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Abstract 
This master thesis is about the development of a decision support system that optimizes the workforce 

planning of two assembly lines at a ro-ro terminal. The demand of these processes is characterized as 

highly fluctuating and has a lead time of 1 or 2 days. Moreover, it is showed for these processes that the 

production rate per employee is dependent on the number of employees working simultaneously.  

 

A mathematical model is developed aimed at optimizing a workforce planning. In the subsequent case 

study, we evaluated the mathematical model and the impact of different input values. The results served 

as the basis to develop and implement a tool that supports the workforce and production planning. The 

potential savings of the workforce costs of these tools are between 4,2-5,2%.  
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Management summary 
 

This master thesis concerns the workforce planning at the ro-ro terminal of C.RO Automotive. C.RO’s 

terminal is located in Rotterdam and offers handling, storage and customization of cars and heavy 

carriage.  

 

 

Problem statement 

This research is initiated because C.RO Automotive faced difficulties in the short-term capacity planning 

of the T.O. assembly line and the Car Wash. All incoming orders for these processes have a lead time of 

1-2 days. The resulting problem is a highly fluctuating and insecure demand. This fluctuating demand is 

projected on the daily workload, because of the chase planning strategy that is deployed by the planners 

of C.RO. For C.RO this means that the baseline of the planning is that all demand ordered today, 

should be processed tomorrow. The fluctuating workload is captured by the daily hiring of flex-

employees.  

The aim of this project is to improve the workforce planning at C.RO Automotive. This is done 

by the development and implementation of a decision support system (DSS). Therefore the research 

assignment is defined as follows:  

 

 

 

 

 

 

 

 

Research approach 

This research is conducted in four phases. First, the analysis phase starts with an analysis of the current 

planning strategy and the environmental characteristics such as the lead times. Moreover, it is revealed 

that the planners at C.RO have little insight in the production rates of their employees. This can result in 

an inaccurate team size for the required production. Consequently, it is examined and showed that the 

production rate per employee, for both the Car Wash and the T.O. assembly line, is dependent on the 

team size. In addition, no daily forecasts are available at C.RO. With the support of seasonality indexes, 

forecasts have been developed.  

The second phase develops a mathematical model to solve a workforce planning problem as 

faced by C.RO. The model presented in this phase determines a planning of the workforce for period t 

= 1 up to period T that minimizes the expected workforce costs, but satisfies all constraints. To 

determine this optimal planning, the model distributes employees over the planning horizon while 

making a trade-off between production efficiency and penalty costs for backorders or ‘overcapacity’. 

The model is a non-linear optimization problem and piece-wise linearization is suggested to linearize the 

non-linear objective function. Then the model can be solved as a linear problem.  

In the third phase a case study is performed to determine the best input values for a decision 

support system. The case study investigates (1) the potential cost savings of the model, (2) the influence 

of (different) forecasts to the model’s performance and (3) the length of the planning horizon. Based on 

Develop a robust decision support system which improves the workforce planning in a 

make-to-order production environment that is subject to multiple due dates in the 

planning horizon and a production rate per employee that is dependent on the team size. 
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the results of the case study, the fourth phase translates the optimization model to a user friendly tool 

that supports the planners to optimize the daily workforce planning.  

 

 

Results and contributions 

This research has implemented two decision support systems to determine the workforce planning of 

the T.O. assembly line and the Car Wash. On a yearly basis, the implemented tools can achieve savings 

up to 4,19% on workforce costs for the T.O. assembly line and 5,19% for the Car Wash. These savings 

are accompanied with an increase of the average throughput time from 1,16 to 1,43 days for demand of 

the T.O. assembly line. For the Car Wash the average throughput time increases from 1,10 to 1,43 

days. However, all production is still performed within the allowed lead time.  

Next to the practical contributions, this research also contributed to the literature in production 

and workforce planning. Firstly because it revealed that a constant production rate per employee is not 

valid for all industrial situations. In contrary to traditional literature, this research explained that the 

production rate per employee can be dependent on the team size. Second, solution techniques in the 

workforce and production planning are well based in theory, but seldom implemented in industry. This 

research provided a workforce planning tool that is well based in theory, but can easily be applied in 

industry as well.  
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CHAPTER 1 | Introduction 
 

 

This master thesis concerns the workforce planning at C.RO Automotive. C.RO is a Luxembourg based 

company, which is involved in worldwide transportation of dry bulk products. It operates ro-ro 

terminals in the UK, the Netherlands and Belgium. This study is performed on the ro-ro terminal based 

in the Botlek, Port of Rotterdam. The ro-ro terminal in Rotterdam offers handling, storage and 

customization of cars and heavy carriage. The terminal in Rotterdam has a storage capacity of 35.000 

cars and an average throughput of 100.000 cars per year.  

The financial crisis of 2008 has had a large impact on the number of new cars sold in the European 

Union. This influenced the amount of orders the ro-ro terminal in Rotterdam, then owned by The 

Broekman Group, received. Within months, parts of the once overflowing terminal were leased to 

other companies and a reorganization was triggered. Layoffs followed and permanent employees were 

replaced by flex-workers. In 2014 the terminal was acquisitioned by C.RO Ports. Currently, the 

terminal in Rotterdam is facing a competitive market, with few customers and high pressure on price 

and service. The management of the terminal of C.RO Ports in Rotterdam is therefore looking for 

methods to improve performance while decrease costs. One of the initiatives is the project described in 

this thesis, because the general manager expected that the current workforce planning is not optimal in 

terms of productivity and total cost. 

 The remainder of this chapter is structured as follows. Section 1.1 provides a detailed company 

description. This is followed by a problem introduction in section 1.2. Finally, section 1.3 provides the 

structure of the remainder of this report.  

 

1.1 Company description 

In this section, a more detailed introduction about the company is provided. The first subsection 

contains a list of all activities performed by C.RO Automotive. The second section projects these 

activities in a business organization chart to show an overview of how activities are connected and to 

provide insights in the supply chain of C.RO Automotive. 

 

1.1.1 Businesses of C.RO Automotive 

As explained in the introduction, C.RO offers handling, storage and customization of cars and heavy 

carriage. Therefore, the following main operating activities are performed at the ro-ro terminal of 

C.RO:  

  

- Long Term Storage Maintenance (LTSM): all cars stored in the terminal receive periodic 

checks. During these checks the foil can be replaced, technical aspects of the car are tested, tires 

are set to the right pressure and the battery is charged if necessary. Depending on the contract, 

LTSM is performed every 90, 120 or 150 days. 

- Modifications: this typically concerns the preparation of limited or special edition cars. Most 

modifications are done in batches of 50 up to 2000 cars. Examples are the addition of striping or 

the assembling of navigation systems, parking sensors or new tires. 
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- Pre Delivery Inspection (PDI): a PDI prepares the car for delivery to the customer. Foil is 

removed, tires are set to the required pressure, liquids are filled and paperwork is prepared. 

Some cars are sold to lease or rental companies and these cars are defined as ‘Rentals’. Rentals 

receive additional papers, accessories and a license plate. The PDI is performed on the T.O. 

assembly line.  

- Discharging: cars arrive at the terminal by vessel, train or truck. Any new incoming car is first 

moved from its transportation mode to the First Point of Rest (FPR), which can be seen as a 

large parking lot. At this parking lot, the cars are checked for damage and added to C.RO’s 

system with a tag. 

- Moves: after the damage check and tagging of the car, the car is moved from FPR to Storage. 

The storage capacity of C.RO is 35.000 cars divided over 4 large parking garages.  

- Storage to Work Area: as soon as a car is ordered, the car is moved from ‘Storage’ to the ‘Work 

Area’. The Work Area can also be seen as a large parking lot from which cars can be picked up 

by the transporter, receive a carwash or can be picked up to receive a PDI, Modification or 

LTSM. 

- Car Wash: most cars receive a wash before leaving the terminal.  

- Body-shop: about 1% of the cars arrive at the terminal with damage or is damaged on the 

terminal. Depending on the client and the damage, the car can be repaired in the Bodyshop.  

 

1.1.2 Business Organization Chart  

This section provides an overview of C.RO’s terminal. The whole process is visualized in Figure 1. The 

left side of the figure shows the arrival of a car. Most cars arrive by vessel, while nearly all cars leave the 

terminal by truck. After arrival, all cars are parked at the FPR. At the FPR, cars are checked for 

damages, equipped with a tag and subsequently added to the system of C.RO. From this point on, both 

C.RO and their connected clients can see the cars in their system. Clients can only trace their own cars 

and have limited access to information. In addition, this tag can determine the location of the car in the 

terminal within a few meters at all times. Cars stay on the FPR for one up to several days, depending on 

the arrival rate of new cars and the availability of employees to move the cars to storage. From the FPR, 

cars are moved to the storage. Cars are stocked in this parking garage for 63 days on average before they 

are ordered by the client. When ordered, the car is transferred from storage to the Work Area. At the 

Work Area a car can be picked up to receive the required treatment. After the car has received its 

treatment, it receives the status Vehicle Ready for Transport (RFT). Immediately after the cars are 

labelled RFT, an assigned transporter automatically receives a message that the car is RFT and can be 

picked up.  
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Figure 1 Business organization chart 
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1.2 Problem introduction 

The general manager of C.RO Automotive Rotterdam indicated that C.RO faces difficulties in the 

short-term capacity planning. About 80% of incoming orders has a lead time of 1-2 days. The other 20% 

of the orders are known earlier. The resulting problem is a highly fluctuating and insecure demand. This 

fluctuating demand is directly projected on the daily workload, because of the chase strategy that is 

currently used by the planners of C.RO. In a chase strategy, the production rate and the matching 

workforce is adjusted to the expected forecast of the upcoming period or the outstanding orders (Buxey, 

1995). For C.RO this means that the baseline of the planning is that all demand ordered today, will be 

processed tomorrow. The fluctuating workload is captured by the daily hiring of flex-employees. The 

manager doubts whether this strategy results in a cost efficient planning. He is therefore interested in a 

study that reveals which other planning strategies could be adopted and what the potential savings would 

be.  

  

1.3 Report structure 

The structure of this report is as follows: chapter 2 first provides a detailed problem statement. The 

problem statement is followed by a literature review. Chapter 2 finishes with a description of the 

research assignment and the deliverables. In chapter 3, a detailed company analysis is provided and 

chapter 4 develops a daily forecast. After this basis, chapter 5 develops a general model to optimize the 

production and workforce planning. This optimization model is tested in a case study in chapter 6. Based 

on the results of the case study, the development and implementation of a decision support system is 

provided in chapter 7. Finally, the conclusions and limitations of this study are discussed in chapter 8.  
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CHAPTER 2 | Problem description and research assignment 
 

 

This chapter provides a detailed problem description and the research assignment. The problem 

statement provided in section 2.1 elaborates on the problem introduction in chapter 1.2. It is 

complemented with an enumeration of the problem and the operational characteristics. After the 

problem statement, the context and place of the problem in existing literature is provided in section 

2.2. This literature review finishes with possible further research directions. The problem statement and 

literature review are followed by the research assignment in section 2.3. The sub-questions that follow 

from the research assignment are also provided in this section. After the research assignment, the 

research design is provided in section 2.4. Finally, this chapter finishes with a list of deliverables. 

 

2.1 Problem statement by C.RO Automotive 

This research was initiated because C.RO faces difficulties in their short-term workforce planning. To 

reduce costs and increase productivity C.RO is looking for a way to improve decision taking in labor 

capacity planning. Observations by the author at the company, in combination with discussions with the 

planners, revealed that the planners have limited insight in the productivity and performance of the 

workforce. This seems partially caused by fluctuations in the productivity. Additionally, the planners 

deploy a chase strategy to process all demand. Consequently the highly fluctuating demand is directly 

projected on the daily workload. Finally, the planning is based on the planners’ experiences and insights. 

No quantitative support is used to determine the production levels or number of (flex) employees 

required to process the demand. Section 2.1.1 enumerates the problems mentioned in this section, as 

well as related problems. Section 2.1.2 enumerates the operational characteristics of the problem 

considered. 

 

2.1.1 Problem enumeration 

This section enumerates the problems C.RO Automotive has related to their short term workforce 

planning: 

- The insights in labor productivity are limited.  

- The effective production rate per employee is not constant. According to the planners at C.RO, 

adding 1 employee to a production team does not necessarily result in a proportional increase in 

the total production of the team. 

- The workload fluctuates highly on a daily basis. 

- A daily forecast is not available; there is no indication about the demand of the next day. 

- Monthly forecasts are sometimes available, but are not shared within the organization.  

- The current planning approach has previously resulted in shutdowns of parts of the terminals for 

a couple of hours up to a day. 

 

2.1.2 Operational characteristics 

The environmental characteristics are outlined in this section. These characteristics are as follows: 

- The production process is characterized as a Make-To-Order (MTO) production. 

- Demand is subject to different lead times, due to different agreements with clients.  
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- Orders are received between 06:00 AM and 12:00 PM. The planners make the planning for the 

next day between 12:00 and 01:00 PM. 

- Flex employees that have to be available the next day must be notified before 04:00 PM. They 

can be deployed for a minimum of 8 hours.  

 

2.2 Literature review 

The literature presents a theoretical framework of the main subjects of this study. This section is based 

on the literature review executed as preparation for this study (van den Akker, 2015). The workforce 

problem considered in this study is related to literature of aggregate production planning. Therefore, the 

first paragraph explains aggregate production problems. These planning problems can be difficult to 

solve, but a broad range of solving techniques are available in literature. Several traditional and recent 

solving techniques are provided in the second section. Finally, a few future research directions are 

revealed in section 2.2.3. 

 

2.2.1 Aggregate production planning 

The workforce planning problem as defined in the problem statement is related to what is known in 

literature as aggregate production planning (APP). Hanssman & Hess (1960) defined this problem in 

1960 as a production and scheduling problem that periodically determines the production and workforce 

levels resulting in a minimization of the total costs. Important factors are regular payroll and overtime, 

hiring and layoffs and inventory and shortages. The concepts of aggregate planning are especially of great 

value in high-volume standardized production systems (Buffa & Taubert, 1967). In addition, Da Silva, 

Figueira, Lisboa, & Barman (2006) emphasize that it is an aggregate production planning; implicating that 

the problem usually considers products of a product family with only small differences. The products 

can therefore be concerned from an aggregate viewpoint. More recently, Yenradee & Sarvi (2007) 

defined APP more extensive suggesting that it is a problem of determining the optimal number of 

employees, production rate, production mix and inventory levels. It is best applicable when the demand 

shows a (highly) seasonal pattern and it is a medium-term planning with a planning horizon typically 

around 6 to 18 months (Yenradee & Sarvi, 2007).  

 

2.2.2 Solving techniques for aggregate production planning 

The complexity of an aggregate production / workforce planning is the result of a demand that often 

fluctuates and forecasts that are rarely correct (Holt et al., 1955). Despite the complexity, several 

solution techniques are known in literature for solving APP problems. This section has three subsections 

in which first, the most basic approaches to solve a production planning are provided. Second, several 

traditional solution techniques that have been developed between 1950-1980 are provided and in the 

third subsection, a selection of more recent solving techniques is provided.  

2.2.2.1 Level and chase strategy 

Two basic strategies to approach an aggregate planning problem are the level and chase planning strategy 

(Buxey, 1995). In the level plan an enterprise produces a constant output over a long period of time 

with a constant workforce and production rate. The output equals the average demand. Surplus is 

stocked and this inventory is used during peak demand. The result is that fixed costs are spread properly 



6 
 

and the utilization of the equipment can be high. In a chase strategy, the production rate and the 

matching workforce are adjusted to the expected forecast of the upcoming period or the outstanding 

orders. This strategy results in overtime, idle time, and additional costs to hire and lay off employees. 

This method maximizes cash flow and minimizes the financial risk of unsold products. According to 

Buxey (1995), the best solution for APP can be found in a compromise between the chase and level 

strategy.  

2.2.2.2 Traditional solution techniques  

One of the first authors addressing aggregate production planning was Holt et al. (1955). Their Linear 

Decision Rule finds the optimal trade-off between hiring/lay-off, overtime and inventories using a 

quadratic cost function. After the publication of their paper, several authors elaborated on the LDR 

model. However, the assumption of quadratic cost is not expected to always fit in industry. Hanssman 

and Hess (1960) therefore developed a linear programming solution in which all cost functions are 

assumed to be linear. Another popular solution technique is the Search Decision Rule (SDR) of Flowers 

and Preston (1977). This method searches a function’s surface using standard search techniques in order 

to find a solution.  

2.2.2.3 Recent solving techniques  

Aggregated production planning approaches developed in the last two decades use more sophisticated 

and complex techniques to solve planning problems. In order to provide an overview of the available 

solving techniques in literature, several approaches are listed in this subsection. 

Baumelt & Sucha (2014) investigate as an example an employee rostering problem at an airport. 

A final roster in this situation is obtained using a Tabu Search algorithm. In order to capture the highly 

fluctuating demand, the algorithm generated about one hundred different shifts.  

Another solving technique can be found in Lagodimos & Leopoulos (2000). They investigated a 

manpower shift problem that contradicted with tradition literature, because the goal of their manpower 

shift problem was to determine workforce requirements for each individual period. This ensures that 

production objectives are best satisfied. The authors solved their manpower shift problem using integer 

linear programming (ILP).  

 Third, Lanak and Lin (2007) indicated that most of the research related to scheduling assumes 

that all data is known. However, according to the authors, uncertainty is a very common phenomenon 

due to inaccurate process models and variability in processes. They proposed a model based on a robust 

optimization methodology that produces solutions which are less sensitive to uncertainties. This model 

can be applied for uncertainties in processing times, market demands and prices of materials.  

 Fourth, Pot, Bhulai, & Koole (2008) developed a method for the planning of a workforce in a 

call center and incorporated a multi skilled workforce in their model. The authors used Lagrangean to 

solve their integer problem. Their contribution is that they take into account the randomness of the 

arrival process in order to realize a match between predicted workload and labor capacity. Moreover, 

the method is easy to implement and has a short calculation time.  

Finally, Techawiboonwong & Yenradee (2002) suggested that a spreadsheet solver is easy to 

develop and understand. Therefore they developed a model that produces an optimal aggregate 

production plan using spreadsheet solver and an accompanying guideline. The authors mentioned that a 

company is able to construct their own aggregate production plan by following the steps of their model 

in a right manner. 
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These five articles provide examples of popular solving techniques for workforce problems. It 

can be concluded that a wide range of solving techniques is available. Which solving technique is most 

appropriate for C.RO’s workforce problem will be investigated in chapter 5.  

 

2.2.3 Further research directions 

Several further research directions are revealed in the literature of workforce planning (van den Akker, 

2015). Firstly, according to Van den Bergh et al. (2013), flexibility has received “particular attention in 

the literature”. Most of this literature addressing flexibility focused on flexible starting times, shift 

lengths and days-on work patterns. Several articles also addressed the problem of scheduling full-time 

and part-flexible employees (Van den Bergh et al., 2013). However, completely flexible employees that 

can be hired for as little as one day have barely received the attention from literature.  

Secondly, almost all papers in workforce planning assume a constant production rate per 

employee (Van den Akker, 2015). Thompson and Goodale (2006) seem the first and only authors 

recognizing that productivity can be different among employees. They observed differences in 

productivity rates among employees, which might result in overestimations of the number of employees 

needed. To counter this problem, they developed a model that incorporates a few production levels. 

However, Van den Akker (2015) indicated it might not be sufficient to make a distinction between only 

two or three levels of production rates.  

Finally, it is concluded that APP solutions techniques are well based in theory, but are seldom 

implemented in industry (Van den Bergh (2013); Techawiboonwong & Yenradee (2002)). This 

highlights the need for techniques that focus on practicality rather than theory (Nam & Logendran, 

1992). In addition, literature dealing with flex workers that are available per day to capture fluctuations 

of demand has, to the best of my knowledge, only received little attention from literature. The same 

applies for a production rate per employee that cannot be assumed to be constant. Only Thompson and 

Goodale (2006) recognized that the production rate might differ between employees and therefore 

introduced multiple production rate levels. However, a production rate per employee which is 

dependent on the team size has, to the best of my knowledge, not received the attention of literature. It 

can therefore be concluded that few further research directions have been identified in the literature of 

workforce planning. 
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2.3 Research assignment and research questions 

This section provides the definition of the research assignment. This is followed by the related sub 

questions. 

 

2.3.1 Research assignment 

The aim of this project is to contribute to the existing literature of workforce planning. This is done by 

the development of a solution method and a decision support system that should be able to support the 

planners at C.RO Automotive to make an accurate and cost effective workforce planning. To the best of 

our knowledge, no off-the-shelf solution is available that applies to the characteristics as mentioned in 

section 2.1. Therefore the research assignment is defined as follows: 

 

.  

 

 

 

 

2.3.2. Research questions 

The following sub-questions and sub-assignment are related to the main research assignment: 

 

Productivity: 

Sub-Q1: What are the production rates for the different types of activities? 

Sub-Q2: What is the effect of the team size on the effective production rate per employee? 

Forecasting: 

Sub-Q3: What is the expected demand for each activities for the next t days? 

Model development: 

Sub-Q4: Which model(s) can serve as a basis for the development of a model for the workforce planning 

at C.RO Automotive? 

Model solving: 

Sub-Q5: Given a certain demand. When should these orders be processed? 

Results: 

Sub-Q6.1: What are C.RO’s workforce costs resulting from the current workforce planning strategic? 

Sub-Q6.2: What are the potential cost savings of implementing a workforce planning decision support 

tool? 

Model implementation: 

Sub-A1: Develop a workforce planning decision support system for C.RO Automotive and guidelines to 

use the tool. 

 

  

Develop a robust decision support system which improves the workforce planning in a 

make-to-order production environment that is subject to multiple due dates in the 

planning horizon and a production rate per employee that is dependent on the team size. 
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2.4 Research design 

This project plan is based on the research model developed by Mitroff, Betz, Pondy & Sagasti (1974). 

Their model suggests to formulate goals for the four main phases of a research; (1) the conceptualization 

phase, (2) the modeling phase, (3) the model solving phase and (4) the implementation phase. The 

following sections will provide the goals of each phase. 

 

2.4.1 Conceptualization 

The conceptualization phase started with an orientation at C.RO Automotive. During this orientation of 

two weeks, all business units were visited and several jobs were performed by the author in order to 

understand the company. Afterwards, the problem was introduced by C.RO’s management and 

recognized by the author. Then a literature review followed in which the author familiarized relevant 

literature and summarized this in a literature review about workforce planning and aggregate production 

planning. 

 

2.4.2 Modeling 

Important parameters of an accurate workforce planning model are the productivity and forecast. 

Therefore, the modeling phase started with an investigation of the current production rates and the 

development of a forecast. For C.RO, the production rates are only limitedly known and mainly based 

on managers’ experiences. The control on the productivity is very low. Therefore the productivity has 

been investigated first.  

The daily forecasts are also an important factor in workforce planning, but no daily forecasts are 

available at C.RO. Therefore, a daily forecast is developed to support the workforce planning. Once a 

baseline production rate has been set, a forecast is developed and all data is clear, a mathematical model 

is developed. Literature from APP and its LP solution techniques will serve as a basis.  

 

2.4.3 Model solving 

In this phase, the detailed mathematical model developed in the previous phase is solved. After a solving 

method has been developed, a case-study is applied to C.RO Automotive in order to test the model. 

The optimal production plan function for C.RO is determined and the model’s performance are 

compared with the actual performance of C.RO. 

 

2.4.4 Implementation 

The last goal of this research is to implement the model. This is done with a decision support tool that 

advices the planners at C.RO. Next to this DSS, guidelines are developed regarding the use of the DSS. 

Finally, in this phase a master thesis report is prepared and the associated presentation at C.RO 

Automotive and Eindhoven University of Technology are performed. 

 

2.5 Research scope 

This sections defines the scope of this project. C.RO has difficulties with the daily planning of the 

workforce and production. Therefore, this study focuses only on the short-term workforce planning. 

Second, as mentioned in section 1.1.1, multiple activities are performed at C.RO Automotive. All these 
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activities are planned on a daily basis by the planners. Time limitations restrict this research to the 

optimization of two sub-processes. In collaboration with C.RO Automotive it has been chosen that the 

planning of the T.O. assembly line and the Car Wash will be investigated. All other activities are left out 

of the scope in this research. It has been chosen to optimize the Car Wash and the T.O. assembly line 

instead of other jobs, because the planners indicated to have most difficulties when planning these 

activities. This seems probable since these activities are subject to large fluctuations of an insecure 

demand. In addition, the Car Wash and T.O. assembly line are subject to an individual planning. Most 

of the other tasks are performed interchangeable.  

 

2.6 Deliverables 

This section shortly lists the deliverables of this project. These are as follows: 

- A user-friendly Decision Support System (DSS) to determine a daily production and workforce 

plan for C.RO’s Car Wash and T.O. assembly line. 

- Case study at C.RO Automotive in Rotterdam in which the developed DSS is tested. 

- A public version of the master thesis report that is published by Eindhoven University of 

Technology. 

- A final presentation at C.RO Automotive and the TU/e in which the results of this project are 

presented. 
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CHAPTER 3 | Detailed analysis 
 

 

Before a model to improve the workforce planning at C.RO Automotive can be developed, several 

analyses have to be performed and sub-research questions have to be answered. Therefore, this chapter 

starts with an overview of the current production and planning characteristics. Next, it was mentioned 

that the planners at C.RO have little insight in the production and performance of their employees. This 

can result in a suboptimal team size for the required production. In order to develop a better and more 

accurate workforce planning, better insights regarding the production of a team are required. As a 

result, section 3.2 investigates the production rates of the Car Wash and the T.O. assembly line.  

 

3.1 Production and planning characteristics 

This section investigates the current production and planning characteristics. First, an overview of 

C.RO’s clients is provided in section 3.1.1. This is followed by the demand characteristics of each client 

in section 3.1.2. Section 3.1.3 discusses the current planning method and strategies. The last section 

explains the composition of the workforce. 

 

3.1.1 Clients overview  

This section introduces C.RO’s clients. Due to confidential reasons the company names of the clients 

have been replaced by ‘A’, ‘B’, ‘C’, etc. C.RO’s ro-ro terminal in Rotterdam has two types of clients. 

The first are shipping companies that dock at the terminal to discharge their vessels. On average, 

approximately one vessel per day arrives at the terminal and hundreds of cars are discharged by C.RO’s 

employees. The second type are car importers. These clients expect C.RO to store their cars at the 

terminal and perform customization to their cars. On average, these car importers order 430 cars per 

day, however with substantial fluctuations. An overview of these clients and their standard demanded 

operations can be found in appendix A. This appendix shows that all clients have a maximum amount of 

cars they can order per day. Orders above this maximum receive a lead time which is 1 day longer than 

the standard lead time. Table 15 in appendix A also shows that cars of clients B,C,D,E,F and G receive a 

wash before leaving the terminal. Additionally, all cars of client A receive a PDI. 

 

3.1.2 Order arrival and lead times 

This section complements the previous section with the (different) agreements that have been made with 

the clients in terms of the order arrival process and lead times. All clients are connected with the system 

operating at C.RO, which is called ‘Advance’. These clients order cars on a daily basis using an 

Electronic Data Interchange (EDI) connection. Using this interface, the orders are immediately placed in 

a right manner in C.RO’s Advance system. The orders placed are Make-To-Order (MTO); the clients 

demand a specific car. Consequently, C.RO cannot process orders to stock. All incoming orders are 

checked and, if needed, modified and processed by C.RO’s Account Specialists (AS). Subsequently 

orders are forwarded to the planners. 

After the order has arrived in C.RO’s system, C.RO has 2 days to perform a PDI and 1 or 2 

days to wash the car. The exact lead time depends on the agreement with the client. Appendix B 
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provides insights in the exact lead times to perform PDI and Wash for different contracts. This 

represents approximately 80% of all incoming orders. The other 20% consists of Rental cars, LTSM and 

Modifications. All demand of rental cars and LTSM is known at least 10 days in advance. Modifications 

are planned weeks up to months in advance, but as mentioned in the project scope, these jobs are left 

out of the scope of this research. 

Finally, the demand of clients B,C,D,E and F are subject to exactly the same contractual 

agreements. All cars ordered by these clients need a car wash within 2 days. The only difference can be 

found in the maximum demand that a client can order per day. From now on, these clients will be 

aggregated into client group BF. Aggregating clients B to F into group BF results in three clients of 

interest for this study. Group A consists of one client that demands all cars to receive a car wash ánd a 

PDI within 2 days. Group BF demands all cars to receive a car wash within 2 days. Group G demands all 

cars to receive a car wash within one day.  

 

3.1.3 Design of current planning 

All clients have a daily deadline to place orders in C.RO’s system. After the deadlines, Account 

Specialists (AS) process all demand and forward this to the planners. All orders placed in C.RO’s system 

after the deadline, are processed the next day. After AS has forwarded the orders to the planners, the 

planners create a planning for the next day. A visualization of the process from order arrival to the 

creation of a planning is provided in Figure 2.  

The schedule the planners make is then created as follows: as baseline, the planners aim to finish 

all orders the upcoming day. Orders are only postponed as a result of multiple ship arrivals on one day 

or due to unfinished work of the previous day. After the planners decided which activities will be 

performed, the planners consult each other to distribute the permanent employees over the next day. 

Car customizations and PDI operations typically need special skills and therefore can only be performed 

by a couple of employees. C.RO indicated that they seldom have a shortage of employees that can 

perform a PDI. Consequently, it is assumed that the required skills are always available. A car wash, car 

movements and the discharging of vessels can be performed by all employees. After the distribution of 

permanent employees, the planners order the number of flex employees that they expect to be needed. 

As an example, C.RO hired 11,64 flex workers per day on average in September 2015. However this 

number can fluctuate between 0 and 35 flex employees. Finally, employees work for 8 hours per day 

(07:00-16:00, including a 1 hour break). The terminal is open 5 days a week, all year around. The 

terminal is closed on official Dutch holidays. On Christmas Eve and New Year’s Eve, the terminal closes 

around 12:00.  

 

Figure 2 Process of order arrival 

Orders are placed in 
system by clients

Orders are placed 
manually by 

Account Specialist

Orders are checked 
by Account 
Specialist

Orders are 
forwarded to 

planners

Planners create 
planning
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3.1.4 Composition of workforce 

The applied planning strategy results in a highly fluctuating workforce for C.RO. In order to capture 

this fluctuating workforce, they hire approximately 60% of their employees at flex agencies. At these 

flex agencies C.RO can hire employees for as little as one day. There are no hire or lay-off costs for flex 

employees. The jobs to be performed by flex employees are easy and most flex employees return 

regularly to C.RO over an extended period of time. The startup costs are therefore assumed to be zero.  

 

3.2 Production analysis 

The accuracy of a workforce planning depends on information about the production rate of employees. 

Currently, C.RO has limited information about het production rates of the employees. Therefore, the 

goal of this section is to provide better insights in the production rates of the employees at the Car Wash 

and T.O. assembly line. For this report, the production rate is defined as the number of finished cars per 

period of time. The period of time is set on 1 hour, unless stated otherwise.  

The workload for the T.O. assembly line and Car Wash is currently planned with the 

assumption of a constant production rate per employee. For the Car Wash it is assumed that one 

employee washes on average 6,7 cars per hour. Consequently, 2 employees are planned to wash 107 

cars during a 8 hour shift and 6 people are expected to wash 322 cars. For the PDI at the T.O. assembly 

line it is assumed that one employee performs 1,87 PDI per hour. The expected production is then 

made in the same manner as the Car Wash. However, the planners indicated that for the T.O. assembly 

line, ideally, as little as possible employees work together. Their observation is that the production of 

the T.O. assembly line does not increase in proportion with the team size. For the Car Wash, the 

planners ideally prefer to work with a team as large as possible, because in that situation, the supervisor 

is the least expensive per employee.  

 

3.2.1 Results production rate analysis 

This section investigates the planners’ observation regarding the production rates. Production data is 

collected over a period from 01-09-2015 to 31-12-2015. Data earlier than 01-09-2015 is not available. 

Based on this data, the effective production rate per employee is plotted against different team sizes of 

the T.O. assembly line and the Car Wash in Figure 3 and 4 respectively. In these figures, a team consists 

of ‘production-employees’ and when present, a supervisor. The ‘production-employees’ are the 

employees that wash the car or perform the PDI. If a supervisor was present, he is taken into account in 

the team size, since the team performance is analyzed in this research.   
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Figure 3 Observed effective production rates at Car Wash  

 
 

Figure 4 Observed effective production rates at T.O. assembly line  

 

 

3.2.2 Conclusions production rate 

This section discusses the conclusions that follow from Figure 3 and Figure 4. Figure 3 shows a convex 

curve. A closer look at the data of the Car Wash in combination with several discussions with the 

planners revealed the following: when 2-4 people are working, they do not need a supervisor, because 

the planners then use their ‘best-men’. Additionally, a small decrease in the effective production rate as 

the number of employees increases from 2 to 4 is visible. This is expected to be the result of an increase 

in disruptions in the standard work pattern. Disruptions occur either when employees have to wait at 

the Car Wash or because they run into each other at the damage control or the start of the process, 

which is followed by some small talk. From approximately 5 people, a supervisor is added to control 

and support the team. This supervisor is less ‘expensive’ per output when the number of (production) 

employees increases. In other words, this supervisor does not wash cars himself, but is included in the 

team size.  
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Next, Figure 4 shows that the production rate of the T.O. assembly line is a decreasing function 

in terms of the effective production rate per employee. According to the planners and the T.O. 

assembly supervisor this is due to the fact that more people working at the T.O. assembly line leads to a 

decreased collaboration. In contrary to the supervisor at the Car Wash, the supervisor at the T.O. 

assembly line is productive.  

In conclusion, the planners indicated to be familiar with Figure 3 and 4 to a certain extend. 

However, they barely optimize their planning with the conclusions of these figures in mind.  

  

3.2.3 Planning with production rate dependent on team size 

The previous section provided insights in the effective production rate per employee for different team 

sizes. It was concluded that the assumption of a constant production rate per employee does not 

correspond to the actual production rate per employee, because when the team size changes, the 

effective production rate per employee changes as well. Taking this observation into account when 

creating a planning can lead to substantial savings of the workforce costs. This is demonstrated in the 

following example.  

3.2.3.1 Example planning with production rate that is dependent on team size 

This section provides an example of how a variable production rate can lead to savings of the workforce 

costs. The production rate per employee is presented by 𝑃(𝑠) and is a function of the number of 

employees (𝑠) working simultaneously. For this example it is assumed that the production rate of (𝑠) 

employees equals: 𝑃(𝑠) = 1,50 − 0,025𝑠 units per hour, indicating that an increase of the team size 

results in a decrease of the effective production rate per employee. The demand for period t = 1 is 115 

units. The forecast for period t = 2 is 23 units. The due date for all demand is the end of period t = 2 

and all employees work for 8 hours per day.  

The applied workforce and production planning strategy for C.RO will be to deploy 12 people 

in period 1 that produce (1,50 − 0,025 ∗ 12) ∗ 8 ∗ 12 = 115 units on day one. In period 2, 2 

people will be deployed that produce (1,50 − 0,025 ∗ 2) ∗ 8 ∗ 2 = 23 units. This planning strategy 

is called the chase strategy and is the standard applied strategy for about 80% of the production planners 

(Buxey, 1995). If the production rate would be independent of the number of employees working 

simultaneously, this strategy would be ok (leaving all other aspects out of scope).  

However, due to the dependency of the production rate per employee on the team size, this 

planning can be improved by properly distributing production and employees over multiple periods: 

consider the situation in which the production facility would deploy 7 employees in the first period and 

6 employees in the second period. This would result in a production of (1,50 − 0,025 ∗ 7) ∗ 8 ∗ 7 =

74 units in the first period and (1,50 − 0,025 ∗ 6) ∗ 8 ∗ 6 = 64 units in the second period. The 

total production equals 138 units over 2 periods. This total production is equal to the total production of 

the chase strategy planning. However, the total number of employees deployed was 14 in the chase 

strategy and 13 in the second planning example. Consequently, the new planning could save one 

employee for 1 period. An overview of this example is provided in Table 1. 
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Table 1 Demand data example section 3.2.3.1 

 Situation 1 Situation 2 

Period 1 2 1 2 

Demand 115 23 115 23 

Number of employees working 12 2 6 7 

Production in number of units 115 23 64 74 

Cumulative production 115 138 64 138 

 

 Conclusion: situation 2 saves 1 employee for 1 period in 

in comparison to the production planning in situation 1. 
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CHAPTER 4 | Forecasts 
 

Section 3.2 showed that the effective production rate per employee is dependent on the team size. An 

example that followed in the same section highlighted that companies facing such a production rate can 

benefit from a proper distribution of the production and employees over multiple periods. Distributing 

these orders properly over a planning horizon requires a forecast. Monthly forecasts are sometimes 

provided to C.RO by its clients, but it is just as likely that no forecasts are available. Sometimes a yearly 

forecast is available that can be used instead of the monthly forecast. Managers use these forecasts to 

monitor the expected production for the next couple of months, to plan modifications, major 

maintenance and to provide forecasts to car transporters.  

The planners at C.RO create a planning on a daily basis. Due to the lack of a daily forecast, a 

method has to be developed which can generate these forecasts. This method cannot be dependent on 

the availability of a monthly or yearly forecast. Therefore this research develops the following 3 daily 

forecasts; (1) based on availability of a monthly forecast, (2) based on availability of a yearly forecast, and 

(3) based on a situation in which no other forecast is available.  

The forecast method for this research is based on seasonality indexes. Three seasonality indexes 

have been identified: a monthly-, day-in-week- and day-in-month- seasonality index. The first 

subsection will provide insights in the data used to develop a daily forecast. Section 4.2 will explain how 

the seasonality indexes have been developed. This is followed by an explanation of the forecast error in 

section 4.3. Finally section 4.4 provides the results.  

 

4.1 Forecast data  

The daily forecast for 2015 that is developed in this chapter is based on historical data from 01-01-2010 

up to 31-12-2014. This daily forecast will be compared with the actual daily demand in 2015. The 

demand of the T.O. assembly line consists of ‘Rentals’ and a PDI as explained in the first chapter. 

However, no historical demand data is available for Rentals. Therefore the forecast of the T.O. assembly 

line only contains the demand of the PDI. Rentals are less than 5% of the total demand of the T.O. 

assembly line. Consequently this is not considered to be a significant problem. Moreover, two different 

forecasts are developed for the demand of the Car Wash; one in which clients B up to F are aggregated 

and one for client G. This because the demand of both groups is subject to different lead times. 

 

4.2 Forecast method 

This section explains the method used to develop a forecast for the T.O. assembly line and the Car 

Wash. Before this method is explained, Table 2 provides an overview of all notations and its descriptions 

that are used in the remainder of this section. 
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Table 2 Overview notations forecasts 

Notation Description 

𝐹𝑡  Forecasted demand period t 

𝑥𝑡
𝑚  Monthly seasonality index with 𝑥1

𝑚 = January, …, 𝑥12
𝑚 = December 

𝑥𝑡
𝑑  Day-in-month seasonality index with 𝑥1

𝑑 = 1th day in a month, 𝑥2
𝑑 = 2th day in a month, 

etc… 

𝑥𝑡
𝑤   Day-in-week seasonality index with 𝑥1

𝑤 =Monday,…, 𝑥7
𝑤 =Sunday 

𝑓𝑦  Total forecasted demand in year y 

𝑓𝑚  Total forecasted demand in month m 

𝑤𝑦  Number of working days in year y 

𝑤𝑚  Number of working days in month m 

𝐴𝐷𝑡1,𝑡2  Average demand per working day from period 𝑡1 up to period 𝑡2. 

𝑒𝑡  Forecast error period t 

𝑄𝑡  Demand in period t 

 

4.2.1 Determination of seasonality indexes 

This section explains the method that has been used to calculate the seasonality indexes in this research.  

The method used is based on the simple average method. This method suggests that a seasonality index is 

calculated as the average of a particular period within the seasonality cycle divided by the average of all 

seasonal cycles (Patnaik, 2015). Consider Table 3 as an example.  

 

Table 3 Seasonality indexes simple average method 

Quarter Demand 2014 Demand 2015 Average 14-15 Seasonality index 

1 20 100 (20+100)/2=60 60/102,5=0,59 
2 30 160 95 0,93 
3 40 310 175 1,71 
4 25 135 80 0,78 

Average demand 28,75 176,25 102,5 
  

 

A closer look at the seasonality indexes of Table 3 reveals that the seasonality indexes are more likely to 

follow fluctuations of the demand in 2015 than 2014.  This is due to an increase of the average demand 

from 28,75 in 2014 to 176,25 in 2015. The yearly demand data of C.RO’s PDI and Car Wash also 

fluctuates significantly; the average daily demand for the PDI in 2014 was for example 26 whereas this 

was 101 in 2011. To reduce the effect that the seasonality index will follow cycles (years) of relatively 

high demand, it is suggested to first calculate each period’s demand as a percentage of the season’s 

average. Afterwards the results for all corresponding periods are averaged. Table 4 provides an example 

of this method. The resulting seasonality indexes of the demand of the T.O. assembly lien and Car Wash 

are provided in Appendix C. 
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Table 4 Seasonality indexes as calculated in this research 

Quarter 2014 2015 20141 20152 Seasonality index3 

1 20 100 20/28,75=0,70 0,57 (0,70+0,57)/2=0,63 
2 30 160 1,04 0,91 0,98 
3 40 310 1,39 1,76 1,58 
4 25 135 0,87 0,77 0,82 

Average demand 28,75 176,25 1 1 1 

 

Explanation: 
1 The period’s demand as a percentage of the season’s average for 2014 is calculated by dividing the 

quarterly demand in 2014 with the average demand in 2014. 
2 The period’s demand as a percentage of the season’s average for 2015 is calculated by dividing the 

quarterly demand in 2015 with the average demand in 2015. 
3 The seasonality index is calculated as the average of a period’s index in 2014 & 2015. 

 

 

 

4.2.2 Determine forecast 

Now that the seasonality indexes are determined, this section explains how the seasonality indexes are 

used to develop a daily forecast. As mentioned before, three seasonality indexes have been identified; a 

monthly-, day-in-week- and day-in-month- seasonality index.  

The monthly index 𝑥𝑡
𝑚 represents an index that can be multiplied by a yearly forecast to obtain the 

expected monthly forecast for month t. Table 20 in appendix C provides the average monthly 

seasonality indexes for each month from 2010 up to 2014. This table shows that the monthly index for 

March is 1,35. In case the yearly forecast is for example 14416 cars, the monthly forecast for March 

(2015) would be (14416 / 12) * 1,35 = 1623 cars.  

The second index is based on the day-in-month seasonal pattern; indicating that the demand of 

day t is dependent on the date in a month. 𝑥𝑡
𝑑  Represents an index number to calculate the expected 

influence that this day in the month has in relation to the expected average daily demand in that month. 

Figure 15 in appendix C provides the indexes that are based on the average day-in-month indexes of 

2010 up to 2014. As provided in the figure, the day-in-month index of the tenth day suggests an index of 

0,77. When the monthly forecast of March is 1623 and March 2015 counts 22 working days, the 

expected forecast for the 12th day in March 2015 is (1623 / 22) * 0,63 = 57 cars.   

Third, the data analyses revealed that the demand within a week also shows a pattern. This trend 

is showed in Figure 16 in appendix C. The day-in-week indexes are provided by 𝑥𝑡
𝑤. The calculations 

have been done in the same manner as the monthly- and day-in-month indexes. Since the 12th of March 

2015 was a Thursday, this results in a forecast of 46 * 0,77 = 36 cars.  
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4.3 Forecast error 

The quality of the forecast is measured by comparing the developed forecasts for 2015 with the actual 

demand of 2015. This is done with the forecast error, which is defined as the difference between the 

actual demand and the forecasted demand. The forecast error (𝑒𝑡) of period t is formulated as follows: 

 

𝑒𝑡 = |𝑄𝑡 − 𝐹𝑡|     (1) 

 

Thus in order to measure the quality of the forecasts, each daily forecast is subtracted from the actual 

demand. The results are provided and discussed in the next section. 

 

4.4 Results  

The availability of a monthly or yearly forecast provided by the clients to C.RO is uncertain. Therefore, 

3 different forecasts have been developed for the demand of the T.O. assembly line and Car Wash. The 

first daily forecast (𝐹𝑀) is based on the availability of a monthly forecast that is provided by C.RO’s 

client. Next, a forecast has been developed when clients of C.RO provided them with a yearly forecast 

(𝐹𝑌). Finally, a scenario is considered when no yearly or monthly forecasts are provided to C.RO (𝐹𝑁). 

In this situation, the yearly demand of the previous 5 years is taken as the yearly forecasted average. For 

this research, C.RO ensured that all forecasts were available.  

The results of the 3 forecasting scenarios for the demand of the T.O. assembly line and Car 

Wash are provided in Table 5. Moreover, the forecast errors are determined for two scenarios in which 

no seasonality indexes are used. The first alternative (
𝑓𝑦

𝑤𝑦
) is determined with the total forecasted yearly 

demand, as provided by clients to C.RO. This number is divided by the number of working days. The 

second alternative (
𝑓𝑚

𝑤𝑚
) is calculated with the monthly forecasts, which are divided by the number of 

working days in the concerning month.   

 

4.5 Conclusions 

In the next three paragraphs, the forecasts for the T.O. assembly line, Car Wash group G and Car Wash 

group BF will be discussed separately.  

First the forecasts of the T.O. assembly line are discussed. The best daily forecast for the 

demand of the PDI in terms of the forecast error is developed when a monthly forecast is available. 

When only a yearly forecast is available, the forecasting error is a little higher than in the previous 

scenario. The largest forecast error is obtained when the average demand of the last 5 years is used as 

forecast. Finally, Table 5 also provides the forecast error when no seasonality indexes would have been 

applied. As follows from Table 5, it can be concluded that the seasonality indexes provide added value to 

the daily forecast for the demand of the T.O. assembly line. 

Second, the forecasts of the Car Wash for group G shows the interesting result that the best 

forecast was obtained when no seasonality indexes are applied. A discussion with the planners revealed 

that until one year ago, C.RO barely washed cars for client G. Consequently, the data used for 

developing these seasonality indexes is not reliable and not using them provides better results. 

In contrary to Car Wash group G, the forecast of Car Wash group BF improved when 

seasonality indexes were used. Interestingly, when the average demand over the last 5 years was used as 
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a baseline, this provided a better forecast then when the forecast provided by C.RO’s clients would have 

been used.  

In summary, this section developed three forecasts. A forecast can always be provided, even 

when no monthly or yearly forecasts from the customers are available. The quality the forecasts is not 

high, this follows from the fact that all daily forecast errors are large relative to the average daily 

demand. However, the seasonality indexes improved the forecasts for the T.O. assembly line and Car 

Wash Group BF and when there are no monthly or yearly forecasts available at C.RO, the average 

demand of the last 5 years also provides a trustworthy forecast.  

 

  

Table 5 Average forecast error for daily forecasts for period 01-01-2015 up to 31-12-2015 

  T.O. assembly line Car Wash G Car Wash BF 

 

Average daily demand 

 

 

52 

 

40 

 

161 

Available 

forecast 

Formula Av. 𝒆𝒕 Av. 𝒆𝒕 Av. 𝒆𝒕 

Yearly 

forecast 

(𝑭𝒀)  

𝐹(𝑡) =
𝑓𝑦

𝑤𝑦
∗

𝑥𝑡
𝑚 ∗ 𝑥𝑡

𝑑 ∗ 𝑥𝑡
𝑤   

35,3 24,9 84,7 

Monthly 

forecast 

(𝑭𝑴) 

𝐹(𝑡) = 
𝑓𝑚

𝑤𝑚
∗ 𝑥𝑡

𝑑 ∗ 𝑥𝑡
𝑤   

35,1 26,1 84,7 

5Y.AV. (𝑭𝑵) 𝐹(𝑡) = 𝐴𝐷𝑡1,𝑡2 ∗

𝑥𝑡
𝑚 ∗ 𝑥𝑡

𝑑 ∗ 𝑥𝑡
𝑤   

39,7 28,2 75,2 

 

When the seasonality indexes are not applied: 

    

 𝐹(𝑡) =
𝑓𝑦

𝑤𝑦
  41 24,4 89 

 𝐹(𝑡) =
𝑓𝑚

𝑤𝑚
  41 25,6 88 

 

 

  



22 
 

CHAPTER 5 | Model development 
 

 

This chapter provides the development of a mathematical model to solve a workforce planning problem 

as concerned in this research. In the first section, a general understanding of the model is provided. 

Then section 5.2 and 5.3 develop the main constraint of the optimization model. This constraint is 

related to the MTO situation considered and the fact that all demand has to be processes within the lead 

time. Since it is an important part of the model, it is explained in detail before the optimization model is 

provided in section 5.4. Section 5.5 provides a solution technique to solve the optimization model and 

section 5.6 describes the conclusions.  

 

5.1 General understanding  

The goal of the optimization model is to minimize the workforce cost, in planning horizon t = 1 up to t 

period T, subject to a trade-off between the number of employees to be deployed each period, 

production efficiency and penalty costs for exceeding the limits. The penalty costs for exceeding the 

limits are included, because the model is developed for a Make-To-Order situation (MTO). In a MTO 

environment, the production of demand can only start after a customer’s order is received. 

Consequently, no inventory exists. Additionally, all demand that has been ordered by the customers has 

a lead time. The demand has to be processed within this lead time due to contractual agreements. When 

the lead time of an order is exceeded, it results in a back order.  

 

5.1.1 Assumptions 

The following assumptions have been made during the model development. Most of these assumptions 

are explained throughout the report.  

- The production is Make-To-Order. 

- All demand has a due date, which is at least one period after the order arrival. Exceeding this 

due date results in penalty costs. 

- The production of new incoming orders in period t can only start in period t+1. 

- All employees work for a fixed length of time (𝐿 hours) in a period.  

- The workforce is fully flexible. No startup- or layoff costs are considered regarding new 

employees. 

- Orders are produced according to the Earliest-Due-Date (EDD) principle; orders with the 

earliest due date are produced first. 

- No difference exists in the productivity of employees. 

- The production rate is deterministic. 

- The production rate per employee 𝑃(𝑠) is dependent on the number of employees working 

simultaneously (𝑠). 

- The forecasts are deterministic. 

- No limit exists on the number of people working simultaneously. 

- The number of employees working simultaneously is a natural number (𝑠𝑡 ∈ ℕ0). 
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5.2 Determination of production range 

Section 3.2.3 highlighted the potential savings in the workforce costs when properly distributing 

production and employees over a planning horizon. However, a distribution of production and 

employees over multiple periods is restricted by the daily demand and allowed lead times of this 

demand. As a result, this section develops a constraint that restricts the production planning to stay 

within the allowed ‘range’. To develop and understand this constraint, a four step roadmap is provided 

in the next subsections. The four step roadmap follows notations as suggested by Janssen (2015). In all 

the examples in the roadmap, a planning horizon of T = 3 periods is considered. Additionally, in all 

examples, at the end of period 3, 21 units have to be produced. The first step considers a basic scenario 

in which all 21 units are ordered at the end of period 0 and have to be finished at the end of period 3. In 

the second step multiple orders, with a total demand of 21 units, are received throughout the planning 

period. The due date remains the last day of the planning period. In the third step the example is 

extended by considering multiple due dates. In this situation some of the demand has to be finished at 

the end of period 1 or 2 respectively. Finally, in step four, the example is extended to a rolling horizon 

in which larger planning periods T are considered.  

 

5.2.1 STEP 1: Production range 

In an MTO environment, the production of an order cannot start before it is ordered by a client. After 

the order has arrived, it is labelled with a due date. The order should be processed before this due date. 

In this research, the time between the order arrival and its due date is called the production range. 

Consequently, an order has to be produced within the ‘production range’.  

As stated in the introduction of this section, the example in step 1 considers a situation in which 

all orders are known at the beginning of the planning horizon. All these orders have a due date that 

expires at the end of the planning horizon. As a result, the planner has 3 periods to produce 21 units. 

The planner is allowed to produce all demand in period 1 or in period 3, or all combinations in 

between. The production range for the situation described in this paragraph is colored gray in Figure 5. 

 

Figure 5 Production area for situation step 1 

 

 

5.2.2 STEP 2: Maximum capacity  

Situation 1 assumed that all demand up to period T was ordered before the end of period t = 0. This 

does not seem to hold for most companies, since orders typically arrive spread out over a period of 

time. Consequently the demand is divided into 𝑄, which provides demand that has been ordered by the 
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customer and set 𝑚, which provides the forecasted demand. This set 𝑚 consists of forecasts 

{𝐹𝑡=1, … , 𝐹𝑇} , with 𝐹𝑡=1 being the expected demand to be ordered in period t = 1. The due date of all 

demand is still set on 𝑡 = 3. Table 6 provides an example in which 21 units are ordered distributed over 

planning horizon T. 

As follows from Table 6, the production up to each period t is limited by the number of units 

that have been ordered up to period t. As an example, the maximum production in the first period 

equals 11 units. No more units can be produced, because no more units have been ordered. At the end 

of period two, in total 11+4 units are expected to be ordered. Consequently, the maximum production 

for period 1 and 2 together is 15 units. To capture this mathematically, 𝐴(𝑡) is defined as the maximum 

production and equals the demand ordered on the previous day. Next, �̃�(𝑡) is defined as the cumulative 

maximum production and is calculated with �̃�(𝑡) = ∑ 𝐴(𝑡′)𝑡
𝑡′=1 . In the example in Table 6, the 

cumulative maximum production at the end of period t =3 equals �̃�(3) = 𝑄 + 𝐹1 + 𝐹2 = 11 + 4 +

6 = 21. A visualization of the available production range is provided in Figure 6. 

 

Table 6 Overview demand example step 2 

 

 

 

 

 

 

 

Figure 6 Visualization of production range with �̃�(𝒕) for situation 2 

 
 

5.2.3 STEP 3: Minimum capacity  

The model in the previous step assumed that all demand is subject to the same due date. However, it is 

likely that different lead times and due dates exist for different orders. Therefore, 𝑄 becomes ∑ 𝑄𝑑
𝑇
𝑑=1 . 

In which 𝑄𝑑 is the demand in number of units that has been ordered. This demand has a lead time of 𝑑 

periods after arrival. The demand that is forecasted in set 𝑚 is also subject to one or multiple due dates. 

Therefore, the forecast 𝐹𝑡 is from now on given by 𝐹𝑡,𝑑. 𝑡 Represents the period the order is placed by 

the customer and 𝑑 provides the lead time in number of periods after the order arrived. Table 7 shows 

an example in which 𝑄𝑑 and 𝐹𝑡,𝑑 are provided for a planning period of T = 3.  

Period 0 1 2 3 

𝑄  11 - - - 

𝐹𝑡  - 4 6 - 

𝐴(𝑡)  - 11 4 6 

�̃�(𝑡)  - 11 15 21 

�̃�(𝑡) 
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Next, when all demand with the same due date is aggregated, a minimum production (that has 

to be finished on this date) is obtained. This minimum production is defined as 𝐷(𝑡). Using the example 

in Table 7, the minimum production for t = 1 is provided by 𝐷(1) = 𝑄1 = 2. A more sophisticated 

example is the minimum production for period 3: 𝐷(3) = 𝐹2,1 + 𝐹1,2 + 𝑄3 = 6 + 1 + 8 = 15. 

However, planning horizon T consists of multiple periods. Therefore, �̃�(𝑡) is defined as the cumulative 

minimum production up to period t. In the example in Table 7, the cumulative minimum production for 

�̃�(3) = 𝐷(1) + 𝐷(2) + 𝐷(3) = 2 + 4 + 15 = 21. Figure 7 provides a visualization of the newly 

obtained production range of all demand as provided in Table 7.  

 

Table 7 Overview demand step 3 

Day 

Lead time 

t = 0 t = 1 t = 2 t = 3 

d = 1 𝑄1 = 2 𝐹1,1 = 3 𝐹2,1 = 6 - 

d = 2 𝑄2 = 1 𝐹1,2 = 1 - - 

d = 3 𝑄3 = 8 - - - 

     

𝐷(𝑡) - 2 4 15 

�̃�(𝑡) - 2 6 21 

𝐴(𝑡)  11 4 6 

�̃�(𝑡)  11 15 21 

 

Explanation of example: 

 Three different lead times exist for this example; 1, 2 and 3 periods after the order has arrived. 

 𝑄1 = 2,  𝑄2 = 1,  𝑄3 = 8 are the number of units that already have been ordered by the 

customer. These orders arrived on 𝑡 ≤ 0. Since a MTO environment is considered, these are 

the only orders that can actually be processed at this moment.  

 A forecast on t = 1 of 𝐹1,2 = 1 indicates that it is expected that in period t = 1, all incoming 

demand with a lead time of 2 periods equals 1 unit. This order has to be finished at the end of 

period t = 1+2 = 3. 

 

Figure 7 Production range for production with �̃�(𝒕) & �̃�(𝒕) based on example in Table 7 

 

�̃�(𝑡) 

�̃�(𝑡) 
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5.2.3.1 Constraint 

This section provides a constraint that guarantees that the production stays within the production range. 

Therefore, 𝑛𝑡  is defined as the production in number of units in period t and �̃�𝑡  is the cumulative 

production until period t (�̃�𝑡 = ∑  𝑛𝑡′
𝑡
𝑡′=1 ). It follows from Figure 7 that �̃�𝑡  can adopt any value when 

the following equation is met;  

 

 

�̃�(𝑡) ≤ �̃�𝑡 ≤ �̃�(𝑡), 𝑓𝑜𝑟 ⩝ 𝑡     (2) 

 

5.2.4 STEP 4: Rolling horizon 

In step 1 up to 3, an example is provided that explains the production range for a planning horizon of T 

= 3 periods. It was assumed that �̃�(3) = �̃�(3). This meant that all orders had due dates up to period t 

= 3. However, the assumption that �̃�(𝑇) = �̃�(𝑇) is not expected to hold for an industrial situation. It 

is very likely that in the example in step 3, forecasts such as  𝐹1,3 > 0, 𝐹2,2 > 0 or 𝐹4,𝑑 > 0 also exist. 

Then �̃�(𝑇) ≠ �̃�(𝑇), but �̃�(𝑇) ≤ �̃�(𝑇). Adding these forecasts extends the problem to a rolling 

horizon decision problem.  

In a rolling horizon decision problem the planner makes a decision for the entire planning 

horizon T in the first period. The central question in a rolling horizon problem is the number of periods 

that should be taken into account in order to make an optimal decision in the first period (Sethi & 

Sorger, 1991). To investigate the effect of the length of the planning horizon, the data in Table 7 is 

extended in Table 8. In Table 8, extra forecasts are added and the available production range is 

visualized in Figure 8. The next subsection discusses the length of the planning horizon.  

5.2.4.1 Length of planning horizon T  

This section discusses the length of the planning horizon T. To determine an appropriate planning 

horizon T, the example in Table 8 is used. In the example the planning horizon is still set to T = 3. The 

production range for constraint (2) is visualized by the gray area in Table 8 and Figure 9. As can be seen, 

different greyscales have been used for different cells in the Table. Cells that are colored dark gray have 

a due date smaller or equal to period t = 3. Light grew colored cells have a due date that is beyond the 

current planning horizon. This demand can be produced before the end of period t = 3, but does not 

have to be, because constraint (2) is satisfied once the demand in the dark cells is produced. 

Consequently, it will depend on the presence of other cost components in an optimization model 

whether this part will be produced or postponed. Postponing this demand, especially if it is relatively 

large, might cause an (unnecessary) increase in the throughput time. This potential effect is simply 

captured by replacing constraint (2) with the constraints provided in (3) and (4).  

 

 

�̃�(𝑡) ≤ �̃�𝑡 ≤ �̃�(𝑡), 𝑓𝑜𝑟 𝑡 = {1,… , 𝑇 − 1}    (3)      
 

�̃�𝑇 ≥ �̃�(𝑇)     (4) 
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These constraints ensure that, at the end of the planning horizon, all possible demand has to be 

produced.  

Ideally a planner would make a planning for 𝑇 → ∞. In this situation, the effect of choosing one 

of the extreme situations (constraint 2 vs. constraint 3&4) would be negligible. However, making a 

planning for 𝑇 → ∞ requires a forecast of 𝐹𝑡 → ∞. In general, this forecast is not available and a 

planner has to choose between one of the two extreme situations. For now, we choose to continue with 

constrain (3) and (4), since it is expected that the average throughput time of a model with these 

constraints is shorter. However, a case study should reveal which scenario performs best. 

 
 
Table 8 Overview demand step 4 

  Day 

Lead time              

t = 0 t = 1 t = 2 t = 3 t = 4 t = 5 

d = 1 𝑄0,1 = 2 𝐹1,1 = 3 𝐹2,1 = 6 𝐹3,1 = 3 𝐹4,1 = 0 - 

d = 2 𝑄0,2 = 1 𝐹1,2 = 1 𝐹2,2 = 0 𝐹3,2 = 2 𝐹4,2 = 1 - 

d = 3 𝑄0,3 = 8 𝐹1,3 = 2 𝐹2,3 = 2 𝐹3,3 = 1 𝐹4,3 = 1 - 

       

𝐷(𝑡) - 2 4 15 5 4 

�̃�(𝑡) - 2 6 21 26 30 

𝐴(𝑡)  11 6 8 6 2 

�̃�(𝑡)  11 17 25 31 33 

 

 

Figure 8 Production range rolling horizon Figure 9 Production range min & 

max production at t = T 

  
�̃�(𝑡) 

 

�̃�(𝑡) 

 

�̃�(𝑡) 

 

�̃�(𝑡) 

 
�̃�(𝑡) 
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5.2.5 Constraints 

Section 5.2.3.1 introduced constraint (2) that restricts the production to stay within the allowed 

production range. Afterwards section 5.2.4.1 elaborated on this constraint and proposed it in a different 

form. However both sections did not provide formulations to calculate them. Therefore, this section 

develops a more detailed constraint for the allowed production range. This is done in three parts. In part 

1 a constraint is developed to ensure all orders are finished before their due date. In part 2 a constraint is 

developed to ensure that all demand is processed after the customer’s order has been received. In part 3 

the constraints developed in part 1 & 2 are combined.  

 

1. Consider as an example the planning period of t = 4. The minimum demand that (at least) has 

to be finished at the end of t = 4:  

 

∑ 𝑛𝑡′

𝑡=4

𝑡′=1

≥ �̃�(4) 

= 

∑ 𝑛𝑡′

𝑡=4

𝑡′=1

≥ ∑ 𝑄𝑑

4

𝑑=1
+ ∑ 𝐹𝑡′,1

4−1

𝑡′=1
+ ∑ 𝐹𝑡′,2

4−2

𝑡′=1
+ ∑ 𝐹𝑡′,3

4−3

𝑡′=1
  

= 

∑ 𝑛𝑡′

4

𝑡′=1

≥ ∑ 𝑄𝑑

4

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

4−𝑑

𝑡′=1

3

𝑑=1
 

 

The following constraint generalizes the previous to a constraint for ⩝ 𝑡: 

 

𝑓𝑜𝑟 ⩝ 𝑡 ≥ 1:     ∑ 𝑛𝑡′

𝑡

𝑡′=1

 ≥  ∑ 𝑄𝑑

𝑡

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

𝑡−𝑑

𝑡′=1

𝑡−1

𝑑=1
     (5) 

  

2. No demand can be processed as inventory: consider again the planning period t = 4, then at the 

end of t = 4 the maximum production is determined as follows:  

 

∑ 𝑛𝑡′

𝑡=4

𝑡′=1

≤ �̃�(4) 

 

∑ 𝑛𝑡′

4

𝑡′=1

≤ ∑ 𝑄𝑑

4

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

3

𝑡′=1
 

 

However, this should not only hold for t = 4, but for all periods. The following constraint 

therefore restricts that for all periods no demand is planned before it is ordered by the 

customer: 
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𝑓𝑜𝑟 ⩝ 𝑡 ≥ 1: ∑ 𝑛𝑡′

4

𝑡′=1

≤ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑡−1

𝑡′=1
     (6) 

 

 

3. Combing restriction (5) and (6) with (3) and (4) results in constraint (7) and (8): 

 

  

∑ 𝑄𝑑

𝑡

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

𝑡−𝑑

𝑡′=1

𝑡−1

𝑑=1
≤ �̃�𝑡 ≤ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑡−1

𝑡′=1
  

 

𝑓𝑜𝑟 𝑡 = {1,… , 𝑇 − 1}    (7) 

 

 

�̃�𝑇 ≥ ∑ 𝑄𝑑

∞

𝑑=0
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑇−1

𝑡′=1
,    𝑓𝑜𝑟 𝑡 = 𝑇     (8) 

 

5.3 Backorders and overcapacity 

The previous section provided insights in the definition and formulations of the production range. This 

to ensure that no products can be produced to stock and all demand is processed before its due date. 

However, situations are imaginable in which it is impossible or very costly to produce all production 

within the allowed production range (i.e. satisfy �̃�(𝑡) ≤ �̃�𝑡 ≤ �̃�(𝑡), 𝑓𝑜𝑟 𝑡 = {𝑡, … , 𝑇 − 1) and 

�̃�𝑇 ≥ �̃�(𝑇)). For example assume that 𝑄1 is excessively high and the forecast 𝐹1,𝑑 is close to zero. In 

this situation it might be interesting to consider the option of back orders. However, the violation of the 

restriction �̃�(𝑡) ≤ �̃�𝑡 ≤ �̃�(𝑡) should be minimized. According to Janssen (2015), a violation is often 

modeled in literature with penalty costs in the objective function. Therefore, every delayed product 

(�̃�𝑡 ≤ �̃�(𝑡)) for any period 𝑡 = {1,… , 𝑇 − 1} is considered to be a back order. Each back order in 

period t (𝐵𝑂𝑡) is penalized with penalty costs 𝐶𝐵𝑂. The number of back orders in period t equals 

𝐵𝑂𝑡 = (�̃�(𝑡) − �̃�𝑡)
+. Period 𝑡 = 𝑇 is an exception, since the demand is modeled such that all 

possible demand is finished. For this period, the number of backorders is equal to 𝐵𝑂𝑇 =

(�̃�(𝑇) − �̃�𝑇)
+.  

Next, if  𝐵𝑂𝑡 = (�̃�(𝑡) − �̃�𝑡)
+ provides the back orders, then 𝐼𝑂𝑡 = (�̃�(𝑡) − �̃�𝑡)

+ provides 

the ‘overcapacity’. Overcapacity occurs when production exceeds demand. It is taken into account, but 

should also be minimized. As a result, 𝐼𝑂𝑡 represents this ‘overcapacity’ in number of units and is 

penalized with cost 𝐶𝐼𝑂 per unit per period.  

 

5.4 Mathematical formulation optimization model 

Now the most complex constraint(s) have been clarified, this section provides the optimization model to 

solve the problem as provided in the problem statement. The optimization model determines the 
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minimal total cost (𝑇𝐶) for a planning horizon of 𝑡 = {1,… , 𝑇} periods by considering a trade-off 

between the following three cost components: 

 

(1) The salary costs of the employees deployed each period. The employees are provided in vector 

𝑠𝑡⃗⃗  ⃗ = {𝑠𝑡=1, … , 𝑠𝑡=𝑇}. Then, the employees work for a fixed number of hours each period (𝐿) 

and receive a salary of 𝐶𝑠 per hour. Consequently, the salary cost in period t is given by 𝐶𝑠𝑠𝑡𝐿. 

(2) The backorder costs which is a multiplication of the number of backorders (𝐵𝑂𝑡) in each period 

with the backorder costs (𝐶𝐵𝑂). 

(3) The overcapacity costs which is a multiplication of the number of units overcapacity (𝐼𝑂𝑡) in 

each period with the overcapacity costs (𝐶𝐼𝑂). 

 

In addition to the previous cost components, the optimization problem is subject to constraints that 

follows from section 5.2 and 5.3. Combining both results in equations 9 up to 15 which provides the 

optimization problem. All notations have been derived in previous sections, but for clearness, Table 9 

provides a detailed explanation of each equation and its subparts.   

 

𝑚𝑖𝑛⏟
𝑠𝑡⃗⃗  ⃗

𝑇𝐶 = ∑ {𝐶𝑠𝑠𝑡𝐿 + 𝐶𝐵𝑂𝐵𝑂𝑡 + 𝐶𝐼𝑂𝐼𝑂𝑡}
𝑇

𝑡=1
     (9) 

 

Subject to: 

 

𝑛𝑡 = 𝑠𝑡 ∗ 𝑃(𝑠𝑡) ∗ 𝐿     (10) 

 

𝑓𝑜𝑟 ⩝ 𝑡 ≥ 1     𝐼𝑂𝑡 = [∑ 𝑛𝑡′

𝑡

𝑡′=1

− ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑡−1

𝑡′=1
]

+

      (11) 

 

𝑓𝑜𝑟 𝑡 = {1,… , 𝑇 − 1}     𝐵𝑂𝑡 = [∑ 𝑄𝑑

𝑡

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

𝑡−𝑑

𝑡′=1

𝑡−1

𝑑=1
− ∑ 𝑛𝑡′

𝑡

𝑡′=1

]

+

     (12) 

 

𝑓𝑜𝑟 𝑡 = 𝑇     𝐵𝑂𝑡=𝑇 = [∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡,𝑑

∞

𝑑=1

𝑇−1

𝑡=1
− ∑𝑛𝑡

𝑇

𝑡=1

]

+

      (13) 

 

  𝑠𝑡 ∈ ℕ0, 𝑓𝑜𝑟 ⩝ 𝑡     (14) 

 

 𝑛𝑡 , 𝑠𝑡, 𝐵𝑂𝑡, 𝐼𝑂𝑡 ≥ 0, 𝑓𝑜𝑟 ⩝ 𝑡     (15) 
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Table 9 Explanation of optimization model 

Equation Subpart Explanation 

[𝑋]+   Mathematical formulation to denote the maximum of X and 0 

(9) 𝑚𝑖𝑛⏟
𝑠𝑡⃗⃗  ⃗

𝑇𝐶  The objective is to minimize the total workforce costs for planning horizon 

𝑡 = {1,… , 𝑇} by vary all {𝑠𝑡=1, … , 𝑠𝑡=𝑇} in vector 𝑠𝑡⃗⃗  ⃗. 

 𝐶𝑠𝑠𝑡𝐿  Salary cost for 𝑠𝑡 number of employees working for 𝐿 hours with a payment 

of 𝐶𝑠 per hour. 

 𝐶𝐵𝑂𝐵𝑂𝑡  Cost of one backorder (𝐶𝐵𝑂) multiplied with number of back orders in 

period t (𝐵𝑂𝑡). 

 𝐶𝐼𝑂𝐼𝑂𝑡  Cost of overproduction (𝐶𝐼𝑂) multiplied with overcapacity in number of 

units in period t (𝐼𝑂𝑡). 

(10) 𝑛𝑡   Total production in number of units in period t (𝑛𝑡). 

 𝑠𝑡 ∗ 𝑃(𝑠𝑡) ∗ 𝐿  Number of employees working in period t (𝑠𝑡) multiplied with the effective 

production rate in period t when 𝑠𝑡 employees are working (𝑃(𝑠𝑡)). This 

is then multiplied with the length of one shift in hours (𝐿) and should equal 

𝑛𝑡. 

(11) 𝐼𝑂𝑡  Overcapacity in period t in number of production units 

 ∑ 𝑛𝑡′
𝑡
𝑡′=1   Summation of all production up to the end of period t (�̃�𝑡) 

 ∑ 𝑄𝑑
∞
𝑑=1   Summation of all demand that is ordered at the end of period t = 0 

 ∑ ∑ 𝐹𝑡′,𝑑
∞
𝑑=1

𝑡−1
𝑡′=1   Summation of all forecasted demand up to the end of period t 

(12) 𝐵𝑂𝑡  Number of backorders at the end of period t  

 ∑ 𝑄𝑑
𝑡
𝑑=1   Summation of demand that is known at the end of period t = 0 which has a 

due date up to period t = d. 

 ∑ ∑ 𝐹𝑡′,𝑑
𝑡−𝑑
𝑡′=1

𝑡
𝑑=1   Summation of all forecasted demand that has a due date up to period t.  

(13) 𝐵𝑂𝑡=𝑇  We require the model to finish all orders possible within the planning 

horizon T (see section 5.4.2.1).  

 

5.5 Solving method optimization model 

This section discusses a method to solve the model developed in the previous section. The main 

requirement of this solution method is that it should provide good results with little computational 

effort. The computational difficulty of the optimization model is the result of the non-linear objective 

function and integer number of employees to deploy each period. This objective function is non-linear, 

because of the assumption that the production rate per employee is dependent on the team size.  

In contrast to this research, traditional literature assumes a constant production rate. Most of 

these models are then solved with linear programming or, for example, a quadratic cost function. 

Assuming a constant production rate in the optimization model developed in this study would also result 

in a model that can be solved (directly) with linear programming (LP).  

Several algorithms are available in literature to solve non-linear problems. Popular examples are 

the Generalized Reduced Gradient (GRG) or an Evolutionary algorithm. However, the problem with 
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these algorithms is that they cannot determine whether a given solution is optimal. Moreover, the 

computational effort vastly increases when the methods try to improve the solution.  

 Lin et al. (2013) mentioned that the conversion of a nonlinear programming problem into a 

linear programming problem with piecewise linearization is a widely applied method to capture non-

linearity. Piecewise linearization is close to linear programming and when the convexity of the objective 

function is assured, the program can also be formulated as an expanded LP problem (Premoli, 1986). 

This method would ensure that a global- instead of a local optimum is found. As a result, this research 

suggests to approach the non-linear problem with piece-wise linearization and solve the problem 

afterwards as a LP problem.  

The basic idea of piecewise linear programming is to approximation a nonlinear function with 

multiple linear functions; consider 𝑓(𝑥) as a nonlinear function of variable x. Variable x is valid within 

the interval of [𝑎0, … , 𝑎𝑚]. Next, 𝑎𝑘 (𝑘 = 0,1, … ,𝑚) are defined as the breakpoints of the function 

𝑓(𝑥). The nonlinear function 𝑓(𝑥) is approximated with 𝐿(𝑓(𝑥)), which is the summation of all linear 

functions between the breakpoints. Figure 10 provides a visualization of this. A detailed explanation of 

piecewise linearization is provided in appendix D. 

 

Figure 10 Piece-wise linearization of nonlinear function f(x), taken from (Lin et al., 2013) 

 
 

 

5.6 Conclusions 

The optimization model developed in this chapter optimizes the workforce and production planning 

over a horizon of t = T periods. The model therefore finds the optimal trade-off between (a distribution 

of) the number of employees needed, backorders and overcapacity. Moreover, this chapter suggested 

piecewise linearization of the non-linear problem to be able to solve the optimization problem as an LP 

problem. In addition, the following list provides an overview of environmental characteristics for which 

the model developed in this chapter is best applicable: 

 

1. A workforce planning is made in period t = 0 for a planning of 𝑡 = {1,… , 𝑇}. 

2. The production rate can be constant, but a unique feature of this model is the ability to include a 

variable production rate which is dependent on the number of employees working 

simultaneously. 

3. The (variable) workforce of 𝑠𝑡 employees works for a fixed duration 𝐿 hours in period t.  
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o No startup costs are taken into account regarding the employability of new or flex 

workers. This is expected to hold for a production that is characterized by simple tasks. More 

complex tasks would require startup costs for new employees.  

4. The production consists of one type of product.  

5. The production is Make-To-Order.  

6. After arrival, demand is labelled with a due date. 

7. Forecasts are available and considered to be deterministic.  

 

However, this chapter also indicated that not all parameters are clear. Firstly, it is not clear what an 

appropriate length of the planning horizon T would be. It is expected that a larger planning horizon 

provides better results, but this is accompanied with extra computation time. Secondly, two options for 

the minimum total production are provided in section 5.2.4.1. As mentioned, a case study should reveal 

the effects of both suggestions.   
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CHAPTER 6 | Case study 
 

 

This chapter provides a case study in which the model and solution method developed in chapter 5 will 

be validated. Additionally, the advantages of the use of the model are revealed and multiple simulations 

will serve as a basis to develop a Decision Support System (DSS). The following input criteria are 

investigated to satisfy these goals: 

 

- The impact of different forecasts on the cost saving potential. 

- The appropriate length of the planning horizon T. 

- The impact of different constraints regarding the minimum demand for period t = T.  

 

Time limitations restricted this research to only perform an extensive case study on the T.O. assembly 

line. The T.O. assembly line has been chosen instead of the Car Wash because the planning of the T.O. 

assembly line can be made independent of other processes. This assumption is not always valid for the 

Car Wash. Consequently, the optimization model is expected to be most valuable for the planning of the 

T.O. assembly line. 

The remainder of this chapter is structured as follows: section 6.1 discusses the dataset and the 

preparations on the dataset to perform the case study. This is followed by the assumptions. These 

assumptions are an addition to the assumptions mentioned in section 5.1.1. Next, section 6.3 provides a 

customization of the optimization model developed in chapter 5 to C.RO’s preferences. This 

customization is accompanied with a new problem that is discussed and solved in section 6.3.1 up to 

6.3.4. After the optimization model is provided, section 6.4 discusses the case study verification. After 

the verification, section 6.5 provides an overview of the scenarios that are simulated to investigate the 

criteria mentioned in this introduction. Then in section 6.6 the results of the simulations are discussed, 

followed by the conclusions in section 6.7. 

  

6.1 Data preparation 

This section discusses the characteristics of the dataset used for the simulation. The first subsection 

provides general information about the input data. The second paragraph explains other data 

transformations that have been applied to perform a simulation. In the final subsection, the production 

rate function of the T.O. assembly line is determined.  

 

6.1.1 Data set 

The dataset used for the case study contains demand data of the PDI from the period 01-01-2015 up to 

31-12-2015, which are 259 working days. This period of simulation coincides with the period of the 

developed forecast in chapter 4. The dataset is based on the following input data: 

 

𝑄𝑡,𝑑 = daily demand ordered by customer in period t with a lead time of ‘d’ days 

𝐹𝑡,𝑑 = daily forecast of period t and a lead time of ‘d’ after arrival (developed in chapter 4)  

 

All other required data points can be calculated using this data.  
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6.1.2 Contractual agreements  

This section shortly provides the contractual agreements that C.RO has with its clients that influences 

the demand data. The dataset contains the daily demand in number of cars that have to receive a PDI. 

Most demand has a contractual lead time of 2 days. However, different contractual agreements have 

been made for large orders. All demand exceeding 125 cars is labelled with a maximum lead time of 3 

days instead of 2 days.  

 

6.1.3 Determination of product functions 

Figure 4 in chapter 3 provided the observed production rates in relation to the number of employees 

working together over the period 01-09-2015 up to 31-12-2015 for the T.O. assembly line. In order to 

apply PLP, the production rate function per employee has to be approximated using linearization. The 

results of this linearization are provided in Table 10 and Figure 11. Additionally, the cumulative 

production is provided in Table 10, given that the number of hours to work in one period equals 8 

hours.  

 

Table 10 Effective production rate per employee at T.O. assembly line 

Number of employees 

(𝑠)  

Effective production 

rate 𝑃(𝑠) 

Production per day (𝑛𝑡) 
1 

Gradient2 

1 2,011 16,1 16,1 

2 1,864 29,8 13,7 

3 1,733 41,6 11,8 

4 1,617 51,8 10,2 

5 1,517 60,7 8,9 

6 1,432 68,8 8,1 

7 1,363 76,4 7,6 

8 1,33 85,1 8,8 

9 1,30 93,6 8,5 

10 1,28 102,4 8,8 

11 1,26 110,9 8,5 

12 1,25 120,0 9,1 

13 1,24 129,0 9,0 
 

1 𝑛𝑡 = 𝑠𝑡 ∗ 𝑃(𝑠𝑡) ∗ 𝐿,      𝑤𝑖𝑡ℎ 𝐿 = 8 ℎ𝑜𝑢𝑟𝑠  

2 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
(𝑛𝑡(𝑠+1)−𝑛𝑡(𝑠))

(𝑠+1)−𝑠
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Figure 11 Production rates in relation to team size for T.O. assembly line 

 
 

 

6.2 Assumptions for case study 

The model’s assumptions have been provided in section 5.1.1. The following assumptions are added to 

this list for modeling the T.O. assembly line: 

 

- All demand is processed within the maximum lead time. For orders smaller than 125 cars this is 

2 days, for orders larger than 125 car the lead time is 3 days. 

- (𝑠𝑡) employees work in period t for an entire shift of 8 hours (𝐿 = 8) at the same job. 

- The planning and production of the T.O. assembly line is independent of other jobs at C.RO.  

- The number of employees working each period (𝑠𝑡) is an integer value on the interval 

{0,1,…,13}. A maximum of 13 exists, because 13 people can work at the T.O. assembly line 

simultaneously.  

- No demand data is available for ‘Rentals’. Therefore these cars are not included in the model.  

- The non-linear daily production is approximated with breakpoints and linearization as provided 

in Table 10. 

- The skills required to perform a PDI are always available. 

 

6.3 Customization of optimization model for C.RO Automotive 

In this section, the optimization model developed in chapter 5 is customized for the T.O. assembly line 

of C.RO Automotive. This customized version is developed, because C.RO indicated that they do not 

consider (planned) backorders an option; they made agreements with their clients about a daily 
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maximum demand. All demand below this limit has to be finished within the lead time. Orders 

exceeding this limit will be labelled with a lead time which is one day longer than the standard lead time. 

Furthermore, C.RO indicated that (planned) overcapacity is also not a preferred. Switching employees 

for a short period of time is relatively costly and would require extra attention from the planner. 

Consequently, it is strongly preferred to plan 𝑠𝑡 ∈ ℕ0 to work for an entire shift.  

Excluding backorders and overcapacity from the optimization model results in an optimization 

model that minimizes the workforce salary costs. This optimization model is equal to a more simplistic 

model that optimizes the number of employees within the planning horizon. 

The constraints that addressed backorders and overcapacity costs will be replaced with the 

constraints (7) and (8) that restricts the production levels to be within the allowed production range. 

However, this is not without consequences for the usability of the optimization model. The first 

subsection explains in detail what problem occurs. Next, subsection 6.3.2 ‘re-introduces’ overcapacity 

in a somewhat different manner to overcome the problem. Finally, section 6.3.4 discusses the 

application of the model is MS Excel.  

 

6.3.1 Problem indication 

In this section it is explained why it is not always possible to satisfy the constraint that the daily 

production is within the allowed production range; i.e. 𝐷(𝑡) ≤ 𝑛𝑡 ≤ 𝐴(𝑡) is not satisfied. It is 

assumed that that 𝑠𝑡 integer employees have to work for a fixed duration of 𝐿 hours. The daily production 

is then calculated with: 𝑛𝑡 = 𝐿 ∗ 𝑠𝑡 ∗ 𝑃(𝑠𝑡). Since 𝑠𝑡 is assumed to be an integer value and 𝐿 is also a 

fixed parameter, 𝑛𝑡  is a non-continuous function; 𝑛𝑡  consists of a set of daily production levels. 

Consequently it is possible that no value of 𝑛𝑡  exists that satisfies 𝐷(𝑡) ≤ 𝑛𝑡 ≤ 𝐴(𝑡). An example of 

this is visualized in Figure 12. 

 

Figure 12 Situation in which 𝑫(𝒕) ≤ 𝒏𝒕 ≤ 𝑨(𝒕) cannot be satisfied 

 
 

As can be seen in Figure 12, no value of 𝑛𝑡  exists that satisfies 𝐷(𝑡) ≤ 𝑛𝑡 ≤ 𝐴(𝑡). It was mentioned 

that this results from the assumption that 𝑠𝑡 employees is an integer value. Relaxing this assumption and 

rounding a solution afterwards could solve the problem. However, a solution that will be obtained using 

this technique is not preferred, because it can lead to a suboptimal solution and to the unnecessarily 

𝐴(𝑡) 

 

𝐷(𝑡) 

 
𝑛𝑡 
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violation of the allowed production range. Therefore this research proposes another solution method 

which will be provided in section 6.3.2. 

6.3.1.1 Periods of interest 

The problem explained in the previous section does not apply to each period in the planning horizon. In 

each first period (t = 1) of the planning horizon 𝑡 = {1,… , 𝑇}, (part of) demand 𝑄𝑑 is processed. For 

this period, the problem explained in section 6.3.1 does apply. When demand 𝑄𝑑 is either relatively 

small or most of the demand 𝑄𝑑 has a lead time of 1 day, the probability of a situation as provided in 

Figure 12 increases. In contrary to this, an investigation into all forecasts for the T.O. assembly line 

revealed that the smallest forecast on a single day in 2016 is 13,9 units and the second lowest forecasts is 

16,8 units. All these forecasts have a maximum lead time of 2 days. Moreover, the fourth column in 

Table 10 shows that the largest difference between two production levels is 16,1. Combining these 

observations results in the fact that a production level with 𝑠𝑡 ∈ ℕ0 ánd within the allowed production 

range exists for the planning of periods 𝑡 > 1. Thus in a planning horizon of 𝑡 = {1,… , 𝑇}, a situation 

as provided in Figure 12 cannot occur for planning periods of 𝑡 > 1. 

 

6.3.2 Overcapacity 

The previous section showed that the assumption 𝑠𝑡 ∈ ℕ0 for each first period in the planning horizon 

might result in a situation for which no production level exists that is within the allowed production 

range. For these periods, the optimization model cannot be solved. To overcome this, we ‘re-introduce’ 

overcapacity. Overcapacity is still not preferred and therefore we only allow it when an optimization 

model cannot find a solution otherwise. Backorders are still not allowed due to the reasons mentioned in 

the beginning of this chapter.  

The addition of overcapacity to the model is done as follows: 𝑛𝑡  still provides the total 

production 𝑠𝑡 employees could produce in given length of time (𝑛𝑡 = 𝐿 ∗ 𝑠𝑡 ∗ 𝑃(𝑠𝑡)). However, a 

difference might exist in what a team could produce (𝑛𝑡) and the maximum demand that can be produced in 

a period (𝐴(𝑡)). Therefore, 𝑛𝑡  is the summation of the (actual) production in period t, which is 

provided by ℎ𝑡, ánd overcapacity, which is provided by 𝐼𝑂𝑡. Thus 𝑛𝑡 = ℎ𝑡 + 𝐼𝑂𝑡. For clarification; 𝑛𝑡  

provides the production that 𝑠𝑡 employees could produce in period t and ℎ𝑡  presents the actual 

production in number of units in period t (ℎ𝑡 = 𝑛𝑡 − 𝐼𝑂𝑡). Additionally ℎ̃𝑡  provides the cumulative of 

ℎ𝑡. 

 As an example, an optimization model would not have been able to find a solution in case as 

provided in Figure 12 without the addition of overcapacity. Therefore overcapacity will be planned in 

this period. From the figure it follows that 𝑛𝑡(4) = 51,8 𝑢𝑛𝑖𝑡𝑠 and 𝐴(𝑡) = 50 𝑢𝑛𝑖𝑡𝑠. 

Consequently, the actual production for this period will be ℎ𝑡 = 50 and the overcapacity equals 

𝐼𝑂𝑡 = 𝑛𝑡 − ℎ𝑡 = 51,8 − 50 = 1,8 𝑢𝑛𝑖𝑡𝑠.  

 

Data transformation algorithm 

This subsection explains the addition of overcapacity to the demand data of our model in order to 

smoothly run a simulation, i.e. that an optimization model is always able to find a solution. As a 

baseline, 𝐼𝑂𝑡 = 0 and 𝑛𝑡 = ℎ𝑡. However, when no value of ℎ𝑡  exists that meets the constraint 

𝐷(𝑡) ≤ ℎ𝑡 ≤ 𝐴(𝑡) and 𝐼𝑂𝑡 = 0, 𝐴(𝑡) will be increased with planned overcapacity (𝐼𝑂𝑡) such that 
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the constraint can be fulfilled. Note; (ℎ𝑡 + 𝐼𝑂𝑡) ≤ 𝐴(𝑡) is equal to ℎ𝑡 ≤ (𝐴(𝑡) + 𝐼𝑂𝑡). 

Mathematically the replacement of 𝐴(𝑡) yields: 𝑛𝑡(𝑠) < 𝐴(𝑡) < 𝑛𝑡(𝑠 + 1), 𝐴(𝑡) → 𝑛𝑡(𝑠 + 1). 

The amount of overcapacity is then provided by: 𝐼𝑂𝑡 = 𝑛𝑡(𝑠 + 1) − 𝐴(𝑡) and ℎ𝑡 = 𝐴(𝑡). A 

visualization of this approach is provided in Figure 13. As can be seen in this figure, an optimization 

model will be able to find a solution that meets all constraints in the new situation.  

 

Figure 13 Planned overcapacity 

 
 
 

6.3.3 Two-step approach to solve workforce planning  

In summary, section 6.1.1. up to 6.1.3. excluded backorder and overcapacity costs, since these cases do 

not apply to C.RO. Afterwards it was explained that situations might occur in which no production level 

exists within the allowed production range. Overcapacity was ‘re-introduced’ to overcome this. 

However, one more point of investigation is left that results from this customizations of the model. That 

is, solving the model for minimizing the number of employees in planning horizon T can converge to 

multiple solutions that all meet the constraints ánd have an equal number of employees �̃�𝑡 working over 

horizon T. The difference between the solutions can be found in different distributions of the employees 

over the planning horizon. These different distributions of employees over the planning horizon can 

result in different total production levels (ℎ̃𝑇) due to the assumption of a production rate per employee 

that is dependent on the team size. Redistribution of the employees such that a higher total production is 

obtained results in savings of the workforce costs, since the average daily production rate per employee 

increases. Therefore, a second ‘solver’ is programmed that maximizes the total production (𝑚𝑎𝑥. ℎ̃𝑇), 

given the optimal number of employees as calculated by the first optimization model while other 

constraints remain the same.  

  The resulting two optimization models are provided in ‘minimization model 1’ and 

‘maximization model 2’. As can be seen, the first model minimizes the total number of employees 

subject to several constraints. Afterwards, given that 𝑠𝑚𝑖𝑛 is the minimal number of employees needed 

to satisfy the constraints, model 2 maximizes the total production of these employees such that the 

highest efficiency is obtained. The second model is subject to the same constraints as the first model. 
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Minimization model 1: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maximization model 2: 

 

 

 

 

 

 

 

 

 

 

 

 

  

min �̃�𝑇 = ∑ 𝑠𝑡

𝑇

𝑡=1
     (16) 

𝐿 ∗ 𝑠𝑡 ∗ 𝑃(𝑠𝑡) = ℎ𝑡 + 𝐼𝑂𝑡      (17) 

∑ 𝑄𝑑

𝑡

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

𝑡−𝑑

𝑡′=1

𝑡

𝑑=1
≤ ℎ̃𝑡 ≤ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑡−1

𝑡′=1
 

𝑓𝑜𝑟 𝑡 = {1, … , 𝑇 − 1}    (18) 

ℎ̃𝑇 ≥ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡,𝑑

∞

𝑑=1

𝑇−1

𝑡=1
    (19) 

ℎ̃𝑡 = ∑ ℎ𝑡′

𝑡

𝑡′=1
     (20) 

  𝑠𝑡  ∈ ℕ0, 𝑓𝑜𝑟 ⩝ 𝑡     (21) 

 𝐼𝑂𝑡 , ℎ𝑡 , 𝑠𝑡 ≥ 0, 𝑓𝑜𝑟 ⩝ 𝑡    (22) 

S.t. 

 

 

 

 

 

 

 

max ℎ̃𝑇 = ∑ ℎ𝑡

𝑇

𝑡=1
     (23) 

𝐿 ∗ 𝑠𝑡 ∗ 𝑃(𝑠𝑡) = ℎ𝑡 + 𝐼𝑂𝑡      (24) 

∑ 𝑄𝑑

𝑡

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

𝑡−𝑑

𝑡′=1

𝑡

𝑑=1
≤ ℎ̃𝑡 ≤ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡′,𝑑

∞

𝑑=1

𝑡−1

𝑡′=1
 

𝑓𝑜𝑟 𝑡 = {1, … , 𝑇 − 1}    (25) 

ℎ̃𝑇 ≥ ∑ 𝑄𝑑

∞

𝑑=1
+ ∑ ∑ 𝐹𝑡,𝑑

∞

𝑑=1

𝑇−1

𝑡=1
    (26) 

ℎ̃𝑡 = ∑ ℎ𝑡′

𝑡

𝑡′=1
     (27) 

𝑠𝑚𝑖𝑛 = ∑ 𝑠𝑡

𝑇

𝑡=1
     (28) 

  𝑠𝑡  ∈ ℕ0, 𝑓𝑜𝑟 ⩝ 𝑡     (29) 

 𝐼𝑂𝑡 , ℎ𝑡 , 𝑠𝑡 ≥ 0, 𝑓𝑜𝑟 ⩝ 𝑡    (30) 

S.t. 

 

 

 

 

 

 

 

 

With 𝑠𝑚𝑖𝑛 being the result of ‘minimization model 1’ (min �̃�𝑇). 
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Finally, the PLP problem has been implemented in MS Excel. It is programmed as a linear problem and 

the SIMPLEX algorithm was used to find the optimal solution. An example of how this model is 

implemented in Excel for the T.O. assembly line is provided in appendix E1. The example provides a 

situation in which a minimization of �̃�𝑇 resulted in the minimum possible number of employees that 

satisfies all requirements, but the distribution of the employees in the planning horizon does not result in 

the optimal production. Therefore the second solver in appendix E2 maximizes the production for the 

same number of employees while all constraints remain the same.   

 

6.4 Case study verification 

The PLP problem is implemented in MS Excel as explained in section 6.3.3 and in more detail in 

appendix E. In this section, it is verified whether all solutions of the simulations are error free and satisfy 

all constraints.  

 

The following is verified for all simulation results: 
 

- Depending on the constraints chosen regarding the minimum production in period T, the 

production at the end of each day should be within the allowed production range: 

 

�̃�(𝑡) ≤ ℎ̃𝑡 ≤ �̃�(𝑡) 𝑓𝑜𝑟 ⩝ 𝑡     (31) 

Or: 

�̃�(𝑡) ≤ ℎ̃𝑡 ≤ �̃�(𝑡), 𝑓𝑜𝑟 𝑡 = {1,… , 𝑇 − 1}     (32) 

 

ℎ̃𝑇 ≥ �̃�(𝑇)     (33) 

 

- The employees in each planning horizon should be a collection of natural numbers 

 

𝑠𝑡⃗⃗  ⃗ ∈ ℕ0, 𝑓𝑜𝑟 ⩝ 𝑠𝑡 𝑖𝑛 𝑠𝑡⃗⃗  ⃗      (34) 

 

 

- Overcapacity should only be planned when no production level would exist within the allowed 

production range otherwise. If overcapacity is planned, it equals: 

 

𝐼𝑂𝑡 = 𝑛𝑡(𝑠 + 1) − 𝐴(𝑡)     (35) 

 

 

No solutions in the case study have been found that violated any of the checks mentioned.  
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6.5 Multiple scenarios case study 

The range of possible scenario’s to simulate is large, but only a few scenarios are considered to be of 

interest for simulation, evaluation and comparison in this research. Based on the criteria to be 

investigated in this case study as mentioned in the introduction of this chapter, the following input 

parameters are subject to change in the case study simulations: 

 

1. Minimum production: section 5.2.4.1 provided a discussion regarding the minimum production 

for period t = T. The section suggested that the minimum production for this period could be 

set to ℎ̃𝑇 ≥ �̃�(𝑇) or ℎ̃𝑇 ≥ �̃�(𝑇). Which constraint would be best is not clear and therefore 

both situations are simulated.  

2. Forecast: depending on the available information at C.RO, three different forecasts have been 

developed in chapter 4. Simulations should reveal the impact of these different forecasts. The 

first forecast is based on a situation in which C.RO has not received any forecasts from its 

customers (𝐹𝑁). In the second simulation the daily forecast is based on the availability of a 

yearly forecast (𝐹𝑌), whereas in the third simulation the daily forecast is based on the 

availability of a monthly forecasts (𝐹𝑀). 

3. Planning horizon: the third input parameter that is tested by simulation is the length of the 

planning horizon. Section 5.2.4.1 provided a discussion that suggested that ideally 𝑇 → ∞, but 

this would be impractical. Simulations should therefore reveal the impact of different lengths of 

the planning horizon.  

 

The three input parameters that are subject to change resulted in 10 scenarios that are simulated. An 

overview of these 10 scenarios is provided in Table 11. Scenario 0 represents a reflection of the current 

planning strategy applied by C.RO.  

 

Table 11 Overview input parameters for each simulated scenario 

Scenario* Length T Forecast Min. production T 

0 - - - 

1 3 𝐹𝑀  ℎ̃𝑇 ≥ �̃�(𝑇)  

2 4 𝐹𝑁  ℎ̃𝑇 ≥ �̃�(𝑇)  

3 4 𝐹𝑁  ℎ̃𝑇 ≥ �̃�(𝑇)  

4 4 𝐹𝑌  ℎ̃𝑇 ≥ �̃�(𝑇)  

5 4 𝐹𝑀  ℎ̃𝑇 ≥ �̃�(𝑇)  

6 4 𝐹𝑀  ℎ̃𝑇 ≥ �̃�(𝑇)  

7 5 𝐹𝑁  ℎ̃𝑇 ≥ �̃�(𝑇)  

8 5 𝐹𝑁  ℎ̃𝑇 ≥ �̃�(𝑇)  

9 5 𝐹𝑀  ℎ̃𝑇 ≥ �̃�(𝑇)  

10 6 𝐹𝑀  ℎ̃𝑇 ≥ �̃�(𝑇)  

*all scenarios are subject to the same dataset 
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6.5.1 Mimic of current planning 

In order to know the potential costs savings of the workforce optimization model developed in this 

research, the outcomes have to be compared with the current planning. The data about the planning and 

corresponding production for the T.O. assembly line is limited and not known for all days in the 

simulation. Therefore we chose to mimic the current planning strategy in a simulation as well. This has 

been done as follows: 

First, it is unclear to what extent the planners have knowhow about the production rate per 

employee that is dependent on the number of employees working simultaneously. Therefore, it is 

assumed that the planners are familiar with these production rates. 

 Second, as baseline, the planners aim to finish orders within one day. This is captured as follows. 

When 𝑄 cars are ordered today, then the production of tomorrow equals the maximum production 

level of 𝑛𝑡  which is smaller or equal to 𝑄. As an example, when 𝑄 = 100 for the T.O. assembly line. 

Then, based on Table 10, the planned production will be 93,6 cars with 9 people working for 8 hours. 

Next, 100 - 93,6 = 6,4 cars will be postponed and processed one day later.  

 

6.6 Case study results 

This section provides the results of the simulation. The results are presented with support of several 

parameters. A description, and when needed a formula of these evaluation parameters, are provided in 

Table 12.  

The most interesting parameters are the average throughput time and the net savings. For the 

T.O. assembly line, the throughput time is 1 or 2 days. Indicating that the order is processed on the first 

or second day after arrival. As an example, an average throughput time of 1,3 indicates that 70% of the 

demand is processed on the first day after arrival and 30% on the second day after arrival.  

The gross savings provide the decrease in the total number of employees needed for the entire 

simulation, i.e. the workforce planning from 01-01-2015 up to 31-12-2015. However, not all scenarios 

have the exact same cumulative production and overcapacity. Therefore the net saving therefore takes 

into account the difference in the cumulative production, the cumulative overcapacity, ánd the 

difference of the cumulative workforce.  

Table 13 provides the case study results for all 10 scenarios. The results of scenario 0 are used as 

baseline for comparison to the other scenarios.  
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Table 12 Overview evaluation parameters case study 

Notation Description Formula 

𝑖  Indicating simulation scenario i, with i=0 indicating 

scenario 0 

 

𝑇𝑆𝑖  Total number of employees needed   

𝑇𝑃𝑖  Total production in number of cars  

𝐴𝑉𝑃𝑖   Average daily production rate per employee  𝐴𝑉𝑃𝑖 =
𝑇𝑃𝑖

∑𝑠𝑡
  

𝐼𝑂𝑖  Total planned overcapacity in number of cars 𝐼𝑂𝑖 = ∑𝐼𝑂𝑡  

𝑁𝐼𝑂𝑖  Overcapacity in number of employees working for 1 

day 
𝑁𝐼𝑂𝑖 =

(∑ 𝐼𝑂𝑡−(𝑇𝑃0−𝑇𝑃𝑖))

𝐴𝑉𝑃𝑖
  

𝐵𝑆𝑖  Percentage gross saving of employees in scenario i 

compared to scenario 0  
𝐵𝑆𝑖 =

𝑇𝑆𝑖−𝑇𝑆0

𝑇𝑆0
∗ 100  

𝑇𝐻𝑖  Average throughput time in days   

𝑁𝑆𝑖  Percentage net saving of employees in scenario i 

compared to scenario 0  
𝑁𝑆𝑖 =

(𝑇𝑆𝑖−𝑁𝐼𝑂𝑖)−𝑇𝑆𝑜

𝑇𝑆𝑜
∗ 100  

 

 

Table 13 Case study results T.O. assembly line 

         Scenario 

Parameter 

0 1 2 3 4 5 6 7 8 9 10 

Length T - 3 4 4 4 4 4 5 5 5 6 

Forecast - 𝐹𝑀  𝐹𝑁  𝐹𝑁  𝐹𝑌  𝐹𝑀  𝐹𝑀  𝐹𝑁  𝐹𝑁  𝐹𝑀   

Min. Prod. T - �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)  �̃�(𝑇)   

𝑻𝑺𝒊  1140 1097 1097 1101 1094 1093 1099 1099 1103 1092 - 

𝑻𝑷𝒊  12901 12858 12840 12849 12839 12850 12849 12840 12876 12843 - 

𝑰𝑶𝒊  0 110 146 154 127 119,5 147 157 140 120 - 

𝑩𝑺𝒊  - -3,77% -3,77% -3,42% -4,04% -4,12% -3,60% -3,60% -3,25% -4,21% - 

            

𝑻𝑯𝒊  1,16 1,54 1,51 1,43 1,46 1,51 1,42 1,51 1,39 1,49 - 

𝑵𝑺𝒊  - -4,28% -4,44% -4,19% -4,52% -4,63% -4,31% -4,32% -4,11% -4,67% - 

 

 

 

6.7 Conclusions 

This subsection evaluates the results of the case study for the T.O. assembly line. The evaluation is based 

on the three parameters that have been changed in the case study: (1) the minimum production in period 

T, (2) the forecasts, and (3) the length of the planning horizon T.  

(1) Minimum production: scenario 2&3, 5&6 and 7&8 are compared to evaluate the influence of 

the minimum restricted production at the end of planning horizon T. Table 13 shows that for all 

simulations, the assumption that ℎ̃𝑇 ≥ �̃�(𝑇) results in greater net savings in comparison to the 

assumption that ℎ̃𝑇 ≥ �̃�(𝑇). Furthermore, it was revealed in section 5.2.4.1 that the 
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assumption of ℎ̃𝑇 ≥ �̃�(𝑇) instead of ℎ̃𝑇 ≥ �̃�(𝑇) might result in an unnecessarily increase of 

the throughput time. As can be seen, the throughput time indeed increased when ℎ̃𝑇 ≥ �̃�(𝑇) 

was assumed instead of ℎ̃𝑇 ≥ �̃�(𝑇). However, the difference is small and all demand is fulfilled 

before its due date. Consequently, the increase in throughput time does not seem to be a 

problem.  

(2) Forecasts: scenario 2, 4, and 5 are compared to each other to evaluate the influence of three 

different forecasts that have been developed in chapter 4. Table 13 indicates that the workforce 

planning improves when a forecast is used with a smaller forecast error. However, the impact of 

the quality of a forecast is relatively small. The difference in net savings between using the 

forecast with the largest error and the lowest error is only 0,19%.  

(3) Planning horizon: the last parameter to evaluate is the length of the planning horizon. Therefore 

the results of scenario 1 & 5 & 9 &10 and 3 & 8 are compared. From the first comparison 

(1&5&9&10) it follows that the longer the planning horizon, the better the planning results are. 

However, no planning was provided for scenario 10, in which the planning horizon contained 6 

periods. A planning horizon of 6 periods resulted in a PLP problem that included too many 

decision variables to be solved with MS Excel Solver. Comparing scenario 1, 5, and 9 shows that 

the increase in performance is much smaller between scenario 5 and 9 than between scenario 1 

and 5. Extrapolating this trend indicates that the improvement between scenario 9 and 10 is 

negligible. Next, an interesting observation is obtained when scenario 3 and 8 are compared. All 

input parameters are the same for these scenarios, except the length of the planning horizon. In 

this comparison, the performance decreases as the length of the planning horizon increases. This 

contradicts with the observation made earlier in this paragraph. The difference with that 

observation can be found in the forecast used. The simulation indicates that when forecast (𝐹𝑁) 

is used, a planning horizon of T = 4 periods is preferred, but when forecast (𝐹𝑀) is used, a 

planning horizon of T = 5 periods is preferred.  

 

In general it can be concluded that scenario 9 provides the best results. In this situation, a monthly 

forecast is available at C.RO Automotive and the most accurate daily forecast can be developed. The 

length of the planning horizon is set to 5 periods and the minimum production in period t = T equals 

ℎ̃𝑇 ≥ �̃�(𝑇). An expected net improvement of 4,67% in the workforce costs is realized through a 

better distribution of the production within the allowed production range. However, distributing this 

production over the allowed production range results in an increase in the average throughput time from 

1,16 days to 1,49 days.  
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CHAPTER 7 | Implementation 
 

 

This chapter describes the development and implementation of two Decision Support Systems (DSS). 

First the input parameters for a DSS of the T.O. assembly line are discussed. The values of these input 

parameters are based on the case study results in chapter 6. However, as mentioned in the beginning of 

this report, the goal is not only to develop a DSS for the T.O. assembly line, but also for the Car Wash. 

Time limitations restricted this research to one extensive case study. Based on the input parameters that 

are most appropriate for a DSS for the T.O. assembly line, one case study is also performed for the Car 

Wash. The results of this simulation are discussed in section 7.1. After the first section discussed all 

input values of both DSS, section 7.2 provides the development of the DSS and discusses several 

comments regarding the use of the DSS. Finally, in section 7.3 the implementation process of the DSS is 

provided.   

 

7.1 Input parameters 

In collaboration with C.RO it has been chosen to develop a DSS that uses input parameters of scenario 

3. The following list provides an overview of these parameters and a reasoning for their choice: 

 

 Forecasts: at the moment of implementation (February 2016), no monthly or yearly forecasts 

are available for 2016. Forecasts might become available in the weeks after this study. However, 

the increase in the expected performance is relatively small when yearly or monthly forecasts 

would have been available. It is therefore chosen that a model that does not need any forecast 

input is preferred, even if monthly forecasts would be available. This is also due to the fact that 

this model is the easiest to use for the planners.   

 Minimum production planning horizon: in section 5.2.4.1 two ‘extreme’ minimum 

production settings are suggested for the last period in the planning horizon; either the 

minimum production in period T equals ℎ̃𝑇 ≥ �̃�(𝑇) or ℎ̃𝑇 ≥ �̃�(𝑇). When leaving all other 

parameters unchanged, all scenarios that included ℎ̃𝑇 ≥ �̃�(𝑇) as minimum production 

performed better in terms of net savings than scenarios that adopted ℎ̃𝑇 ≥ �̃�(𝑇) as minimum 

production. However, according to the planners and management at C.RO the increase in 

throughput time when assuming ℎ̃𝑇 ≥ �̃�(𝑇) instead of ℎ̃𝑇 ≥ �̃�(𝑇) is not in proportion to the 

increase in expected savings. They therefore preferred ℎ̃𝑇 ≥ �̃�(𝑇) as the minimum production 

for period t = T. 

 Length of planning horizon T: when no monthly or yearly forecast is available, the 

simulations in chapter 6 suggest that a planning horizon of T = 4 is expected to provide the best 

results. An additional benefit is that a DSS with a planning horizon of T = 4 has a significant 

shorter computation time than a DSS with a planning horizon of T = 5. This also increases the 

usability. Consequently the length of the planning horizon will equal 4 periods.  
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7.1.1 Expected savings  

The previous list concluded that the input values used in simulation scenario 3 are most appropriate to 

serve as the basis for a DSS for the workforce planning of the T.O. assembly line. However, as indicated 

before, a DSS for both the T.O. assembly line and the Car Wash have to be developed. Therefore this 

section shortly provides the input parameters and results of a case study for the Car Wash. In order to 

perform a case study for the Car Wash, different assumptions, other contractual agreements and a new 

piecewise linearization of the production function have been taken into account. Details regarding this 

are provided in appendix F. As indicated, no more than one case study is performed for the Car Wash. 

The results and input parameters are provided in Table 14. These input parameters will also be used as 

input for the DSS. 

 

Table 14 Summarization of expected savings DSS 

 T.O. assembly line Car Wash 

          Scenario 

Parameter 

0 3 0 3 

Length T - 4 - 4 

Forecast - 𝐹𝑁  - 𝐹𝑁  

Min. Prod. T - �̃�(𝑇)  - �̃�(𝑇)  

𝑻𝑺𝒊  1140 1101 1208 1148 

𝑻𝑷𝒊  12901 12849 52327 52340 

𝑰𝑶𝒊  0 154 0 109 

𝑩𝑺𝒊  - -3,42% - -4,97% 

     

𝑳𝑻𝒊  1,16 1,43 1,10 1,42 

𝑵𝑺𝒊  - -4,19% - -5,19% 

     

 

 

7.2 Decision support systems 

The DSS transforms the mathematical model to a tool that can be used by the planners on a daily basis to 

optimize the workforce planning. The input values that have been used correspond to what has been 

suggested in Table 14. Only the forecasts have been transformed from forecasts of 2015 to forecasts of 

2016.  

 Both tools are developed to determine a workforce and production planning for the next 4 days. 

However, the forecasts provided in the tools are rarely correct. Consequently, the planning in the DSS 

is presented as a daily planning and the suggested planning should be revised every day. Additionally, the 

tools are presented as a decision support system. Indicating that the tools should be used for decision 

support; the planner is free to adapt the suggestion of the tools, but the planner should be aware that 

adjusting the output of the models influences the potential cost savings.  

 The two DSS developed are showed in appendix H. As can be seen in this appendix, the planner 

first needs to fill in the date for which he would like to create a planning. Next, the planner can indicate 
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the amount of cars that have to be finished on the first, second and third day of the planning. Since all 

demand for the Car Wash and T.O. assembly line has a lead time of 1 – 2 days, it is assumed that no 

more fields are required to extend the DSS. This would unnecessarily complicate the DSS. After this has 

been filled in, the planner can press the button ‘provide planning’ and a few seconds later a planning will 

be suggested in the lower part of the tool.  

 

7.3 Implementation 

In the final step of this research, the developed systems have been explained to the planners and 

management of C.RO Automotive. Periodical meetings and discussions with the planners throughout 

the project have resulted in cooperation of the planners regarding the implementation. In order to use 

the DSS, a MS Excel solver add-in has been installed at several computers at C.RO. In addition, the 

macros have been discussed with the in-house programmers in case C.RO would like to adjust parts of 

the DSS.   
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CHAPTER 8 | Conclusions & limitations 
 

 

In the previous chapters, the research assignment and the related sub questions have been addressed. 

This chapter summarizes the conclusions and limitations of this report. The research assignment in the 

beginning of the report was as follows: 

 

 

 

 

 

 

 

Two decision support systems have been developed to support the workforce planning of the T.O. 

assembly line and the Car Wash. The mathematical model behind these systems distributes the orders 

over a planning horizon of 4 days. First, the number of employees needed to fulfill the demand within 

the allowed production range is minimized. Then, a second model maximizes the production for the 

same number of employees, while still satisfying all constraints. On a yearly basis, the implemented 

tools can achieve savings in workforce costs up to 4,19% for the T.O. assembly line and 5,19% for the 

Car Wash. These savings are accompanied with an increase of the average throughput time from 1,16 to 

1,43 days for the T.O. assembly line and 1,10 to 1,43 days for the Car Wash.   

 In the remainder of this chapter, first the theoretical contributions are provided. This is 

followed by the practical contributions in section 8.2. Afterwards section 8.3 discusses the limitations 

and further research possibilities.  

 

8.1 Theoretical contributions 

This research contributes to existing literature of workforce and production planning on the following 

subjects: 

 

 This research contributes to literature in addressing the daily hiring of employees. The literature 

review in Chapter 2 revealed that most of the literature addressing flexibility in workforce 

planning focused on flexible starting times, shift lengths and work patterns. Several articles also 

addressed the problem of scheduling full-time and part-flexible employees. This showed that 

there is room for models addressing flex workers that can be employed for as little as 1 period. 

 This research contributes to the literature of workforce and production planning since it 

revealed that a constant production rate per employee is not valid for all industrial processes. 

Thompson and Goodale mentioned in 2006 that the production rate between employees might 

differ and therefore introduced production levels to which employees can be assigned to. This 

research approached the production rates from a slightly different view by showing that the 

production rate per employee can be dependent on the team size. 

 Multiple articles in literature highlighted the need for more techniques to solve workforce and 

production planning problems that focus on practicality rather than theory. This because 

solution techniques in the workforce and production planning are well based in theory, but 

Develop a robust decision support system which improves the workforce planning in a 

make-to-order production environment that is subject to multiple due dates in the 

planning horizon and a production rate per employee that is dependent on the team size. 
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seldom implemented in industry (Van den Bergh, 2013; Techawiboonwong & Yenradee 2002; 

Nam & Logendran, 1992). This research has provided a workforce planning tool that is well 

based in theory, but is applied in industry as well.  

 

8.2 Practical contributions 

This research has provided C.RO with a model to optimize the workforce planning of the T.O. 

assembly line and Car Wash. In the last part of this research, two DSS have been implemented at C.RO 

Automotive. These systems can achieve savings in workforce costs up to 4,19% for the T.O. assembly 

line and up to 5,19% for the Car Wash. Additionally, the developed model has proven to be very user 

friendly. However, the output of the DSS should be considered as decision support. The planner is free to 

adapt the suggestion of the tool, because the tool cannot take all circumstances into account. The 

planner should be aware of this. 

 

8.3 Limitations and further research 

The previous part of this chapter provided the conclusions and contributions of this research. However, 

this research is also restricted by assumptions, practical boundaries, limitations and further research 

directions. These are listed in this section: 

 

 Forecasts:  

o The demand of the T.O. assembly line consists of PDI & Rentals. However, no demand 

data of Rentals is available. Since Rentals are responsible for less than 5% of the 

demand, the Rentals are left out of scope. The model could be improved when taking 

these into account.  

o The method used to develop the forecasts can easily be understood and updated in the 

future. However, more accurate forecasting methods are available in literature. 

Applying a more accurate forecasting technique could improve the performance of the 

optimization model.  

o The forecasts are assumed to be deterministic. However, forecasts are typically subject 

to uncertainty and can therefore better be modelled as a stochastic variable. Due to 

time limitations it has been decided not to take uncertainty regarding the forecast into 

account. 

o The forecast for 2016 is based on averages of the last 5 years. In order to extent the 

service interval of the DSS, these forecasts have been copied to 2017. This will 

influence the reliability and expected savings of the DSS for 2017. Therefore the model 

can be improved by updating the forecasts each year. 

 Production rate: the production rate per employee is assumed to be deterministic. However, as 

can be concluded from Figure 3 and 4, a stochastic production rate per employee would 

represent a more realistic situation. 

 Overtime: the optimization model does not include an option to plan overtime. Situations are 

imaginable in which it is desired that little overtime can be planned. Including the option of 

overtime would therefore be of interest to develop in further research. 
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 Shifts: it is assumed that all employees work in the same shift for 𝐿 hours in one period. Since it 

is assumed that the production rate per employee is dependent on the team size, it can be 

interesting to consider multiple shifts within one period. Optionally, they can overlap each 

other.  

 Multiple processes: it is assumed that the Car Wash and T.O. assembly line are considered as 

independent processes. However, this assumption does not always hold. As an example, all cars 

receiving a PDI on the T.O. assembly line, first receive a car wash. This car wash is done by the 

employee that performs the PDI. This employee might disturb the Car Wash team and their 

production rate. Consequently, the assumption of independent production processes does not 

always hold. Including multiple-processes in the model would therefore extend the model in a 

positive manner.  

 Multiple products: the developed model considers the production of one product. It would be 

interesting to extend the model with the planning of multiple products.  

 Permanent employees: the optimization model considers a flexible workforce, while C.RO has 

permanent employee. It would be interesting to extend the current model with (1) a restriction 

that the planner could indicate the number of permanent employees that are available each 

period and (2) cost differences between flex and permanent employees. 

 Car Wash: the number of case studies is limited in this research. It is assumed that the most 

appropriate input parameters resulting from the case study on the T.O. assembly line would 

also hold for the Car Wash. However, it would be interesting to investigate what the most 

appropriate input parameters are for the Car Wash. 

 Extending planning horizon: no case studies could be performed for a planning horizon of 

𝑇 ≥ 6, because Excel solver has a limit of 200 decision variables. However, other programs, 

such as a premium version of Excel Solver, are available that can process more decision 

variables. It would be interesting to investigate the results of a larger planning horizon with one 

another program. 

 MTO: The model considers a Make-To-Order environment. However, adjusting the model to a 

Make-To-Stock environment would broaden the application possibilities.  
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Overview of notations 
 

Notation Description 

  

T Number of planning periods in planning horizon 

t Planning period with 𝑡 ∈ {1,… , 𝑇} 

d Lead time in number of periods after arrival in period t 

𝑇𝐶  Total workforce costs for planning horizon T 

𝑛𝑡(𝑠)  Variable representing total production that 𝑠 employees could produce in a given length of 

time 

�̃�𝑡  Variable representing cumulative of 𝑛𝑡(𝑠) 

ℎ𝑡   Variable representing actual production in period t 

ℎ̃𝑡  Variable representing cumulative of ℎ𝑡  

𝑠𝑡  Total number of employees working in period t 

𝑠𝑡⃗⃗  ⃗  Vector of 𝑠𝑡 employees to be deployed in period t, with 𝑠𝑡⃗⃗  ⃗ = [𝑠1, 𝑠2, … , 𝑠𝑇]  

𝑃(𝑠)  Variable representing the production rate per employee per hour when s employees are 

working simultaneously 

𝑄𝑑  Demand that has been ordered with a due date of t = d  

𝑄  Total number of open orders (= ∑𝑄𝑑)  

𝐹𝑡,𝑑  Forecasted demand that will arrive in period t. By then it has a lead time of d periods. 

𝑚  Set of forecasts {𝐹𝑡=1,𝑑, … , 𝐹𝑇,𝑑} 

𝐷(𝑡)  Variable representing minimum required production at the end of period t 

�̃�(𝑡)  Variable representing cumulated minimum required production at the end of period t 

𝐴(𝑡)  Variable representing maximum possible production in period t 

�̃�(𝑡)  Variable representing cumulated maximum possible production in period t 

𝐼𝑂𝑡  Overcapacity in number of units in period t 

𝐵𝑂𝑡  Backorders in number of units in period t 

𝐿  Length of standard shift in hours 

𝐶𝑠  Av. hourly salary of an employee 

𝐶𝐵𝑂  Cost of one backorder per period 

𝐶𝐼𝑂  Cost of overcapacity per unit of overproduction per period 

𝑥𝑡
𝑚  Monthly seasonality index with 𝑥1

𝑚 = January, …, 𝑥12
𝑚 = December 

𝑥𝑡
𝑑  Day-in-month seasonality index with 𝑥1

𝑑 = 1th day in a month, 𝑥2
𝑑 = 2th day in a month, 

etc… 

𝑥𝑡
𝑤   Day-in-week seasonality index with 𝑥1

𝑤 =Monday,…, 𝑥7
𝑤 =Sunday 

𝑓𝑦  Forecasted demand for year y 

𝑓𝑚  Forecasted demand for month m 

𝑤𝑦  Number of working days in year y 

𝑤𝑚  Number of working days in month m 

𝐴𝐷𝑡1,𝑡2  Average demand per working day from period 𝑡1 up to period 𝑡2. 

𝑒𝑡  Forecast error period t 
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𝐹𝑀  Parameter indicating that the forecast of consideration is based on the availability of a 

monthly forecast at C.RO 

𝐹𝑌  Parameter indicating that the forecast of consideration is based on the availability of a 

yearly forecast at C.RO 

𝐹𝑁  Parameter indicating that the forecast of consideration is based on the absence of any 

forecast at C.RO 

ℕ0  Natural numbers, starting with 0 

  

List of abbreviations: 
APP Aggregate Production Planning 

AS  Account Specialists 

DSS Decision Support System(s) 

EDD Earliest Due Date 

EDI Electronic Data Interchange 

FRP First Point of Rest (parking lot at C.RO) 

GRG Generalized Reduced Gradient  

LP Linear Programming 

LTSM Long Term Storage Maintenance 

MTO Make-TO-Order 

MTS Make-To-Stock 

PDI Pre Delivery Inspection 

PLP Piece-wise Linear Programming 

RFT Ready For Transport 

SDR Search Decision Rule 

TC Total Costs 

TO Technical Operations 
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Appendices 
 

Appendix A: Overview order arrival 

 

This appendix provides extra information regarding C.RO’s main clients and their demand 

characteristics. 

Table 15 Client and demand overview 

Group Clients Standard jobs to be performed Av. Days  

Storage¹ 

Av. 

Demand 

p.d.² 

Max. 

Demand 

p.d. 

  PDI WASH Modifi-

cations 

Discharge 

vessel 

   

         

A A S S R  141 64 125 

         

BF B  S R  46 9 170 

C  S R  67 50 100 

D  S R  73 6 125 

E  S R  40 4 125 

F  S R  40 38 125 

G G  S R  121 47 150 

N N    S * * * 

 

 

Table 16 Read of symbols of Table 15 

S Operation standard performed  

R Operation on request 

* No exact data available 

1 Based on data from 01-01-2015 up to 15-10-2015 

2 Based on data from 30-09-2010 up to 30-09-2015 
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Appendix B: Overview of lead times 

 

As mentioned, in chapter 2, the seven clients of interest in this study have different agreements to lead 

time and order due times. Table 17 provides insight in the lead- and due times for an order of Client A.  

As can be seen in the table, Client A orders their cars before 09:00 AM. The car is located the same day 

and moved to the Work Area. Next, C.RO has 2 days to perform a PDI. Table 18 provides insight in 

the lead- and due times for an order for Clients B,C,D,F and E. These clients order their cars before 

12:00 AM. These cars are transferred the same day to the Work Area and C.RO has two days to wash 

the car. Due to contract agreements, the demand of client G is subject to a shorter lead time and the 

cars of this client that have been ordered before 12:00 AM have to be RFT next day at 16:00, including a 

wash. In general, all green bars indicate the lead time and red bars indicate that an order exceeds the 

lead time.  

 

 

Table 17 Lead time demand client A. Jobs: PDI & wash 

 
 

Table 18 Lead time client(s) BF. Job: car wash 

 
 

Table 19 Lead time demand client G. Job: car wash 
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Appendix C: Seasonality indexes 

 

The figures and tables of the seasonality indexes are showed in this appendix. First, Figure 14 up to 16 

provide the seasonality indexes of the T.O. assembly line based on data from 01-01-2010 up to 31-12-

2014. Then Table 20 up to 22 provide the seasonality indexes for demand of the T.O. assembly line, 

Car Wash group BF and Car Wash group G.  

Figure 14 Monthly seasonality indexes 

 

Figure 15 Day-in-month seasonality indexes 
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Figure 16 Day-in-week seasonality indexes  

 

 

 

Table 20 Overview of seasonality indexes demand T.O. assembly line 

Month 2010 2011 2012 2013 2014 Av. 10-14 2015 Av. 11-15 

1 0,55 1,20 1,14 0,65 0,45 0,80 0,73 0,84 

2 0,94 0,99 1,10 0,47 1,31 0,96 0,82 0,94 

3 0,94 1,07 1,20 1,83 1,71 1,35 1,13 1,39 

4 1,45 0,89 1,27 1,26 1,24 1,22 0,85 1,10 

5 0,68 1,19 1,00 1,25 1,70 1,16 0,73 1,17 

6 1,35 0,81 1,60 1,00 1,82 1,32 1,55 1,36 

7 0,70 1,09 0,85 0,68 0,78 0,82 1,16 0,91 

8 0,79 0,82 0,59 0,42 0,26 0,57 0,57 0,53 

9 1,26 1,15 0,67 0,76 0,51 0,87 1,00 0,82 

10 1,29 0,84 0,93 0,98 0,45 0,90 1,05 0,85 

11 1,13 0,86 0,56 1,32 0,70 0,92 1,01 0,89 

12 0,93 1,09 1,12 1,41 1,16 1,14 1,34 1,22 

 

 

    

 

  

 

 

    

 

  Day-in-week  

    

 

  1 1,33 1,30 1,42 1,53 1,22 1,36 1,10 1,31 

2 1,27 1,04 0,87 0,72 0,89 0,96 1,24 0,95 

3 0,81 1,07 0,88 0,92 0,82 0,90 0,81 0,90 

4 0,84 0,68 0,72 0,70 0,91 0,77 0,79 0,76 

5 0,76 0,91 1,10 1,14 1,17 1,02 1,05 1,07 

 

 

    

 

  

 

 

    

 

  Day-in-month  

    

 

  1 2,30 1,05 1,50 3,34 2,03 2,05 3,22 2,23 

2 1,07 0,54 1,77 1,23 1,13 1,15 1,09 1,15 

0,00

0,50

1,00

1,50

Mo. Di. Wo. Do. Vr.

Weekly seasonality index 
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3 0,84 0,64 1,23 0,68 0,61 0,80 0,93 0,82 

4 1,20 0,91 0,62 0,41 0,49 0,72 0,38 0,56 

5 0,43 1,02 0,39 0,45 0,42 0,54 0,59 0,57 

6 0,79 0,30 0,42 1,03 0,56 0,62 0,63 0,59 

7 0,70 0,88 0,76 0,47 0,83 0,73 0,83 0,75 

8 1,11 0,63 0,71 0,46 0,96 0,78 0,81 0,72 

9 0,41 0,71 0,67 0,24 0,83 0,57 0,53 0,60 

10 0,88 1,34 0,71 0,54 0,39 0,77 0,42 0,68 

11 0,82 0,43 0,35 1,72 1,00 0,86 0,60 0,82 

12 0,78 0,81 0,67 0,44 0,43 0,63 0,53 0,58 

13 0,48 1,25 1,62 0,21 0,32 0,78 0,76 0,83 

14 0,83 1,27 0,63 1,08 0,61 0,88 1,01 0,92 

15 0,59 0,74 0,63 0,65 0,45 0,61 0,89 0,67 

16 0,74 0,47 0,57 0,95 0,56 0,66 0,93 0,70 

17 0,49 0,46 0,65 1,13 0,83 0,71 0,81 0,78 

18 0,86 0,60 0,85 2,40 0,50 1,04 0,60 0,99 

19 0,41 1,21 0,81 0,71 0,56 0,74 0,80 0,82 

20 0,69 1,43 1,06 0,78 0,59 0,91 0,72 0,91 

21 0,50 2,07 1,17 0,64 0,51 0,98 0,68 1,01 

22 0,79 1,86 1,26 0,34 0,13 0,88 1,47 1,01 

23 1,35 0,86 1,03 0,92 0,90 1,01 0,94 0,93 

24 1,32 0,86 0,92 0,56 0,88 0,91 1,32 0,91 

25 2,29 1,16 0,78 0,90 2,41 1,51 0,77 1,20 

26 0,74 1,62 1,02 0,89 1,53 1,16 0,80 1,17 

27 1,92 1,86 1,37 1,01 0,81 1,40 1,11 1,23 

28 1,45 1,08 1,34 1,23 2,25 1,47 0,60 1,30 

29 1,74 0,93 1,18 1,89 0,88 1,32 2,25 1,42 

30 1,31 0,90 2,82 1,81 3,50 2,07 2,37 2,28 

31 1,17 0,80 1,83 2,23 4,90 2,19 2,92 2,54 

 

 

    

 

  Av.demand  

per day 75,69 101,37 85,218 44,75 25,56 66,52 50,388 61,46 

 

 

 

Table 21 Seasonality indexes demand Car Wash Group G 

Months 2010 2011 2012 2013 2014 

 

Av.10-14 

 

2015 

 

Av. 11-15 

Jan. 0,63 1,17 1,51 0,41 0,83 

 

0,91 

 

0,97 

 

0,97 

Feb. 1,11 1,46 0,95 0,75 1,55 

 

1,16 

 

1,03 

 

1,15 

Mar. 0,76 1,26 1,37 1,29 0,87 

 

1,11 

 

1,52 

 

1,23 

Apr. 1,13 1,40 1,65 0,97 0,77 

 

1,19 

 

1,15 

 

1,19 

May 0,65 0,78 1,28 0,59 0,63 

 

0,78 

 

1,19 

 

0,87 

Jun. 1,45 0,80 1,14 0,83 0,56 

 

0,95 

 

0,82 

 

0,85 
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Jul. 1,18 0,97 0,33 0,83 0,88 

 

0,84 

 

0,81 

 

0,78 

Aug. 1,01 0,87 0,49 0,52 0,77 

 

0,73 

 

0,77 

 

0,69 

Sep. 1,24 1,31 1,12 1,47 0,87 

 

1,20 

 

0,80 

 

1,13 

Okt. 1,48 0,67 0,93 1,62 1,23 

 

1,19 

 

0,92 

 

1,09 

Nov. 0,73 0,55 0,45 1,11 1,45 

 

0,86 

 

0,93 

 

0,89 

Dec. 0,67 0,82 0,87 1,69 1,65 

 

1,14 

 

1,09 

 

1,21 

            

            Day-in-week 

           Mon. 1,15 1,25 1,33 1,53 1,14 

 

1,28 

 

1,07 

 

1,27 

Tue. 0,79 0,97 0,94 0,80 0,93 

 

0,89 

 

1,00 

 

0,92 

Wed. 1,22 0,62 0,74 0,72 0,92 

 

0,84 

 

0,93 

 

0,79 

Thu. 0,84 1,50 1,06 0,84 1,05 

 

1,06 

 

1,04 

 

1,09 

Fri. 1,00 0,66 0,93 1,11 0,96 

 

0,93 

 

0,94 

 

0,92 

            

            Day-in-month 

           1 1,92 1,01 1,58 0,61 1,46 

 

1,32 

 

0,93 

 

1,15 

2 0,44 0,36 0,89 1,17 0,96 

 

0,77 

 

0,99 

 

0,86 

3 0,78 0,72 1,22 0,79 0,72 

 

0,85 

 

1,03 

 

0,89 

4 0,58 1,79 1,22 0,95 0,88 

 

1,08 

 

0,67 

 

1,10 

5 0,91 0,55 0,49 1,03 1,03 

 

0,80 

 

0,80 

 

0,79 

6 0,66 0,50 1,01 1,40 1,26 

 

0,96 

 

1,15 

 

1,05 

7 1,57 1,69 1,03 1,06 0,82 

 

1,24 

 

1,40 

 

1,21 

8 0,91 1,49 0,70 0,81 1,22 

 

1,03 

 

1,57 

 

1,14 

9 0,79 0,85 0,42 0,98 0,62 

 

0,73 

 

1,24 

 

0,81 

10 1,94 0,90 0,72 0,66 1,16 

 

1,07 

 

0,79 

 

0,88 

11 0,83 1,13 1,12 1,46 0,58 

 

1,02 

 

0,65 

 

0,99 

12 0,83 0,96 1,28 0,88 1,21 

 

1,03 

 

0,93 

 

1,05 

13 1,12 1,11 0,89 0,92 2,03 

 

1,21 

 

0,70 

 

1,14 

14 0,51 1,23 1,12 0,59 0,67 

 

0,82 

 

0,83 

 

0,88 

15 1,62 1,22 1,30 1,05 0,93 

 

1,22 

 

0,54 

 

1,05 

16 1,31 0,92 0,64 1,32 0,72 

 

0,98 

 

0,76 

 

0,89 

17 0,50 0,82 0,62 0,64 0,90 

 

0,70 

 

0,76 

 

0,74 

18 1,00 0,76 1,08 0,90 0,53 

 

0,85 

 

0,64 

 

0,79 

19 1,31 0,63 1,15 0,81 1,19 

 

1,02 

 

1,77 

 

1,10 

20 1,64 1,03 1,16 0,96 1,38 

 

1,24 

 

1,07 

 

1,14 

21 0,53 0,84 0,60 0,87 0,83 

 

0,73 

 

0,74 

 

0,77 

22 0,62 0,85 0,95 0,95 0,81 

 

0,84 

 

1,25 

 

0,94 

23 0,33 0,69 0,72 0,73 0,50 

 

0,59 

 

0,77 

 

0,67 

24 1,71 1,27 0,96 1,91 1,43 

 

1,45 

 

1,02 

 

1,34 

25 0,79 0,94 1,89 0,99 1,58 

 

1,24 

 

0,86 

 

1,25 

26 0,60 1,20 1,78 1,08 0,65 

 

1,06 

 

1,40 

 

1,19 

27 1,83 0,84 0,89 1,02 0,81 

 

1,08 

 

1,37 

 

1,00 
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28 1,66 1,00 0,60 1,10 0,80 

 

1,03 

 

0,75 

 

0,88 

29 0,49 1,22 0,95 1,39 0,95 

 

1,00 

 

0,80 

 

1,05 

30 0,70 0,71 0,99 1,11 0,81 

 

0,86 

 

1,50 

 

1,00 

31 0,14 1,62 1,34 0,79 2,01 

 

1,18 

 

1,42 

 

1,39 

            Av.demand  

per day 69,46 63,58 49,43 36,05 33,80 

 

50,47 

 

40,246 

 

44,62 

 

 

 

Table 22 Seasonality indexes demand Car Wash Group BF 

Months 2010 2011 2012 2013 2014 

 

Av.10-14 

 

2015 

 

Av.11-15 

Jan. 0,58 0,89 1,32 0,91 0,84 

 

0,91 

 

0,79 

 

0,95 

Feb. 0,58 0,84 1,36 1,31 1,22 

 

1,06 

 

1,18 

 

1,18 

Mar. 0,97 0,83 1,03 1,30 1,10 

 

1,05 

 

1,23 

 

1,10 

Apr. 1,12 1,14 1,10 1,21 1,12 

 

1,14 

 

1,10 

 

1,13 

May 0,89 1,09 0,90 1,01 1,05 

 

0,99 

 

1,02 

 

1,01 

Jun. 0,85 0,68 1,22 0,98 1,03 

 

0,95 

 

0,97 

 

0,98 

Jul. 0,92 0,79 0,77 0,69 0,79 

 

0,79 

 

0,72 

 

0,75 

Aug. 1,08 0,83 0,71 0,68 0,66 

 

0,79 

 

0,97 

 

0,77 

Sep. 1,09 1,35 0,93 1,02 1,08 

 

1,09 

 

1,04 

 

1,08 

Okt. 1,24 1,18 0,83 0,84 0,83 

 

0,98 

 

1,02 

 

0,94 

Nov. 1,48 1,32 0,87 0,97 1,14 

 

1,16 

 

1,02 

 

1,06 

Dec. 1,14 1,06 1,07 1,18 1,18 

 

1,13 

 

0,96 

 

1,09 

            

            Day-in-week 

           Mon. 1,29 1,10 1,04 1,25 1,11 

 

1,16 

 

1,20 

 

1,14 

Tue. 0,90 1,08 0,94 0,97 0,96 

 

0,97 

 

1,02 

 

0,99 

Wed. 1,06 1,04 0,92 0,94 0,89 

 

0,97 

 

0,85 

 

0,93 

Thu. 1,04 1,14 1,06 1,05 1,14 

 

1,09 

 

1,15 

 

1,11 

Fri. 0,72 0,63 1,03 0,81 0,90 

 

0,82 

 

0,78 

 

0,83 

            

            Day-in-month 

           1 0,62 1,25 1,03 0,67 0,78 

 

0,87 

 

0,67 

 

0,88 

2 0,67 0,43 1,16 0,89 0,74 

 

0,78 

 

1,15 

 

0,87 

3 0,66 1,14 0,85 0,75 0,97 

 

0,87 

 

1,20 

 

0,98 

4 1,09 0,83 1,06 0,78 0,69 

 

0,89 

 

1,00 

 

0,87 

5 0,72 0,89 1,06 0,59 0,79 

 

0,81 

 

0,58 

 

0,78 

6 1,16 1,04 0,82 0,79 0,74 

 

0,91 

 

0,55 

 

0,79 

7 0,92 1,09 1,01 0,79 0,72 

 

0,91 

 

0,91 

 

0,90 

8 1,28 0,82 0,88 0,96 1,12 

 

1,01 

 

1,00 

 

0,96 
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9 1,27 0,57 0,91 0,73 0,61 

 

0,82 

 

0,83 

 

0,73 

10 1,10 1,05 0,87 1,04 0,76 

 

0,96 

 

0,95 

 

0,93 

11 0,90 0,75 0,92 1,13 1,01 

 

0,94 

 

0,95 

 

0,95 

12 1,10 2,34 1,43 1,35 0,87 

 

1,42 

 

0,85 

 

1,37 

13 1,17 0,93 1,04 0,77 1,04 

 

0,99 

 

0,77 

 

0,91 

14 0,99 1,47 1,44 1,12 0,92 

 

1,19 

 

1,19 

 

1,23 

15 1,23 0,88 0,88 1,34 0,93 

 

1,05 

 

0,91 

 

0,99 

16 0,93 0,98 1,07 0,89 0,92 

 

0,96 

 

1,18 

 

1,01 

17 0,99 1,04 0,69 1,05 0,98 

 

0,95 

 

0,79 

 

0,91 

18 0,70 0,84 0,59 1,18 1,06 

 

0,87 

 

1,50 

 

1,03 

19 1,05 0,48 0,86 1,21 1,26 

 

0,97 

 

0,87 

 

0,93 

20 1,27 1,16 1,37 0,72 1,58 

 

1,22 

 

0,93 

 

1,15 

21 0,74 0,85 1,15 1,13 0,93 

 

0,96 

 

1,54 

 

1,12 

22 1,05 0,60 1,18 1,01 1,33 

 

1,03 

 

1,17 

 

1,06 

23 0,96 1,33 0,81 1,14 1,12 

 

1,07 

 

0,99 

 

1,08 

24 0,79 1,19 0,79 1,48 1,13 

 

1,07 

 

1,06 

 

1,13 

25 0,68 0,73 1,05 1,22 1,44 

 

1,03 

 

0,85 

 

1,06 

26 1,07 0,60 1,22 1,22 1,37 

 

1,10 

 

1,17 

 

1,12 

27 1,15 1,93 1,00 1,39 1,03 

 

1,30 

 

1,23 

 

1,32 

28 1,22 0,83 0,95 0,96 0,80 

 

0,95 

 

0,95 

 

0,90 

29 1,29 0,76 0,80 1,23 1,22 

 

1,06 

 

1,14 

 

1,03 

30 1,03 0,78 0,85 0,70 1,16 

 

0,90 

 

1,05 

 

0,91 

31 1,27 1,78 1,29 0,53 1,19 

 

1,21 

 

1,14 

 

1,19 

            Av.demand  

per day 191,3 216,49 203,14 169,41 161,38 

 

188,35 

 

161,

38 

 

182,36 
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Appendix D: Piece-wise linear programming 

 

This appendix provides a detailed explanation about the piece-wise approximation of a non-linear 

problem. The basic idea of piecewise linear programming is to approximation a nonlinear function with 

multiple linear functions. Therefore consider 𝑓(𝑥) as a nonlinear function of a variable x. Variable x is 

valid within the interval of [𝑎0, … , 𝑎𝑚]. Next, 𝑎𝑘 (𝑘 = 0,1, … ,𝑚) are defined as the breakpoints of 

the function 𝑓(𝑥). Figure 10 in chapter 4 provided a visualization of the breakpoints.  

The nonlinear function 𝑓(𝑥) is approximated on each interval 𝑎𝑘 to 𝑎𝑘+1 with a linear 

function. This linear approximation is provided by: 

 

𝐿(𝑓(𝑥)) = ∑ 𝑓(𝑎𝑘)𝑧𝑘

𝑚

𝑘=0
 

With 

𝑥 = ∑ 𝑎𝑘𝑧𝑘

𝑚

𝑘=0
  

 

∑ 𝑧𝑘

𝑚

𝑘=0
= 1  

 

𝑧𝑘 ≥ 0 

 

 

Next, the linear approximation of nonlinear function 𝑓(𝑥) can be solved using linear programming. 

Therefore, 𝑚 new binary variables 𝑦0, 𝑦1, … , 𝑦𝑚−1 are added for piecewise linearizing 𝑓(𝑥) and 

equals the number of breaking intervals (𝑚). The new piecewise linear programming formulation to 

solve nonlinear function 𝑓(𝑥) is provided as follows: 

 

𝐿(𝑓(𝑥)) = ∑ 𝑓(𝑎𝑘)𝑧𝑘

𝑚

𝑘=0
 

S.t. 

𝑥 = ∑ 𝑎𝑘𝑧𝑘

𝑚

𝑘=0
  

 

𝑧0 ≤ 𝑦0 

 

𝑧𝑘 ≤ 𝑦𝑘−1 + 𝑦𝑘, 𝑓𝑜𝑟 𝑘 = 1,… ,𝑚 − 1 

 

𝑧𝑚 ≤ 𝑦𝑚 

 

∑ 𝑧𝑘

𝑚

𝑘=0
= 1 , ∑ 𝑦𝑘

𝑚−1

𝑘=0
= 1  
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𝑦𝑘 ∈ {0,1}, 𝑧𝑘 ≥ 0, 𝑘 = 0,1, … ,𝑚 − 1 

 

 

The more breakpoints 𝑚 are defined the better 𝐿(𝑓(𝑥)) approximates the original function 𝑓(𝑥). 

However, when the number of breakpoints increases, this also increases the computation load (Lin et 

al., 2013).  
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Appendix E: Solving PLP for T.O. assembly line 

 

This appendix provides an example of the PLP that minimizes the workforce for the T.O. assembly line. 

First in appendix E1 an example is provided in which a piecewise linearization formulation determines 

the minimum required number of employees in planning horizon T that fulfills the constraints. The 

distribution of employees over the planning horizon might not be optimal in terms of the total 

production. Therefore, appendix E2 provides a method that improves the solution in appendix E1.   

 

Appendix E1 

This appendix provides an example in which a piecewise linearization formulation solves the minimum 

number of employees each period t in planning horizon T that fulfills the required demand.  

The production function 𝑛𝑡(𝑠) is a nonlinear function depending on the number of employees 

working (𝑠) (for 𝐿 hours). The input parameters to determine 𝑛𝑡(𝑠) are provided in Table 23. 𝑠 is 

valid on the interval [0, … ,13] and all integer values are considered as breakpoints. Next, 𝑚 new 

binary variables 𝑦0, 𝑦1, … , 𝑦𝑚−1 are added for piecewise linearizing 𝑛𝑡(𝑠) and equals the number of 

breaking intervals (𝑚). The piecewise linear formulation to solve nonlinear function 𝑛𝑡  is provided by: 

 

𝐿(𝑛𝑡(𝑠)) = ∑ 𝑛𝑡(𝑎𝑘)𝑧𝑘

𝑚

𝑘=0
 

S.t. 

𝑥 = ∑ 𝑎𝑘𝑧𝑘

𝑚

𝑘=0
  

 

𝑧0 ≤ 𝑦0 

 

𝑧𝑘 ≤ 𝑦𝑘−1 + 𝑦𝑘, 𝑓𝑜𝑟 𝑘 = 1,… ,𝑚 − 1 

 

𝑧𝑚 ≤ 𝑦𝑚 

 

∑ 𝑧𝑘

𝑚

𝑘=0
= 1 , ∑ 𝑦𝑘

𝑚−1

𝑘=0
= 1  

 

 

𝑦𝑘 ∈ {0,1}, 𝑧𝑘 ≥ 0, 𝑘 = 0,1, … ,𝑚 − 1 

 

 

Table 23 provides the production rates per employee P(s) for different sizes. Based on this, the 

formulations in this appendix have been implemented in MS Excel. A visualization of this is provided in 

Figure 17. This model is then solved and the results are provided in Table 24.  

 

 

 



68 
 

Table 23 P(s) for T.O. assembly line 

Input parameters 

𝑷(𝒔 = 𝟏)  2,01 

𝑷(𝒔 = 𝟐)  1,86 

𝑷(𝒔 = 𝟑)  1,73 

𝑷(𝒔 = 𝟒)  1,62 

𝑷(𝒔 = 𝟓)  1,52 

𝑷(𝒔 = 𝟔)  1,43 

𝑷(𝒔 = 𝟕)  1,36 

𝑷(𝒔 = 𝟖)  1,33 

𝑷(𝒔 = 𝟗)  1,30 

𝑷(𝒔 = 𝟏𝟎)  1,28 

𝑷(𝒔 = 𝟏𝟏)  1,26 

𝑷(𝒔 = 𝟏𝟐)  1,25 

𝑷(𝒔 = 𝟏𝟑)  1,24 

𝑳𝒔  8 hours 

 

Figure 17 PLP implementation in MS Excel for T.O. assembly line 
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Table 24 PLP solution T.O. assembly line 

Results workforce planning 

Period 1 2 3 4 SUM 

𝑫(𝒕)̃  1 119 189 223  

𝑨(𝒕)̃  119 189 223 252  

𝒉𝒕  93,6 60,7 41,6 29,8 225,7 

�̃�𝒕  93,6 154,3 195,9 225,7  

𝒔𝒕  9 5 3 2 19 

𝑰𝑶𝒕  0 0 0 0 0 

 

 

Appendix E2 

Appendix E1 solved the model for minimizing �̃�𝑇. However, the optimal planning has not been reached. 

For this research, an optimal planning consists of both the minimal workforce ánd a maximal efficiency 

of this workforce. Currently, the PLP solutions might converge to multiple solutions that all satisfy all 

constraints and have an equal number of employees (�̃�𝑇). However, the (possible) total production 

(ℎ̃𝑡) differs over the multiple solutions. An example is provided in Table 24. Solving the model in this 

table for minimizing the number of employees in planning horizon T resulted in the workforce planning 

consisting of 19 employees. This is indeed the global optimum in terms of the number of employees; no 

combination of 18 employees could fulfill the constraints. However, the current distribution of 

employees does not result in the highest production given that 19 employees work in 4 periods (and still 

meet all constraints). Therefore, we solve the model also for maximizing ℎ̃𝑡, given that the optimal 

number of employees exists of a fixed �̃�(𝑡) = ∑ 𝑠𝑡
𝑇
𝑡=1  which is 19 in this example. Next, all other 

constraints remain the same. The results are provided in Table 25. This Table shows that a new 

distribution of the same number of employees results in a higher overall production level. Namely, the 



70 
 

production level increased from 225,7 cars to 231,7 cars. Next, the same conditions are met and the 

workforce consists of the same number of employees. 

 

Table 25 Revised PLP solution T.O. assembly line 

Results workforce planning 

Period 1 2 3 4 SUM 

𝑫(𝒕)̃  1 119 189 223  

𝑨(𝒕)̃  119 189 223 252  

𝒉𝒕  68,76 60,7 60,7 41,6 231,7 

�̃�𝒕  68,76 129,4 190,1 231,7  

𝒔𝒕  6 5 5 3 19 

𝑰𝑶𝒕  0 0 0 0 0 
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Appendix F: Details case study Car Wash 

 

This appendix provides additional information regarding the case study on the Car Wash. First general 

information regarding the data set and lead time are provided. Afterwards, the assumptions to model the 

Car Wash are listed. Then Table 26 and Figure 18 provide the piece-wise linearization of the expected 

production rate in relation to the number of employees working simultaneously at the Car Wash.  

 

General 

The dataset provided by C.RO Automotive regarding the demand of the Car Wash contains the daily 

demand in number of cars that have to receive a car wash from the period starting on 01-01-2015 up to 

31-12-2015. As mentioned in chapter 3, two groups of clients can be distinguished regarding the Car 

Wash. After order arrival, all cars of clients in group BF have to receive a car wash within 2 days and all 

cars in group G have to receive a car wash within 1 day. Contractual agreements have also been made 

about the maximum demand clients are allowed to order each day. However, for the Car Wash, C.RO 

indicated that they preferred not to extend the allowed lead time for orders above these limits. They 

preferred this because they never exceeded this lead time before and exceeding it now might affect the 

good relationship with the clients.  

 

Assumptions  

- All demand is processed within the lead time. 

o The lead time of demand ordered by client G is one day. The lead time of demand 

ordered by clients in group BF is 2 days. 

- All employees work for an entire shift of 8 hours (𝐿 = 8) at the same process.  

- The planning and production of the Car Wash is independent of other jobs at C.RO.  

- The number of employees working each period (𝑠𝑡) is an integer value on the interval 

{0,1,…,12}.  

- The non-linear daily production is approximated with m breakpoints and its linearization 

gradients as provided in Table 26 and Figure 18. 

 

Table 26 Production rates at Car Wash 

Number of employees (𝑠𝑡)  Effective production rate 𝑃(𝑠) Cum. production per day 1 Gradient2 

1 6,95 55,6 55,61 

2 6,35 101,7 46,06 

3 5,87 140,9 39,21 

4 5,50 176,0 35,07 

5 5,24 209,6 33,64 

6 5,09 244,5 34,91 

7 5,06 283,4 38,89 

8 5,14 329,0 45,58 

9 5,28 380,2 51,20 

10 5,80 464,0 83,84 

11 5,90 519,2 55,20 
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12 6,00 576,0 56,80 
 

1 𝑛𝑡 = (𝑠𝑡) ∗ 𝑃(𝑠𝑡)* 𝐿,      𝑤𝑖𝑡ℎ 𝐿 = 8 ℎ𝑜𝑢𝑟𝑠  

2 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
(𝑛𝑡(𝑠𝑡+1)−𝑛𝑡(𝑠𝑡))

(𝑠𝑡+1)−𝑠𝑡
 

 

Figure 18 Production rates in relation to team size for Car Wash 
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Appendix G: Examples Decision Support Systems 

 

This appendix shows the Decision Support System for the T.O. assembly line and the Car Wash. Up to 

four questions regarding the date and demand have to be filled in by the planner. Next, the DSS has four 

buttons. Their functions are as follows: (1) ‘clean data’: this button clears the current planning, (2) 

‘provide planning’: after pressing this button, a planning will be suggested in the lower part of the 

figure, (3) ‘insights forecasts’: after pressing this button, the forecast figures provided in appendix C will 

show up and (4) ‘hide forecast info’ will hide these forecast figures.  

 

 

Figure 19 DSS T.O. assembly line in ‘clean’ state 
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Figure 20 DSS T.O. assembly line with suggestion of planning 

 
 

 

Figure 21 DSS Car Wash with suggestion of planning 

 
 

 


