had in a system class. It differs from qualification in a way that skills is more 

  a measure of the level of training someone has for this system class, while qualification is  

  more if someone has had the training to be allowed to perform this system type. 

System   A system is the end product of what is being produced at IGT. This system includes table  

  (where patients can lay on) hardware cabinets, control room panels, etc. It does not include 

  walls. These should be present in the hospital itself. 

System Category  Group of systems that require the same resources: type of boxes, number of  

   employees and time. In this project the categories are monoplanes and biplanes. 

System Configuration  Subset of system type. Configurations are very specific and based on extra options,

   like screens and additional software, for a customer.  

System Class  Subset of system category. Performing steps of all systems types in the class show similar  

  characteristics. This is important for skill retainment. In this project the classes are old  

  monoplanes, old biplanes, new monoplanes and new biplanes. However, this is subject to 

  change. 

System Type  Subset of system class. An employee has to be qualified for a specific system type in order 

  to be allowed to process that type. Even though system types in the same system class can 

  be almost the same, only a small difference in size of one component can be the difference

  between one type and another.  

Qualification An employee needs to be qualified for a type of systems to be allowed to work on this type. 

  It differs from skills in a way that skills is more a measure of the level of repetition someone 

  has for this system class, while qualification is more if someone has had the training to be 

  allowed to perform this system type. 
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Appendix C: Employee Assignment Model 
List of Variables 

The list of variables is divided into three lists. The first list contains the variables that are sets of the decision 

variable and the decision variable itself. The second list are the input variables that are present in the model. 

The third list are input variables that are used to construct the input variables present in the model. 

Decision Variable 

xs,e,st   binary decision variable to assign an employee (e) to a process step (st) of a system (s).  

  Value is 1 if an employee is assigned to a process step of a system and 0 if not. This value  

  can also be input instead of a decision made by the model, if the team lead fills in who  

  they want on specific systems process steps in the decision support tool. 

 

de   process step demounting. Value of index st. 

e  employee. Index in decision variable. 

E  set of all employees 

E(ti)  set of employees that are available in SI at the schedule time (ti) 

E(ti,te)  set of employees from a specific team (te) that are available in SI at the schedule time (ti) 

mo   process step mounting. Value of index st. 

s  system. Index in decision variable. 

S   set of systems that are to be scheduled in a schedule period. Systems that are in SI. 

S(te)  set of systems assigned to a team (te) that are to be scheduled in a schedule period. 

st  step in process. Index in decision variable. 

ST   set of steps in process 

test   process step testing. Value of index st. 

 

Input Parameters Model 

DTUs,st  Delivery Time Urgency for each system (s) and step (st). As on-time-performance is  

  important, the higher the delivery time urgency (lateness of a system) compared to  

  other systems, the more likely a system is assigned enough employees. 

et  employee type 

EDe,st  Equal Distribution of technician tasks among testers for each employee (e) and the  

  process step (st) testing. When this value is high, the tester is assigned a lot of technician  

  tasks lately and is therefore more likely to be assigned a tester task. 

ET   Set of employee types (et) (technician, tester) 

ETVe,st  Employee Type Variable. Binary variable that determines whether the employee (e) is  

  assigned to a process step (st) that meets their employee type. 

NEVs,e,st  Netto Employee Variation for an employee (e) for each system (s) and step (st). Like the 

  Variation value, when this value is high, it means that the employee has performed the  

  class that this system belongs to, fewer than they should. The maximizing objective will  

  then assign this system to this employee. 
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PFBs,e  Physical Fitness for Biplane for an employee (e) for each system (s). When this value is high, 

  this means that the employee has not performed biplanes the last two times. This makes 

  the employee more suited to perform the physically more challenging biplane. 

qs,e,st  Employee Type (et) qualification of an employee (e) for a system (s). Technician   

  qualifications are needed during mounting/demounting and Tester qualifications are  

  needed during testing. Values are: 1 = trainee, 2 = qualified and 3 = mentor. 

TAs,e,st  Tester Availability of an employee (e) for the process step (st) testing for a system (s). The 

  higher this value, the more days a tester is present during the testing of a system and 

  more suited they are to be SR. 

te   team.  

TE  set of teams 

ti   time for which the schedule is made, i.e. schedule time. This is an input manually chosen  

  by the team leads. 

vDTU  valuation of Delivery Time Urgency in the objective of the model. The importance of on  

  time processing of systems in every process step. Value is 1. 

vED  valuation of Equal Distribution of testers to technician tasks in the objective of the model. 

  The importance of equally sharing technician tasks among testers to a process step. Value

  is 0.1 

vETV  valuation of Employee Type Variable in the objective of the model. The importance of  

  assigning the right employee type to a process step. Value is 0.2. 

vNEV  valuation of Netto Employee Variation in the objective of the model. The importance of 

  an employee’s variation in assignment to a certain system class. Value is 0.2. 

vPFB  valuation of Physical Fitness for a Biplane in the objective of the model. The importance of 

  assigning an employee that has not performed biplanes lately to a biplane. Value is 0.2 

vTA  valuation of Tester Availability in the objective of the model. The importance of assigning  

  an employee that is available as much as possible during the whole process of a system.  

  Value is 0.1. 

xs,st  input variable. Number of employees that have to be assigned to a process step (st) of a 

  system (s). If a step does not need employees to be assigned to it, as the step is in the 

  future beyond the ti, the value is zero. 

 

Input Variables for Construction of Parameters 

AVe,d  Availability of an employee (e) on a day (d) in the expected process time of a system. 

ASSTs,st   Actual Scheduled Start Time. Start time that is assigned by the model as the scheduled      

  start time of a process step (st) of a system (s).  

cats   category system (s) value. 1 = system is of category biplane, 0 = system is of category  

  monoplane 

dSTy  demand for a certain system type (STy) in the last six months 

e(qSTy,et ≥ 2) employee that is qualified for a system type (STy) for a specific employee type (et) 

EVs,e,st  Employee Variation. The actual system type (STy) mix assigned to an employee (e) in the  

  last six months for a process step (st). 
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MAe,a  Monoplane Assigment in the the last two assignments (a) of an employee (e) to a system  

  process step. The last assignment is identified with a = -1 and the second last with a = -2.  

  Value is 1 if assignment is to a monoplane system and 0 if not. 

PSTs,st   Planned Start Time. Start time that is assigned to a system (s) by Execution Control as the  

  time a step (st) should start to meet the desired due date in SI. 

SC(s)  System Class that a system (s) belongs to. 

STy   System Type 

STy(s)  System Type that a system (s) belongs to. 

STYS  Set of System Types 

TechAe,t  Tech Assignment of an employee (e) in the last 10 assignments. The last assignment is  

  identified with a = -1, second last with -2, etc. Value is 1 if assignment is to mounting or  

  demounting process step only and 0 if assignment is to testing process step. 

TEVs,e,st  Target Employee Variation per employee (e), system (s) and process step (st). Given the  

  system type qualifications within a team and overall demand for those system types and  

  thus system classes, what should be the mix of system classes assigned to an employee.  

Integer Programming Model 

𝑥𝑠,𝑠𝑡 = {

0 𝑖𝑓                     𝑠𝑡𝑒𝑝 𝑖𝑠 𝑛𝑜𝑡 𝑖𝑛 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠
1 𝑖𝑓    𝑠 ∈ 𝑆(𝑐𝑎𝑡𝑠 = 0) 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒
1 𝑖𝑓                                                 𝑠𝑡 = 𝑡𝑒𝑠𝑡
2 𝑖𝑓    𝑠 ∈ 𝑆(𝑐𝑎𝑡𝑠 = 1) 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒

  for all s ∈ S and st ∈ ST   (TD.B.1)  

 

Intra-team assignment 

For all te ∈ TE: 

Maximize 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.1.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.2) 

𝑣𝑃𝐹𝐵 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑃𝐹𝐵𝑠,𝑒 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.3) 

𝑣𝑁𝐸𝑉 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +      (O.1.4) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.1.5) 

𝑣𝐸𝐷 ∗ ∑   
𝑠∈𝑆(𝑡𝑒) ∑   

𝑒∈𝐸(𝑡𝑖,𝑡𝑒) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝐷𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡       (O.1.6) 

Inter-team assignment 

Maximize 

𝑣𝐷𝑇𝑈 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑ 𝐷𝑇𝑈𝑠,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡
 
𝑠𝑡∈𝑆𝑇 +       (O.2.1) 

𝑣𝐸𝑇𝑉 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝑇𝑉𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.2) 

𝑣𝑃𝐹𝐵 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑃𝐹𝐵𝑠,𝑒 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.3) 
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𝑣𝑁𝐸𝑉 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +       (O.2.4) 

𝑣𝑇𝐴 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝑇𝐴𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡 +        (O.2.5) 

𝑣𝐸𝐷 ∗ ∑   
𝑠∈𝑆 ∑   

𝑒∈𝐸(𝑡𝑖) ∑   
𝑠𝑡∈𝑆𝑇 𝐸𝐷𝑒,𝑠𝑡 ∗ 𝑥𝑠,𝑒,𝑠𝑡        (O.2.6) 

Constraints 

∑ 𝑥𝑠,𝑒,𝑠𝑡 ≤ 𝑥𝑠,𝑠𝑡
 
𝑒∈𝐸(𝑡𝑖)      for all s ∈ S and st ∈ ST   (C.B.1) 

∑   
𝑠∈𝑆 ∑ 𝑥𝑠,𝑒,𝑠𝑡

 
𝑠𝑡∈𝑆𝑇 ≤ 1     for all e ∈ E(ti)    (C.B.2)  

∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑞𝑠,𝑒,𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 ∗ 𝑥𝑠,𝑒,𝑠𝑡 ≥ 2 ∗ ∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑥𝑠,𝑒,𝑠𝑡      

       for all s ∈ S    (C.B.3) 

∑   
𝑒∈𝐸(𝑡𝑖) ∑   

𝑠𝑡∈𝑆𝑇 𝑞𝑠,𝑒,𝑡𝑒𝑠𝑡𝑒𝑟 ∗ 𝑥𝑠,𝑒,𝑠𝑡 ≥ 2 ∗ ∑   
𝑒∈𝐸(𝑡𝑖) ∑ 𝑥𝑠,𝑒,𝑠𝑡

 
𝑠𝑡∈𝑆𝑇       

       for all s ∈ S and st = test   (C.B.4) 

𝑥𝑠,𝑒,𝑠𝑡 = 0 𝑜𝑟 1      for all for all s ∈ S, e ∈ E(ti) and st ∈ ST  (C.B.5) 

Input handling 

An additional line of constraints is added to input the decisions made by the team leads and the earlier 

made decisions by the model of steps that are not finished yet for the new schedule time.  

The input is taken from the decision support tool. The input first goes through two checks before it is added 

to intra-team assignment model. The first check is whether the employee is available on the day that the 

schedule is made for. The second is whether the system and step that the employee is assigned to, is still 

busy at the time that the schedule is made for. This is done by checking if xs,st > 0. If these condition holds, 

the input is added to the model. 

𝑥𝑠,𝑒,𝑠𝑡 = 1           (C.1.6) 

The output from the intra-team assignment model is automatically added as input to the inter-team 

assignment model. This as the assignment is performed by the Python code immediately after the intra-

team assignment. As input added in the intra-team assignment model is also part of the output of the intra-

team assignment model, as the value of those xs,e,st are 1 (C.1.5), this is also input for the inter-team 

assignment.  

𝑥𝑠,𝑒,𝑠𝑡 = 1           (C.2.6) 

Input Variables 

Delivery Time Urgency 

𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 = 𝑡𝑖            (I.B.1) 

𝐷𝑇𝑈𝑠,𝑠𝑡 = {

1

4
∗ (𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 + 1 − 𝑃𝑆𝑇𝑠,𝑠𝑡)

(1 + 𝑐𝑎𝑡𝑠) ∗ (𝐴𝑆𝑆𝑇𝑠,𝑠𝑡 + 1 − 𝑃𝑆𝑇𝑠,𝑠𝑡 ) 
     𝑖𝑓 𝐴𝑆𝑆𝑇𝑠<𝑃𝑆𝑇𝑠
𝑖𝑓 𝐴𝑆𝑆𝑇𝑠>𝑃𝑆𝑇𝑠 

     (I.B.2) 

Employee Type 

𝐸𝑇𝑉𝑒,𝑠𝑡 = {

0                𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑠𝑡𝑒𝑟 𝑎𝑛𝑑 𝑠𝑡 = 𝑡𝑒𝑠𝑡
1           𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑠𝑡𝑒𝑟 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒
 0        𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 𝑎𝑛𝑑 𝑠𝑡 = 𝑡𝑒𝑠𝑡
 1   𝑖𝑓 𝑒𝑡 = 𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛 𝑎𝑛𝑑 𝑠𝑡 = 𝑚𝑜, 𝑑𝑒

       (I.B.3) 
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Physical Fitness employee Biplane 

𝑃𝐹𝐵𝑠,𝑒 =
1

3
∗ 𝑀𝐴𝑒,𝑡 = −2 +

2

3
∗  𝑀𝐴𝑒,𝑡 = −1       (I.B.4) 

Employee Variation 

𝑇𝐸𝑉𝑠,𝑒,𝑠𝑡 =

{
 

 
0                                                             𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 < 2

∑  𝑆𝑇𝑦∈𝑆𝐶(𝑠)
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

∑  𝑆𝑇𝑦∈𝑆𝑇𝑌𝑆
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

              𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 ≥ 2 
      

       for st = test and et = tester  (I.B.5) 

𝑇𝐸𝑉𝑠,𝑒,𝑠𝑡 =

{
 

 
0                                                             𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 < 2

∑  𝑆𝑇𝑦∈𝑆𝐶(𝑠)
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

∑  𝑆𝑇𝑦∈𝑆𝑇𝑌𝑆
 ∑ 𝑑𝑆𝑇𝑦

𝑒( 𝑞𝑆𝑇𝑦,𝑒𝑡
 ≥2)

 

              𝑖𝑓 𝑞𝑠,𝑒,𝑠𝑡 ≥ 2 
      

       for st = mo & de and et = technician (I.B.6) 

𝑁𝐸𝑉𝑠,𝑒,𝑠𝑡 = {
0                                                         𝑖𝑓 𝑇𝐸𝑉 = 0

max ((
𝑇𝐸𝑉−𝐸𝑉

𝑇𝐸𝑉
)3, 0)                        𝑖𝑓 𝑇𝐸𝑉 > 0

      (I.B.7) 

Tester Availability 

𝑇𝐴𝑠,𝑒,𝑠𝑡 =
3∗𝐴𝑉𝑒,𝑑=2+∑ 𝐴𝑉𝑒,𝑑=𝑖

5+𝑐𝑎𝑡𝑠
𝑖 = 3

(5+𝑐𝑎𝑡𝑠)
       (I.B.8) 

Equal Distribution of technician tasks to testers 

𝐸𝐷𝑒,𝑠𝑡 =
∑ 𝑇𝑒𝑐ℎ𝐴𝑒,𝑑=𝑖
−1
𝑖 = −10

10
         (I.B.9) 
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Appendix D: Poster 

 


