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I. Abstract 
In this master thesis the magnet supply chain of Philips Healthcare is examined. The effect of volume 

flexibility on the magnet supply chain is studied. Volume flexibility is measured as KPI and a variable 

demand plan is considered to model a flexible output level of the supply chain. The goal of this research 

is to find the optimal settings for the supply chain that result in the highest service level with reasonable 

cost. A simulation model is built to perform a simulation with multiple scenarios tested. The scenarios 

involved changing the buffer level method from current method to a three months average or buffer 

level with upper stock limit. The outcomes of these scenarios are judged based on service level, several 

cost parameters. The result showed that the buffer method “buffer stock level with upper stock limit” 

yields the best results. A bounded buffer stock level minimizes an overflow of the high utilized 

production plant in periods with seasonal demand.  
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II. Executive summary 
This report is the result of a master thesis carried out at Philips Healthcare. Philips Healthcare is an 

industrial multinational founded in 1891 and is one of the largest electronics company in the world. The 

company consists of multiple divisions, Consumer Lifestyle, Lightning, Healthcare, and innovation group 

and services. This project is carried out in the department MR Operations which is part of the division 

Healthcare.  

The magnet supply chain is reacting slowly to changes in forecasts. The long lead time of this supply 

chain is caused by the long lead times for the production of a warm magnet. The factory of magnets is 

performing optimal when the production of magnets is levelled out over the year. This part of the supply 

chain is coordinated based on forecasts. Another long lead time in the supply chain is the transportation 

of magnets to the preassemble sites, locations all over the world. The preassembly of the magnets in the 

preassemble sites is not considered to be a bottleneck in the whole process, but the available buffer 

stock at the preassembly sites might cause delayed customer orders.  

One year there was too much focus on a season peak, when the peak was lower than expected the 

capacity was decreased significantly. Another year, there was a strong focus on reducing inventory and 

this caused risks in the supply chain. To avoid both situations Philips is focusing on a balance between 

capacity and buffer stock in the supply chain to cope with customer demand and the uncertainty caused 

by transportation, customer orders, and production processes. Philips wants to maintain their service 

level and still being able to vary the output of the magnet supply chain. This desire resulted in the 

following research question: 

What changes (strategic inventory levels, capacity levels) can be made to make a slow moving, 

capital goods supply chain with long lead times more flexible while maintaining the customer 

service level? 

With the following sub research questions:  

- What types of operational flexibility could be implemented in this supply chain to cope 

with this demand uncertainty? 

- How are supply chain flexibility parameters defined and measured? 

- What strategic buffer levels in the whole supply chain result in the highest service level 

with reasonable cost? 

- What is the relation between levels of flexibility of the demand and lower strategic 

buffer levels? 

Scope 

The focus of this research is the magnet factory and the preassembly sites. All those locations 

considered because requested output of the magnet factory is determined by the customer demand 

occurring at the preassemble sites.  The supply chain will be assessed based on KPIs, namely: service 

level, volume and mix flexibility, holding cost, and total cost.  
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Literature 

A literature review is conducted to answer the first two sub research questions accordingly. Supply chain 

flexibility consists of multiple dimensions where each dimension is related to another type of flexibility. 

The main dimensions discussed in literature are: delivery flexibility, mix flexibility, volume flexibility, new 

product flexibility. In this study the volume flexibility is only considered as a varying input variable.  

An additional percentage is added to the demand plan to model how flexible the output of the supply 

chain is. Volume flexibility is also assessed through a measurement coefficient described by Metternich 

et al. (2013). They proposed a performance measurement for volume and mix flexibility with an 

outcome between 0 and 1, where a higher value is interpreted as a better production system that 

follows customer demand.  

Conceptual model 

A conceptual model is found in the literature that examined a multi echelon single item product-

distribution system (Rappold & Muckstadt, 2000). This model is the basis for modeling the magnet 

supply chain. The model only takes holding cost and backordering cost into account. Therefore, this 

model is modified to a multi product multi echelon product-distribution problem. The last step was to 

add the transportation cost to the model because the transportation cost is significant. Transportation 

cost might affect the buffer methods selected in the next phase.  

Scenarios 

The backordering costs are not included in the analysis of the scenarios, only transportation cost and 

holding cost are considered. There are two variables defined to change in every scenario, each variable 

has three levels. The total number of scenarios examined is 9 scenarios. The variables with changes 

values are: shipmentplan (+0%, +5%, +10%), and buffer stock method (“current method”, “3 months 

average”, “buffer stock level with USL”). The method buffer stock level with upper stock limit (USL) is a 

method bounded at an upper limit. 

Results 

The outcome of the scenarios is shown in Table 1, this table shows the service levels for the 

corresponding scenarios. The “buffer stock level with USL” has the best service level, while the “current 

method” is not sufficient enough for situations with an increased shipment plan. 

Table 1: Service level outcomes of the simulation 

  Current method 3 months average Buffer stock level with USL 

Shipmentplan +0% 92% 95% 98% 

Shipmentplan +5% 88% 94% 96% 

Shipmentplan +10% 82% 93% 95% 
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Conclusion 

The performance of the magnet supply chain is assessed based on multiple KPIs. “Buffer stock level with 

USL” performs well on service level, transportation cost, and total cost. However, based on holding cost 

this method is not the best option as well as the total money tied up in the whole supply chain. The total 

cost and service level are the most important KPIs and therefore the best buffer method is the “buffer 

stock level with USL”. 

The relation between varying levels of the shipment plan and strategic buffer levels is calculated for one 

buffer method. An increase in the output of the shipment, while keeping the same service level, causes 

higher costs. In the situation of holding the costs constant, then the service level drops for an increase in 

the output level of the shipments.  

All the sub research questions are answered those together are able to answer the main research 

question.  

The best option for maintaining a high service level, while being more flexible is the “buffer stock level 

with USL”. The total cost for this method are the lowest and the service level is in the desired region 

>95%. The extra inventory in the supply chain can be interpreted as a capacity buffer. When the demand 

increases and the magnet factory is not able to follow directly, there is still some buffer stock in the 

chain that can be used to satisfy the additional customers. The utilization for this scenario is not 

completely used yet, so there is still some capacity slack (also depends on initial capacity defined and 

calculated based on the forecast). This method also yields a more balanced request for magnets 

throughout the year which is favorable for the magnet factory. A bounded buffer stock level minimizes 

the probability of an overflow of the high utilized production plant in periods with seasonal demand. 

Recommendations 

The magnet supply chain is studied extensively and the follow recommendations are proposed: 

 The buffer method “buffer stock levels with USL” should implemented at preassembly centers 

because an additional number of shipments is allowed for customers (key markets). The current 

method to determine the number of magnets to keep as buffer stock in situations with 

increased shipments is insufficient. 

 An increase of 5% of the number of shipments should is favorable because the cost difference is 

a few percent for the total costs while maintaining a similar service level. Additionally, the total 

money tied up in unfinished products in the total supply chain is significantly higher for the 10% 

scenario. 
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1 Introduction 
Production planning for slow moving capital goods requires information sharing and flexible suppliers in 

a volatile market. The trade off in this industry is to keep high levels of inventory to satisfy the customer 

or incur lost sales due to insufficient stock or extend available capacity in seasonal periods of the year. 

When a company is able to balance the inventory and capacity in such a way that an increase in demand 

might be satisfied, the total costs for inventory are reduced.  

This problem is examined in a medical company with slow moving capital goods where the awareness of 

having a slightly increased inventory benefits the fluctuations in customer demand and increases the 

service level. Philips Healthcare has implemented lean throughout the organization, but the strong focus 

on reducing inventory caused supply chain risks due to sudden increase in demand (number of 

shipments). To improve the supply chain and accommodate unexpected customer demand accordingly, 

this research project is initiated.  

 

1.1 Company introduction 

1.1.1 Philips 

Philips is a Dutch technological multinational that focuses on electronics, healthcare and lighting. The 

company was founded in 1891 by Gerard Philips in Eindhoven. Philips is one of the largest electronics 

company in the world with 95 production sites in 25 countries and sales and service outlets in 

approximately 100 countries. At the end of 2015 there were roughly 113.000 employees working at 

Philips. Philips vision is to improve the lives of 3 billion people a year by 2025. To achieve this vision 

Philips’s focus is to develop innovative products that support the curative (care) or preventive (well-

being) side of people’s health. The total sales in 2015 were 24.2 billion Euros, from which 1.9 billion 

Euros (7.9% of sales) are expenses for Research and Development.  

At the end of 2015 the company consists of four major business units which are shown in Figure 1. In the 

year 2016 the business unit Lighting will be separated from Royal Philips and will become a separate 

company called “Philips Lighting”. The other business units will continue their activities under the brand 

Philips.  
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Figure 1: Organizational chart of Royal Philips N.V. 

 

1.1.2 Philips Healthcare 

The business unit Healthcare is the biggest within Royal Philips with sales of almost 11 billion Euros. This 

business unit is divided into four sections which are Imaging Systems, Customer Services, Healthcare 

Informatics Solutions & Services, and Patient Care & Monitoring Solutions. The global headquarters of 

Imaging Systems is located in Andover (United States), while the biggest Philips location in the world is 

located in the Netherlands (Best), which is also the European Headquarters for Imaging Systems. 

Imaging systems covers a broad range of imaging techniques, like Computed Tomography (CT), 

Diagnostic X-ray (DXR), interventional X-Ray (iXR), Magnetic Resonance (MR), Women’s Healthcare 

(WHC), and Ultrasound (US). This research is conducted in Best within the section for MR systems 

1.1.3 Magnetic Resonance imaging (MRi) 

A technology used to make images of a human body is called Nuclear Magnetic Resonance. This 

technique is relatively new, because it was invented in 1977. The scanning machine consists of a 

magnet, and other equipment to keep the machine working and make the images. A magnet is 

assembled with special wires, when the magnet is cooled down by liquid helium to 4 kelvin the special 

wires are super conductive. A minor current is enough is to generate a magnetic field in the bore and 

around the magnet. When a human body enters the bore magnet all atoms are aligned to the same 

direction due to the magnetic field. Certain atoms can absorb energy from radio waves and send out a 

signal when these atoms have received this energy, hydrogen atoms are used to send out this energy. 

The human body consists of roughly 70% water which makes detecting these atoms of a human body 

relative accurate. The signal sent out is detected at gives the images of the human body. 
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In the Philips portfolio there are four magnet types used to cover 10 different system configurations. 

The difference between these four magnets is the strength of the magnetic field, there are two magnets 

with a magnetic field of 1.5 Tesla (1.5T) and two magnets with a magnetic field of 3 Tesla (3T). Another 

difference between the magnets in this group is the diameter of the bore. The Achieva magnet has a 

diameter of 60 cm where the Ingenia magnet has a diameter of 70 cm. Table 2 shows the classification 

of the different magnet types for MRi scanners that are in the portfolio of Philips Healthcare. 

Table 2: Classification of magnets based on magnetic field and bore diameter 

  
Diameter of bore 

  
60 cm 70 cm 

Magnetic 
field 

1.5T Achieva 1.5T Ingenia 1.5T 

3T Achieva 3T Ingenia 3T 

 

1.2 MR Operations 
The supply chain of the MR systems upstream is based on forecasts due to long lead times for several 

critical components (i.e. wires for the magnets), where the supply chain downstream is organized based 

on customer demand. The material flow of components for the MR systems consists of two separate 

supply chains, the first one represents the magnet supply chain (front-end SC) while the second supply 

chain handles all other related products to make the MR system function (back-end SC). The focus of 

this research is the magnet supply chain because the magnet is an expensive and critical component of a 

MR system.  

The front-end supply chain is different compared to the back-end supply chain due to different suppliers 

and different locations of those suppliers in the world. The back-end supply chain and the front-end 

supply chain merge their finished goods together at the end of both supply chains. This ensures that the 

shipments to the customers contain a complete system that arrives at the customer. A graphical 

representation of the supply chain can be found in Figure 28. The graph shows four locations that are 

important for building the finished product. All customers are served from the four preassemble sites 

 

1.2.1 Order process 

Orders from customers arrive between two months and two years in advance at Philips. The variation in 

time between order arrival and order delivery is therefore large. All these incoming orders are 

translated to an assemble plan and an expected shipment plan. Those two plans provide the magnet 

factory with the expected output rate from the factory over the next six to twelve months. The magnet 

factory tries to level their production because then the workforce stays relatively constant. The 

expected number of shipments shows some seasonality, where the exact numbers for this seasonality 

are known two months ahead. When the expected shipments are lower than expected, the inventory 

increases. In the situation of higher expected shipments the factory should increase the output; 

however, there is a limit for the output level based on workforce, and raw materials in stock. 
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 When the order date approaches, some customers might change the delivery date due to delays in 

construction work in the clinic or hospital where the MR system has to be delivered. As it is a slow 

moving capital good industry, companies want to satisfy all customers and thus they accept this move 

out and agree on a new delivery date.  

 

1.2.2 Magnet factory 

The magnets are built in a Philips factory. All magnets are built here for the four preassembly sites and 

transported to the preassemble sites to transform the magnets into a customer specific product. Table 2 

shows the magnet types which are built in the magnet factory. These magnet types are used in different 

end products depending on the configuration during the preassemble stage.  

The process starts with building a magnet from scratch until a warm magnet. Warm magnets are 

magnets without the helium which makes them super conductive. Next step is to fill the magnets with 

helium and test the magnet, after this step the magnet is called a cold magnet. Cold magnets always 

need to be connected to a compressor to avoid leakage of helium, where a warm magnet can be stored 

without connection to a compressor.  

Main mode of transport to the largest preassemble site (site A) is vessel, when there are shortages in 

stock a priority shipment can be made by flying magnets to preassemble site A. The mode of transport 

to the other sites is defined based on current inventory at these preassemble sites.  

 

1.2.3 Preassemble sites 

The preassemble sites store the cold magnets after shipping. The magnets are now called bare magnets 

(Figure 2 shows this). The shipment is scheduled based on the expected delivery date of the system. The 

majority of the magnets are not so long in bare stock because magnets arrive close to the delivery date.  

 

Figure 2: Overview of actions performed on magnet and how magnet is called in each state 

 The magnets are customized and assembled according to the customer order. This last step is an 

assemble-to-order (ATO) step. The magnets are stored until the finished goods are made ready for 

transport. Preparing finished goods for shipments include package the systems and add extra helium, if 

needed. 
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1.3 Characteristics of supply chain 
In the past, the magnet supply chain was a typical push supply chain. All products were produced in the 

magnet factory and pushed to the preassemble sites because they expected to make the shipments to 

the customers, according to the forecasts. This caused an increase in inventory in periods of low 

seasonality, which was reduced when the peak season started. The focus to reduce the total inventory 

in the whole supply chain affects the buffer inventory available in the supply chain and required to react 

to sudden demand increases or decreases.  

Purchasing raw materials is based on long term forecasts provided by the planning department. The long 

lead time of some key components makes it difficult to suddenly increase the availability of new raw 

materials. The raw material purchase is based on the expected product mix from the forecasts. Changes 

in the distribution of products affect the raw materials availability at the magnet factory. Large quantity 

changes in product types are not possible due to this raw material limitation.  

The total capacity of the magnet factory consists of Y positions to build magnets. Roughly every spot in 

the factory can be used for building each product type. These positions and the number of skilled people 

are important in the total output on a weekly/monthly base. The distribution of product types might 

fluctuate a bit over time. However, small changes can be observed in updated forecasts and adjusted 

accordingly.  

The process of cooling down magnets is based on the expected number of shipments to the assembly 

sites. Each cold magnet needs to be connected to a compressor to keep the helium inside the magnet 

and avoid leakages. Volumes of cold magnet are kept as low as possible, due to the compressor 

requirement.   

The lead times of shipping magnets varies and depends on the route of the vessel. The container 

shipping companies change the route from time to time which results in changes in lead time. When a 

vessel follows the route in the opposite direction it is possible that the arriving port for Philips goods is 

later on in the schedule. Shipping magnets by air is more reliable, but also much more costly. 

The four magnet types from Table 2 can be configured in multiple different configurations. In this slow 

moving capital goods market it is impossible to keep finished products of every configuration. Every 

preassemble site should keep some configurations which causes high inventory values. Bare magnets 

can be assembled according to the customer orders and therefore Philips business strategy is Assemble-

To-Order (ATO). Medical devices are regulated strictly by government agencies. This makes it difficult to 

reallocate a finished system to another customer with the same configuration. 
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1.4 Report structure 
The report is divided into chapters, where the first chapter is the introduction about the company. In 

second chapter the research design is discussed and research questions are introduced.  

Chapter 3 elaborates the current literature of supply chain flexibility and discusses some multi echelon 

systems. Additionally, the definitions and terminology in scientific literature regarding supply chain 

flexibility will be discussed. This chapter provides a theoretical background on the topic. 

Chapter 4 is answering some sub research questions defined in chapter 3. These sub research questions 

provide relevant information to assess the scenarios in the simulation phase later on in the report. 

These sub research questions are answered based on literature of chapter 3.   

A conceptual multi echelon model is described in chapter 5. The basic model is discussed in section 5.1 

and section 0 discusses modifications to the conceptual model. The model is modified from single 

product to multi product and transportation costs are added to the model description.  

Chapter 6 describes a case study conducted at Philips Healthcare. The conceptual model is modified to 

the situation of Philips Healthcare’s supply chain. KPIs and scenarios are defined to measure the 

performance of the model for the magnet supply chain. The model is validated based on data provided 

by Philips. The results from the simulation are discussed and shown in the last section of this chapter.  

The last chapter, chapter 7, discusses the conclusions from this research.  The limitations of this study 

are part of this chapter, as well as the recommendations from this project. Future research directions 

will be discussed to define new directions of improvements.  
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2 Research design 
This chapter describes the setup of the research project. The first section describes the problem 

definition for this project, followed by the research scope and research questions. In section 2.4 the 

methodology is described in more detail, followed by the data requirements.  

 

2.1 Problem definition 
Previously, Jongenelis (2014) studied the magnet supply chain, but the focus of his research was to find 

supply chain settings from a strategic perspective (long term changes). One recommendation was to 

simply and shorten the magnet supply chain and the other recommendation of his research was the 

implementation of a radical scenario. This scenario was not feasible to implement but provided a longer 

track of research towards the supply chain to search for optimizations.  

After this research there is still a challenge to balance the capacity of the magnet factory and the buffer 

levels in the supply chain. The magnet factory is performing optimal when the production of magnets is 

levelled out over the year. Some seasonality is observed in the demand distribution for a year. Based on 

historical data there was a year with high buffer levels to cope with a seasonal peak, but the peak was 

lower than expected. The magnet factory had to ramp down the capacity significantly to avoid high 

holding costs. There was also a year where the situation was the other way around, the buffer levels 

were low and suddenly the demand increases and the magnet factory was struggling to meet all 

requested cold magnets from the preassembly sites. In order to avoid such situations the supply chain 

requires to have a certain amount of buffer stock to cope with uncertainty in demand and uncertainty in 

the shipment of cold magnets to preassemble sites.  

So from a business perspective, the supply chain should be able to meet the expected number of 

shipments plus extra additional shipments. The changes for being more flexible are examined in this 

research. Philips wants to maintain their service level and still being able to vary the output of the 

magnet supply chain.  
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2.2 Research scope 
For research projects it is important to define the boundaries of a project in order to avoid an unfinished 

project at the end of the project time. Defining the boundaries makes the goal of the project clear and 

keeps the focus on the right topic. Firstly, the topics included in the scope of the project are described 

continued by the topics that are out of scope. 

 

In scope 

 Inventory in the whole supply chain, from start production until products are finished according 

to customer orders (WIP, in transit, unfinished inventory). 

 Possible changes in the output level of magnet factory 

 Multiple buffer stock level calculations 

 Multiple incremental percentages (volume flexibility) for the expected number of shipments. 

 The effect of given changes to the amount of inventory, service level, utilization of magnet 

factory. Which settings yield the best result based on the extra cost. 

 Compare multiple scenarios which make a balance between inventory and utilization of the 

available capacity. 

 

Out of scope: 

 Major lead time reductions in the magnet factory are out of scope. Reducing these lead times 

only provides results of situations which are currently not feasible for the magnet factory. 

Within the company, there is a continuous focus on reducing the lead time where possible. 

 The processes in the magnet factory are given and changes to these processes are out of scope 

as well. Changes to these processes might only result in local and minor optimizations while the 

focus of this project is the complete supply chain. 

 Possible improvement opportunities for the forecasts and the uncertainty in the demand are 

not taken into account. This topic might be a research project on its own, due to size and 

complexity.  

 The follow cost: production cost per unit, long term fixed costs (warehouse rent or investment 

in warehouse, production plant cost). 

 The bullwhip effect is not considered to affect the outcomes of this research. All production 

locations are internal suppliers to Philips companies and assumed to share information 

regarding required raw materials and unfinished goods. 

 There are enough raw materials in the beginning of the supply chain to produce as much as 

possible. The order process and lead times of critical components make it even more difficult to 

model the supply chain properly. Some critical components have lead times of several months.   

 Finished products waiting for shipping to customer are out of scope, these systems do not affect 

the production of new systems. 

 And lastly, the installation process is not in the scope of this project. Each MR system is installed 

by Philips employees at the customers location, this process is not linked to the production of 

MR systems. Therefore, the installation process is out of scope. 
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2.3 Research questions 
Within the company there are already changes made to reduce the inventory in the supply chain. Philips 

is currently looking for strategic inventory levels for inventory in the supply chain to better react on 

changes in demand and maintaining a high level of service. The use of extra capacity from working 

overtime is also considered as an option. However, the increase of production of magnets is limited due 

to factory constrains.  

The main research question of this research is: 

What changes (strategic inventory levels, capacity levels) can be made to make a slow moving, 

capital goods supply chain with long lead times more flexible while maintaining the customer 

service level? 

 

The main research question is answered based on the answers of sub-questions defined below:  

- What types of operational flexibility could be implemented in this supply chain to cope 

with this demand uncertainty? 

- How are supply chain flexibility parameters defined and measured? 

- What strategic buffer levels in the whole supply chain result in the highest service level 

with reasonable cost? 

- What is the relation between levels of flexibility of the demand and lower strategic 

buffer levels? 

 

2.4 Research methodology 
The complexity of a supply chain makes it difficult to define the supply chain in mathematical formulas. 

Tiger & Simpson (2003) discussed that it is difficult to calculate mathematically the effects of changes on 

performance values of cycle time, throughput, and WIP inventory. By performing a simulation study the 

complete supply chain can be modelled while maintaining the mathematical complexity of the system. 

This provides more details about how changes of the supply chain affect those KPIs, because solving it 

analytical is difficult because of the stochastic behavior.  

An empirical research model to approach Operations Research topics is provided by Mitroff et al. (1974). 

This model is shown in Figure 3, it shows the four phases of conducting empirical research.  
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Figure 3: Research model of Mitroff et al. (1974) 

The first phase is to develop a conceptual model about the research topic or use a current model from 

the literature that matches the problem description. This process is the conceptualization step according 

to Mitroff et al. (1974). After this phase the conceptual model is translated into a model with 

mathematical equations to describe the phenomena. The outcome of this phase is the scientific model. 

The scientific model is validated with the reality to confirm that the model is accurate enough to provide 

solutions in the model solving phase.  The model solving consists of running scenarios which will be 

discussed in more detail later on. After the model solving is conducted, the implementation phase is the 

next step after this. In this master thesis the phase’s conceptualization, modeling, and model solving are 

conducted. It is not possible to implement the model in the reality. The implementation is difficult to 

achieve due to many stakeholders involved in making changes to the supply chain and all operations at 

all factories. Major companies require many employees to be involved to make huge changes this is why 

this stage is out of scope for this thesis.   

 

2.5 Data requirements 
The required data for this project is collected within Philips from different departments. The data 

regarding production processes is provided by the departments Operations and the Supply chain team. 

The data about the forecast is provided by the Sales & Operations Planning (S&OP) department, as well 

as the Order department. Financial data about costs is provided by the S&OP department and the supply 

chain management team. The large amount of available data makes structuring data even more 

important. The data is checked and processed to provide reasonable meaning for the outcome of this 

project.  
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3 Literature review 
The scientific literature related for this thesis project is discussed in this chapter. Firstly, the supply chain 

flexibility is discussed. This section continues by describing multiple dimensions of supply chain flexibility 

and the interaction between those dimensions. Next section 3.2 describes production control principles 

like MTO, MTS, and ATO. In this section the relation between these principles and the CODP is 

explained. Section 3.3 describes inventory management systems, especially multi-echelon distribution 

systems are discussed. Two specific models with multi echelon and capacitated production-distribution 

are explained in more detail. The last section will cover literature about supply chain simulation. 

 

3.1 Supply chain flexibility 
The majority of research from the last decade focused on constructing conceptual models to describe 

the relationships between constructs of supply chain flexibility. These conceptual models only studied 

the relationship between multiple constructs and the how they are related, the direction, and the size of 

the effects, including: Duclos et al. (2003), Sánchez and Pérez (2005), Kumar et al. (2006), Charles, 

Lauras, & Van Wassenhove (2010), and Singh and Acharya (2013). Das and Abdel-Mark (2003) define SCF 

as the robustness of the buyer-supplier relationship under changes in the supply conditions. The 

scientific researchers define dimensions of flexibility according to their background towards the topic. 

The dimensions which recur in studies are new product flexibility, delivery flexibility, mix (product) 

flexibility, and volume flexibility. Slack (1987) was the first author who defined those dimensions in the 

literature. Beamon (1999) described how to measure the dimensions in terms of range and response. 

New product flexibility is not applicable in this project because all products are already on the market 

and in production for some time.  

Supply chain flexibility is more a definition of other dimensions of flexibility that might occur in 

organizations, therefore there are no mathematical models for something called “supply chain 

flexibility”. Singh and Acharya (2013) studied twenty-two flexibility dimensions where each dimension 

was studied before by other researchers. The majority of these flexibility dimensions are difficult to 

translate to mathematical formulas, like: coordination flexibility, information flexibility, respond to 

market flexibility, and sourcing flexibility. However, mathematical formulations are proposed for 

delivery flexibility, new product flexibility, mix flexibility, and volume flexibility. New product flexibility is 

applicable when a new product is prepared for launch on the market, which is not applicable for this 

research.  

 
Delivery flexibility 

Delivery flexibility is defined by Beamon (1999) as the ability to change planned delivery dates 

accordingly to customer needs. Delivery flexibility is not suitable for each type of business and customer 

demand needs to be known in advance. In businesses where the customer demand is satisfied from the 

shelf it is not always possible to postpone the delivery. Schütz and Tomasgard (2011) conducted a 

simulation study on flexibility dimensions and found that penalizing late deliveries with extra 
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backordering costs limits the possibility shift orders out of the seasonality period. The capacity of the 

studied company was not leveled out over the studied horizon.  The conclusion was that delivery 

flexibility does not fit every business and does not always increase the performance.  

 
Mix (product) flexibility 

Mix flexibility is by a few researchers described as product flexibility, whereas the researchers that use 

mix flexibility describe product flexibility as “new product flexibility”. In order to avoid 

misunderstandings, mix flexibility and new product flexibility are used in this report. Goyal and 

Netessine (2011) explain mix flexibility as “the ability to manufacture multiple products on the same 

capacity, and the ability to reallocate capacity between products in response to realized demand”. 

Changing the mix of products might also be caused by changes in the customer demand distribution. 

Some seasonal products are produced in the quarter before the demand occurs, this shows an 

reallocated capacity between products. Basically, this change is the effect of seasonality in the demand 

rather than mix flexibility. The changes in demand over time due to changes in forecasts are already 

conducted in this project. This research project studies the demand of the year 2015 with every month 

different customer demand. In the literature there is no agreed mathematical formulation how mix 

flexibility is measured and/or calculated.  

Beamon (1999) defines a measurement for mix flexibility as the amount of product that could have been 

produced during the changeover times. In this research the changeover times in the magnet factory are 

negligible because the supply chain is analyzed at a tactical level rather than operational level. By 

looking at the tactical level of the supply chain, the process lead time considered for this research at the 

magnet factory might be 50 times higher than the setup times. The setup times are then negligible 

compared to the process lead time of the magnet factory.   

 
Volume flexibility 

Varying the output level of a production process to cope with seasonality occurs in almost every 

industry. This is exactly how Beamon (1999) this flexibility dimension describes in his paper. Volume 

flexibility is the change in one product group, while changing the output level of multiple product groups 

is a combination of volume flexibility and mix flexibility. Salvador et al. (2007) studied volume flexibility 

and mix flexibility in a build-to-order (BTO) environment. They conclude that a company should 

prioritize one dimension over the other, since it is impossible to focus on both dimensions. Due to 

correlation between these dimensions, the other dimension is already affected if it is not prioritized.  

Metternich et al. (2013) proposes to measure volume and mix flexibility of a lean organization by 

measuring the produced products and observe the customer demand in every time period T. This 

formula is shown below: 

𝐹𝐿𝐸𝑋𝑡 = 1 −  
∑ 𝑐𝑖  | 𝑑𝑡,𝑖 − 𝑝𝑡,𝑖 |

𝑛
𝑖=1

∑ 𝑐𝑖  𝑑𝑡,𝑖
𝑛
𝑖=1
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In this formula the value of 𝐹𝐿𝐸𝑋𝑡   ranges from 0 to 1, where 1 is a production system which follows the 

market demand completely and lower values show mismatch between demand and production. 𝑐𝑖  is 

defined as the required capacity hours/days per product unit, while 𝑑𝑡,𝑖  is the customer demand and 

𝑝𝑡,𝑖 is the quantity of produced products of product type i. 

Jack and Raturi (2003) defined four measurements for volume flexibility of a firm. Their measurements 

are based on the standard deviation of sales, inventory, Costs-of-goods-sold, and ROI. Defining multiple 

measurements indicates that there is no agreed method to measure and also indicates that the concept 

of volume flexibility is interpretable in multiple ways. The lack of a standardized measurement makes it 

harder to assess supply chains on flexibility and compare supply chains. Jack and Raturi (2003) argue 

that volume flexibility is a difficult concept to compare the performance of different supply chains. The 

supply chain of large companies and small companies differ based on which measure is proposed. With 

some measures from Jack and Raturi (2003) the small companies perform better and when the small 

firms perform worse, than the large firms perform better in volume flexibility for their supply chain. 

Schütz and Tomasgard (2011) studied volume flexibility as well; in their study they had the opportunity 

to see the effect of dramatic capacity decreases. They studied capacity limits of 100%, 75%, and 50% 

where the 50% capacity showed the lowest operational financial results. The difference between 100% 

and 75% capacity levels was negligible, indicating that the maximum used capacity in this case study 

normally is between 70% and 80%. Schütz and Tomasgard (2011) did not measure the volume flexibility, 

they only observed how this phenomena affects the operational financial results. 

 

3.2 Production control principles 
Operations research has studied multiple production control principles. Each production process and 

supply chain can be considered as a push, pull, or hybrid system. A supply chain with production control 

based on the push mechanism starts production based on forecasts and makes products accordingly. All 

finished products of each production step are pushed outside the process to the next process or stock 

point after the process. Push systems typically have higher inventory levels and is based on forecasts. On 

the other side, pull is based on customer orders and each customer orders pull a new product 

downstream to keep the finished inventory filled. Pull systems produce according to customer demand 

which mostly results in lower inventory levels.  

Olhager (2010) state that the strategies for manufacturing, planning and control differ based on where 

the customer order decoupling point (CODP) is located in the supply chain. Figure 4 shows the 

relationship between the CODP and different production control strategies. The CODP affects the 

flexibility of a supply chain. Stevenson and Spring (2007) argue that “postponement allows the supply 

chain to keep (forecast-driven) products in generic form longer, increasing speed, moving the de-

coupling point upstream allows the supply chain to create flexibility”. However, there is a trade-off by 

chosen the place of the decoupling point since not every industry has the ability to create customer 

orders from the engineering phase fast enough to satisfy the customer. 
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Figure 4: Relation between production control principles and CODP location, adapted from Olhager (2010) 

 

3.3 Inventory management 
In scientific literature supply chains are divided into separate stations where the each station is called an 

‘echelon’. Every supply chain consists of multiple stages like: procure raw materials, manufacturing, 

distribution warehouses, and retailers. These supply chains are called multi echelon networks. When 

there is a direct flow and every station is succeeded by only one other station, then the system is called 

a serial multi echelon system (shown in Figure 5).  

 

Figure 5: Example of a serial multi echelon system 

Another option for multi echelon systems is when a station is succeeded by two or more stations. These 

networks are called multi echelon distribution systems (shown in Figure 6). Another group is the 

assembly systems where multiple stations result in one finished end product (Figure 7). 

 
Figure 6: Example of a multi echelon distribution system 

 
Figure 7: Example of a multi echelon assembly system 

 

Research on multi echelon has gained importance over the last decade because there was more focus 

on optimizations in the whole supply chain. The process of producing and distribution phases becomes 

more feasible through modern information technology (Gümüs & Güneri, 2007). Different parameters in 

the multi echelon system are studied. The majority of research is conducted based on the number of the 

echelons (two, up to N), type of network, inventory system/policy, demand assumptions, and lead-time 

assumptions.  
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Table 3: Research parameters of multi echelon inventory systems, based on Table 1 in: Gümüs & Güneri (2007) 

Number of 
echelons 

 Type of 
network 

 Inventory 
system/policy 

 Demand 
assumptions 

 Lead-time 
assumption 

1  Assembly 
system 

 Base stock 
policy 

 Deterministic  Constant 

2  Distribution 
system 

 (s, Q)  Normal 
distributed 

 Deterministic  

3  Serial system  (s, S)  Random  Stochastic 

N    (R, Q)  Stochastic  zero 

    (R, S)     

 

More echelons result in an increased complexity to find an exact solution for the problem statement. All 

research papers studied by Gümüs and Güneri (2007) in their literature review were an extension of a 

current model and focus specific on this subset of multi echelon systems. According to the analysis of 

Gümüs and Güneri (2007) the follow researchers studied this subject the most: A.G. de Kok, S. Axsäter, 

E. Diks, and M.C. van der Heijden. The majority of all these papers did not include a production location 

as part of the system. In situations with a capacity constraint on the supply of unfinished goods or 

finished goods to a warehouse the proposed inventory policy might not be as effective as calculated in 

models without limitations on the supply side. Another issue is the difference in type of network studied 

by these researchers. De Kok and Visscher (1999) studied assembly systems with service level 

constraints and varying parameters for the finite supplier case.   

Hinojosa et al. (2000) studied an extension of the multi echelon distribution problem. They studied a 

multi-period two echelon multi-commodity capacitated plant location problem. In their problem 

statement they discuss a multi-period, multi-product two echelon problem, where the customer 

demand is satisfied from a warehouse. The other echelon in the problem is the production plant where 

multiple product types can be produced at multiple plant locations. A graphical representation of their 

problem is shown in Figure 8. The number of operating warehouses or production plants might vary 

between time period t, and time period t+1.  

 
Time period  t Time period  t+1 

Figure 8: Graphical representation of two echelon problem by Hinojosa et al. (2000)  



16 
 

Hinojosa et al. (2000) model focusses on multiple locations for warehousing and for production plants 

and which locations are optimal based on the total cost of the supply chain. They provide a heuristic to 

solve the allocation problem and the total open locations to meet the constraints at the lowest cost. The 

capacity constraints are defined for the production as well as the storage capacity at the warehouse. The 

holding costs and backordering costs are not taken into account in their problem. 

Rappold and Muckstadt (2000) studied a multi echelon capacitated production-distribution system. In 

their study they consider one production site, a central warehouse and m distribution centers 

(warehouses called in Hinojosa et al. (2000)). This multi echelon model is a single item system and their 

objective is to find the base stock level which minimizes the long run average system costs per period 

(graphical representation see Figure 9). The central warehouse does not satisfy any customer demand 

directly, only the distribution centers satisfy customer demand. Customer demand is a random variable. 

 

Figure 9: Graphical representation of the multi echelon problem by Rappold & Muckstadt (2000) 

The production plant has a finite capacity per time period and if the total demand is higher than the 

inventory available in the system, the whole system is assumed to be in backordering state. Another 

assumption in their model is that production of products takes a short time, while the magnet 

production process takes a long time and is considered to make multiple time periods.  
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3.4 Supply chain simulation 
Supply chains are complex with dynamic behavior to satisfy all customer demand accordingly. Making 

changes to major supply chains in a (re)design process might be costly and not all effects are directly 

visible. In such situations the impact on performance values of cycle time, throughput, and WIP 

inventory are difficult to calculate mathematically upfront (Tiger & Simpson, 2003). Mathematical 

models for supply chain flexibility scenarios are limited, due to the high degree of complexity in supply 

chain management. Due to this complexity it is impossible to analyze a whole supply chain 

mathematically with all stochastic variables.  

Computer simulation is one of the most frequently used techniques in modelling SCs (Chilmon & Tipi, 

2014). It provides a robust and solid tool to help decision makers. It also helps to address complex 

capability issues, uncertainty in supply and demand, conflicting objectives, ambiguity of information, 

coupled with the numerous variables and constraints at all levels through a supply chain (Abo-Hamad & 

Arisha, 2011).  

Discrete event simulation (DES) provides information about how changes will affect the modules of a 

system and how the whole system reacts to changes (Tiger & Simpson, 2003). Modeling a supply chain 

as a linear problem results in an optimal point based on to the specified constraints. Linear program 

solutions are less suitable for problems with stochastic parameters in the problem definition. Therefore, 

the behavior of a model is described in mathematical formulas while the simulation is running multiple 

times with the stochastic behavior every time slightly different. This method provides a replicated 

experiment where the mean and the standard deviation are based on multiple runs.  
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4 Operational flexibility 
The previous chapter discussed the literature applicable for this research. In this chapter the first two 

sub research questions are answered based on the literature. The first section discusses the relevant 

operational flexibility dimensions that might be implemented in the magnet supply chain. The 

operational flexibility dimensions are applied to the magnet supply chain and explained whether those 

can be used in this research or not. The next section defines performance measurement formula(s) for 

the dimensions selected in the first section.  

4.1 Dimensions of supply chain flexibility 
Supply chain flexibility is defined as the ability of supply chain partners to restructure their operations, 

align their strategies and share the responsibility to respond rapidly to customer’s demand at each link 

of the chain, to produce a variety of products in the quantities, costs and qualities that customers expect 

(Kumar et al., 2006). This description explains the complexity of supply chain flexibility and the lack of 

formulations how to measure SCF. The literature chapter discussed some dimensions of supply chain 

flexibility, namely: delivery flexibility, mix flexibility, and volume flexibility. 

Delivery flexibility 

Delivery flexibility assumes that customers are flexible to receive the products earlier or later than 

expected. Consumers are more satisfied when their products are delivered before the expected delivery 

date and this causes higher customer satisfaction. On the other hand, customers are less satisfied when 

orders are delivered later than the expected delivery date. Another situation might be that customers 

are not able to receive the products earlier than the expected delivery date.  

Philips customers are not able to receive the MR systems earlier than the expected delivery date. The 

customers of Philips are hospitals or clinics which are changing the construction of the building and 

preparing the room where the system is going to be installed. Finishing systems before the delivery date 

increases the holding costs of the finished goods of the company. These products are built for this 

customer and it is difficult to reallocate a system to other customers due to medical regulations. 

Assembling systems some time before delivery date only occurs during peak season when the capacity is 

not ample enough. Postponing orders occurs based on customer requests and is only known a short 

time in advance. The delivery flexibility is therefore not considered in this project. 

Mix flexibility 

“The ability to manufacture multiple products on the same capacity, and the ability to reallocate 

capacity between products”, this is the definition of Goyal and Netessine (2011). The reallocation of 

capacity for other products is a property of the production system of Philips. The reallocation of capacity 

among product groups makes it easier to handle fluctuations in demand distribution during the year. 

Mix flexibility is difficult to measure because it is already a property of the system and the formulas 

found in the literature do not consider this option with built in changeover possibilities. Mix flexibility is 

mostly related to products with medium to high volumes and short production times. Beamon (1999) 

proposes a performance measure based on the changeover times to produce a product of a different 
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product type. Philips has long lead times in the magnet factory and the volumes are low, therefore the 

influence of differences in setup times is negligible on the total lead time of a warm magnet.  

Another situation that might arise for mix flexibility is the change in demand distribution during the time 

horizon. An analysis of the demand distribution on a yearly basis shows minor changes in the demand 

distribution (see Figure 10 and Figure 11). The limited demand change and the possibility to allocate the 

capacity to every type conclude that this type of flexibility is not studied separately in this research.  

 
Figure 10: Demand distribution for 4 product types for the year 

2014 

 
Figure 11: Demand distribution for 4 product types for the year 

2015 

 

Volume flexibility 

A common explanation of volume flexibility is the ability to change the output level of the produced 

products. Volume flexibility can be defined as an absolute value or a percentage of the increased output. 

Changing the output of multiple products in a production environment is referred as a combination of 

volume flexibility and mix flexibility (Metternich et al., 2013). Other researchers also studied the effect 

of volume flexibility and mix flexibility on a production system (Goyal & Netessine, 2011; Jingming et al., 

2006). 

Philips goal is to increase the output of the magnet factory in some periods of the year to meet 

additional demand without major changes. The magnet supply chain is assessed based on volume 

flexibility, and this provides more insights about the tradeoff of extra inventory or using an expedited 

shipment method (air shipment). In this study a percentage increase in multiple product types is 

considered. The increase for every product type is bounded, since the supply chain is not able to meet a 

volume increase in only one product type due to lack of raw materials. The incremental demand levels 

considered in this research are described in chapter 6, as well as the tested scenarios are defined there.  

 

  

39% 

22% 

6% 

33% 

Distribution of demand 2014 

35% 

23% 
7% 

35% 

Distribution of demand 2015 
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4.2 Volume flexibility measurement 
Flexible demand is added in the model by adding a percentage of extra shipments to the total shipment 

plan. A higher number of shipments affect the whole supply chain, for example: the transportation cost, 

holding cost, and backordering costs. Different scenarios are classified partly based on this extra 

percentage of shipments. Observed differences among these scenarios are analyzed and processed in 

the simulation result section (6.6). The behavior of the supply chain is tested by changing the input 

values of the supply chain.  

Another method to test the supply chain is by measuring the volume and mix flexibility based on a 

performance measurement indicator. A measurement for volume and mix flexibility is the formula of 

Metternich et al. (2013) that measures the volume and mix flexibility of lean organizations. Their 

formula calculates a value between 0 and 1 to assess if the production system is able to meet the 

customer demand by producing the correct product types in the quantities needed in time period t.  

This formula is as follow: 

𝐹𝐿𝐸𝑋𝑡 = 1 −  
∑ 𝑐𝑖  | 𝑑𝑡,𝑖 − 𝑝𝑡,𝑖 |

𝑛
𝑖=1

∑ 𝑐𝑖  𝑑𝑡,𝑖
𝑛
𝑖=1

 

In this formula the value of 𝐹𝐿𝐸𝑋𝑡   ranges from 0 to 1, where 1 is a production system which follows the 

market demand completely. 𝑐𝑖 is defined as the required capacity hours per product unit, while 𝑑𝑡,𝑖  is 

the customer demand and 𝑝𝑡,𝑖 is the quantity of produced products of product type i. 

The 𝐹𝐿𝐸𝑋𝑡  formula is used to assess the ability of the supply chain to react to changes in demand 

(higher values due to percentage increase in demand) occurring over time.  
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5 Conceptual model 
This chapter will describe the model used in this research and explain more about the objectives and 

constraints that apply to the model. The first section describes a multi echelon single product 

capacitated production-distribution problem. In this problem the holding and backordering costs are 

only taken into account for the total costs. The model is extended by adding a multi-product instance 

and considering transportation costs. This extension is discussed in section 0. 

 

5.1 Single item multi echelon production-distribution system 
In the literature chapter of this report, chapter 3, the single item multi echelon production-distribution 

system of Rappold and Muckstadt (2000) is discussed. In their paper they search for the base stock 

levels that minimize the long run average costs per period when the system is in steady state condition. 

The method they use to solve this problem is not discussed in this research since the focus is not to 

minimize the long run average costs per period.  

In the literature chapter multiple definitions were used and every definition had a different meaning in 

different models. The definitions that will be used in the conceptual model to describe these echelons 

are shown in Table 4. 

Table 4: Terminology of model terms 

Terminology  Meaning  

Distribution center Customer demand occurs at this point, (retailer from multi echelon terminology) 

Warehouse  Central warehouse, that replenishes all the distribution centers 

Production plant Production of goods occurs here. 

 
The single item multi echelon production distribution model of Rappold and Muckstadt (2000) is defined 

as follow: 

 𝐼 = { 1, … , 𝑚 }  set of distribution centers, indexed by   𝑖 ∈ 𝐼  

 𝐶𝑡 ∶=  available production capacity per period t;  

 
Cost parameters are defined as follow: 

 ℎ0
𝑡 ∶=   cost of holding an unit per time period t at central warehouse;  

 ℎ𝑖
𝑡 ∶=   cost of holding  an unit per time period t at distribution center i. where ℎ𝑖

𝑡 > ℎ0
𝑡  ;  

 𝑏𝑖
𝑡 ∶=   backorder cost per unit per time period t at distribution center i;  

 ℎ𝑒𝑡 ∶=   echelon cost of holding an unit, where  ℎ𝑒𝑡 = ℎ𝑖
𝑡 − ℎ0

𝑡 > 0.  
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The follow decision variables are defined: 

 𝜓𝑡: =  the system order-up-to buffer stock level at time period t  

 𝑠𝑖
𝑡 ∶=  single period newsvendor order-up-to level for DC i in time period t;  

 
𝑆𝑡 ∶=  ∑ 𝑠𝑖

𝑡

𝑚

𝑖=1

 
 
Sum of newsvendor order-up-to levels across DCs per time period t; 

 

 𝑥𝑖
𝑡 ∶=  net inventory at DC i after demand occurred but before production in time period t;  

 𝑦𝑖
𝑡 ∶=  net inventory at DC i after production and allocation in time period t;  

 𝑥0
𝑡 ∶=  net inventory at warehouse i before production in time period t;  

 𝑦0
𝑡 ∶=  net inventory at DC i after production and allocation in time period t;  

 𝑥 (= 𝑥0, 𝑥1, . . , 𝑥𝑚) ∶=  vector for net inventory levels in time period t before production;  

 𝑦 (= 𝑦0, 𝑦1, . . , 𝑦𝑚) ∶=   vector for net inventory levels in time period t after production;  

 
Random variables and probability distribution functions: 

 𝐷𝑖
𝑡 ∶=   a discrete, nonnegative random variable representing the demand  

               for time period t at distribution center i = 0, …, m; 

               with 𝑃𝑟{𝐷0
𝑡 = 0} = 1 , since demand only occurs at distribution centers; 

 

 
𝐷𝑡 ∶=  ∑ 𝐷𝑖

𝑡

𝑚

𝑖=1

 
 
total demand for per time period t; 

 

 𝑉𝑖
𝑡 ∶= [𝑉𝑖

𝑡−1 + 𝐷𝑡 − 𝐶]
+

  the inventory shortfall at the end of time period t (with t>0)  

                                              at  distribution center i ;  

 

 
𝑉𝑡 ∶=  ∑ 𝑉𝑖

𝑡

𝑚

𝑖=1

 
 
total system inventory shortfall per time period t; 

 

 𝐴𝑡: = 𝜓𝑡 − 𝑉𝑡 =  the net inventory level at the end of time period t  
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The follow objective function is defined: 

 
min 𝐹(𝑦) ≔ ∑ ℎ0

𝑡  𝑦0
𝑡 

𝑝

𝑡=1

+ ∑ ∑ (ℎ𝑖
𝑡  𝐸[𝑦𝑖

𝑡 − 𝐷𝑖
𝑡]

+
+ 𝑏𝑖

𝑡  𝐸[𝐷𝑖
𝑡 − 𝑦𝑖

𝑡]
+

)

𝑚

𝑖=1

𝑝

𝑡=1

  
 

s.t.   
 

 ∑ 𝑦𝑖
𝑡

𝑚

𝑖=0

= 𝐴𝑡        
(5.1) 

 
𝐴𝑡 = min (𝐶𝑡 + ∑ 𝑥𝑖

𝑡

𝑚

𝑖=0

, 𝜓𝑡)                    for t ≥ 1 
(5.2) 

 𝑦𝑖
𝑡  ≥ 𝑥𝑖

𝑡,              𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑖 = 1, . . , 𝑚 (5.3) 

 
The first term of the objective function relates to the holding costs at the warehouse, while the second 

term relates to the holding costs and backordering costs. The model attempts to restore the system 

inventory to 𝜓𝑡  , but the production is constraint by  𝐶𝑡. With 𝜓𝑡 as an approximation of 𝑆𝑡  , when 

𝐶𝑡 = ∞,  then 𝜓𝑡 = 𝑆𝑡, because then there is enough capacity to restore inventories to the optimal 

levels. 

Constraint (5.1) guarantees that the system net inventory is equal to the sum of all inventories at the 

warehouse and DCs. Constraint (5.2) defines the upper limit for the system inventory at the end of a 

period. The total inventory at the end of a period cannot be higher as the starting inventory plus the 

total available capacity. When there is enough capacity, then the maximum total system inventory is 

 𝜓𝑡  units. Constraint (5.3) assures that the net inventory after demand occurrence and before 

production started is below the net inventory after production.  
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5.2 Multi-product multi echelon production-distribution system 
The current model only considers a single product flow which makes it easier to deal with the capacity 

limitation, compared to a multi-product model. Another potential issue in a multi-product system is that 

the inventory of one product type is relatively high at one distribution center while the same product is 

out of stock in another distribution center. Transshipments between distribution centers are not 

considered in this model. Avoiding such situations is beneficial for the total costs of the system because 

backordering costs are typically higher than holding costs. Hinojosa, Puerto, & Fernández (2000) 

describe a multi-product multi echelon capacitated problem. However, they focus on the total costs 

including transportation and fixed costs per open production plant/warehouse.  

In Table 5 the models of Hinojosa et al. (2000) and Rappold and Muckstadt (2000) are compared based 

on the echelon and their function. Rappold and Muckstadt (2000) only have storage for finished 

products at the central warehouse. All finished products produced are directly shipped to the 

warehouse to avoid storage at the production facility. Hinojosa et al. (2000) defined production plants 

with capacitated storage of finished goods. Therefore, the 2nd and 3rd echelon of Rappold and Muckstadt 

(2000) can be merged to one echelon since both echelons have a different function in their model. 

There are no holding costs defined for the third echelon and there is no inventory policy used for this 

echelon. The definition of their problem provides insight on how to define transportation constraints 

and multi-product implementations to the current model. 

Table 5: Comparison of two multi echelon models 

       Multi echelon models 
From customer view Hinojosa et al.(2000) Rappold and Muckstadt (2000) 

1e echelon Warehouses Distribution centers 
2e echelon Production plant Central warehouse 
3e echelon  Production facility 

Below the multi echelon production-distribution model is extended to a multi-product model and the 

transportation of goods is included as well. The multi item multi echelon production distribution model 

is defined as follow: 

 𝐼 = { 1, … , 𝑚 }  set of distribution centers, indexed by   𝑖 ∈ 𝐼  
 𝐿 = { 1, … , 𝑞 }   set of product types, indexed by                𝑙 ∈ 𝐿  
 r = { 1, … , k }  mode of transport options to transfer goods r ∈ R  
 𝐶𝑡 ∶=  available production capacity per period t for all products together;  
 
Cost parameters are defined as follow:  

 ℎ0𝑙
𝑡 ∶=   cost of holding product l per unit per time period t at central warehouse;  

 ℎ𝑖𝑙
𝑡 ∶=   cost of holding product l per unit per time period t at distribution center i. 

               where ℎ𝑖
𝑡 > ℎ0

𝑡  ; 

 

 𝑏𝑖𝑙
𝑡 ∶=   backorder cost for product l  per unit per time period t at distribution center i;  

 ℎ𝑙
𝑒𝑡 ∶=   echelon cost of holding product l , where  ℎ𝑒𝑡 = ℎ𝑖

𝑡 − ℎ0
𝑡 > 0.  

 γil
tr ∶=  costs of transporting product l from warehouse to DC i in time period t with 

              transport mode r ; 
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The follow decision variables are defined: 

 𝜓𝑡: =  the system buffer stock inventory level at time period t  

 𝑠𝑖𝑙
𝑡 ∶=  multi period newsvendor order-up-to level for product l for DC i in time period t;  

 
𝑆𝑡 ∶=  ∑ ∑ 𝑠𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
Sum of newsvendor order-up-to levels for products l  across DCs 
per time period t; 

 

 𝑥𝑖𝑙
𝑡 ∶=  net inventory at DC i  for product  l after demand occurred but before  

             production in time period t; 

 

 𝑦𝑖𝑙
𝑡 ∶=  net inventory at DC i  for product  l after production and allocation in time  

             period t; 

 

 𝑥0𝑙
𝑡 ∶=  net inventory for product  l at warehouse i before production in time period t;  

 𝑦0𝑙
𝑡 ∶=  net inventory for product  l at DC i after production and allocation in time period t  

 𝑥𝑙  (= 𝑥0, 𝑥1, . . , 𝑥𝑚) ∶=  vector for net inventory levels for product  l in time period t  
                                            before production; 

 

 𝑦𝑙  (= 𝑦0, 𝑦1, . . , 𝑦𝑚) ∶=   vector for net inventory levels for product  l  in time period t  
                                            after production; 

 

 wil
tr ∶=  transport of product l from warehouse to DC i in time period t with transport  

               mode r ; 

 

 𝑢𝑖𝑙−
𝑡 ∶=  lower limit for newsvendor order-up-to level for product l for DC i in time 

                period t; 

 

 𝑢𝑖𝑙+
𝑡 ∶=  upper limit for newsvendor order-up-to level for product l for DC i in time 

                period t; 

 

 
Random variables and probability distribution functions: 

 𝐷𝑖𝑙
𝑡 ∶=   a discrete, nonnegative random variable representing the demand  

               for product  l for time period t at distribution center i = 0, …, m; 
               with 𝑃𝑟{𝐷0

𝑡 = 0} = 1 , since demand only occurs at distribution centers; 

 

 
𝐷𝑡 ∶=  ∑ ∑ 𝐷𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
total demand for product l for per time period t; 

 

 𝑉𝑖𝑙
𝑡 ∶=   the inventory shortfall for product l at the end of time period t at distribution  

                center i ;  

 

 
𝑉𝑡 ∶=  ∑ ∑ 𝑣𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
total system inventory shortfall per time period t; 

 

 𝐴𝑡: = 𝜓𝑡 − 𝑉𝑡 =  the system net inventory level at the end of time period t  
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The follow objective function is defined: 

 
min F(y) ≔ ∑ ∑ h0l

t  y0l
t  

q

l=1

 

p

t=1

+ ∑ ∑ ∑ (hil
t  E[yil

t − Dil
t ]

+
+ bil

t  E[Dil
t − yil

t ]
+

)

m

i=1

q

l=1

p

t=1

+ ∑ ∑ ∑ ∑(γil
tr wil

tr)

m

i=1

q

l=1

p

t=1

r

k=1

 

 

s.t.   

 
 ∑ ∑ 𝑦𝑖𝑙

𝑡

𝑚

𝑖=0

𝑞

𝑙=0

= 𝐴𝑡      𝑤𝑖𝑡ℎ 𝐴𝑡 ≥ 0  
(5.4) 

 

𝐴𝑡 = min (𝐶𝑡 + ∑ ∑ 𝑥𝑖𝑙
𝑡

𝑚

𝑖=0

𝑞

𝑙=0

, 𝜓𝑡)                    for t ≥ 1 

(5.5) 

 𝑦𝑖𝑙
𝑡  ≥ 𝑥𝑖𝑙

𝑡 ,                           𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑖 = 1, . . , 𝑚; 𝑙 = 1, . . , 𝑞 (5.6) 

 𝑢𝑖𝑙+
𝑡 ≥ 𝑠𝑖𝑙

𝑡 ≥ 𝑢𝑖𝑙−
𝑡 ≥ 0     𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑖 = 1, . . , 𝑚; 𝑙 = 1, . . , 𝑞 (5.7) 

 

The first term of the objective function relates to the holding costs at the warehouse, while the second 

term relates to the holding costs and backordering costs. The last term of the objective function 

describes the transportation costs. The model attempts to restore the system inventory to 𝜓𝑡  , but the 

production is constraint by  𝐶𝑡. With 𝜓𝑡 as an approximation of 𝑆𝑡 , when 𝐶𝑡 = ∞,  then 𝜓𝑡 = 𝑆𝑡, 

because then there is enough capacity to restore inventories to the optimal levels. 

Constraint (5.4) guarantees that the system net inventory is equal to the sum of all inventories at the 

warehouse and DCs. Constraint (5.5) defines the upper limit for the system inventory at the end of a 

period. The total inventory at the end of a period cannot be higher as the starting inventory plus the 

total available capacity. When there is enough capacity, then the maximum total system inventory is 

 𝜓𝑡  units. Constraint (5.6) assures that the net inventory after demand occurrence and before 

production started is below the net inventory after production. Constraint (5.7) assures that the 

newsvendor order-up-to level is between the upper and lower defined limits. These order-up-to levels 

are used to determine the bandwidth for the scenarios modelled in the next chapter.   
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6 Case study 
The model described in the chapter 5 is applied to a business case to simulate the model with a 

numerical example. This chapter describes how the model is applied to the business case and which 

decisions, assumptions, or relaxations are made. In the first section the initialization of the conceptual 

model is discussed. Section 6.2 describes the KPIs measured during the simulations. Section 6.3 

discusses the defined scenarios and explains them in more detail. The next section describes the 

relevant parameters for performing simulations. Section 6.5 discusses the validation of the model with 

data from Philips. The last section discusses the results from the simulations conducted. The outcomes 

are presented graphically to provide better insights. 

 

6.1 Philips MR supply chain 
In this case study the conceptual model is applied to the magnet supply chain of Philips Healthcare. The 

magnet supply chain of Philips can be classified as a production-distribution system with multiple 

echelons. The distribution centers from the model are the preassemble centers of Philips around the 

world (see Table 6 for all terminology). The warehouse defined by Rappold and Muckstadt (2000) is the 

storage in the magnet factory and the production of the products occurs also in the magnet factory. The 

magnet factory could be seen as a location with two buildings on the same property with production 

plant and warehouse in one building and in the other building the distribution center. A levelled 

production in the magnet factory will result in lower operational costs compared to a chase production. 

The focus of the magnet factory is trying to schedule the production of magnets levelled throughout the 

year. 

Table 6: Classification of terminology in model applied to Philips business case 

Terminology  Specific allocation in Philips model  

Distribution center Preassemble sites 

Warehouse  Magnet factory, storage of cold magnets. 

Production plant Magnet factory to produce warm magnets. 

 

6.1.1 MR supply chain model 

The complete supply chain for MR systems is too complex to model completely. The most expensive 

component of the system is taken into account in this model, the magnet. There are four preassemble 

sites that satisfy customer demand based on the requested configuration of the system. Every 

preassemble site serves a specific group of customers (key markets). Each product is assembled 

according to the defined configuration of the customer order. The follow preassemble sites are 

considered: 

𝐼 = { 1,2,3,4 }  Location of distribution centers 

In the conceptual model the preassemble sites are considered as distribution centers. In the magnet 

supply chain the final assembly stage is also performed at these “distribution centers”. This last 
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assembly stage takes only a small amount of time, 𝜏 days, compared to warm production of magnets. 

The order allocation and handling modules consider this assemble time and start on time to meet the 

due date accordingly (in case of sufficient inventory). 

The number of products that are considered in this supply chain is four, and those unfinished goods can 

be assembled to the different finished systems from the magnet perspective. Other product 

components make it possible to have many configurations but it can be translated back to these 

configurations. 

𝐿 = { 1, 2,3,4 }  Product types: 1. Achieva 1.5T, 2. Achieva 3T, 3. Ingenia 1.5T, 4. Ingenia 3T 

All these products can be produced in the magnet factory and the building positions are not fixed to one 

product type. The total capacity 𝐶𝑡 can take every possible distribution of the four types, if enough raw 

materials available. In reality a fixed percentage of the distribution might be allocated to product types 

and a percentage is flexible to allocate to every product type for changes within demand distribution. 

Figure 10 and Figure 11 showed that the majority of the demand is stable over time.  

Transportation of magnets to preassembly sites occurs based on requested magnets and available 

magnets at the factory. This negotiation process is not included in the model since there is no 

mathematical relation found in this data. Magnets are shipped by air or by vessel.  

𝑅 = {0, 1, 2,3,4, 5, 6 }  0: Move of cold magnet from factory to Preassemble near factory 

1: Shipping cold magnet from factory to Preassemble site A by air 

    2: Shipping cold magnet from factory to Preassemble site A by vessel 

    3: Shipping cold magnet from factory to Preassemble site B by air 

    4: Shipping cold magnet from factory to Preassemble site B by vessel 

    5: Shipping cold magnet from factory to Preassemble site C by air 

    6: Shipping cold magnet from factory to Preassemble site C by vessel 

The mode of transport decision is based on current inventory, arriving magnets in the next time period, 
and the expected customer orders that needs to be fulfilled in the next time period.  

 

Cost parameters 

Cost of holding a product at the warehouse, are lower than the cost of holding at the distribution center 

due to added value of the products and closer to finished products. The cost of holding  ℎ0𝑙
𝑡   is assumed 

to be equal every time period during time horizon but among product types there is a difference. 

Similarly, the cost of holding for the same product types is fixed and does not change during the time 

horizon. 

ℎ0𝑙
𝑡  can be simplified to ℎ𝑜𝑙   the cost of holding one unit at the warehouse for product l.   

ℎ𝑖𝑙
𝑡  can be simplified to ℎ𝑙  the cost of holding one unit at the distribution centers for product type 

l.   



29 
 

Late orders are discussed with customers since every sales order represents a high value. The process of 

making a sales order takes time and this industry is not similar to the consumer product market, where 

in case of a stock out for a product that you buy the product at another store or company. Possible 

penalty costs associated with late orders differ per customer and are difficult to define. However, to 

meet the desired service level inventory is needed to satisfy customer orders.  

Transportation costs vary between destination location and product type. Every product type has a 

different weight resulting in varying transportation costs. The preferred mode of transport is transport 

by vessel due to lowest costs, but air transport might be considered to meet demand during periods of 

inventory shortfall. The air shipment can be interpreted as an expedited shipment with shorter lead 

time with incurring additional costs.  

 

Random variables 

The demand for every period follows a Poisson distribution and the demand changes every time period 

during the whole time horizon. The forecast for the demand is updated periodically over time, every 

month the forecast for the next 12 months is updated.  Since the demand is a random variable, the 

inventory level and the inventory shortfall are also random variables.  

The magnet supply chain is a hybrid system with partly a push system and partly a pull system. The pull 

system is at the end of the chain where orders are assembled according to an ATO principle. The supply 

chain before the CODP is the push model that is based on the forecasts provided by the S&OP 

department.  

Other random variables are the transportation time and the production times for every production 

stage in the whole supply chain. The transportation time follows an empirical distribution with six 

possible outcomes based on the number of weeks to ship products from the warehouse to distribution 

centers. Production processes follow a normal distribution with standard deviation based on the 

historical data.  

 

Decision variables 

The order-up-to levels vary during the year because there is some seasonality observed in the demand. 

The order-up-to levels are called buffer stock levels in this model because the values vary over time to 

avoid excessive inventory at the preassemble sites. Initially, there is a buffer stock level calculated for 

the whole time horizon. A fixed buffer stock level causes high inventory in periods of low demand and 

shortage in periods of high demand, to avoid such situations the buffer stock level changes over time.  

The 𝜓𝑡 is the system buffer stock inventory level in the system at time period t. Since this project is not 

searching for the optimal solution in every period, the varying values of  𝜓𝑡 are not examined. In an 

uncapacitated problem the 𝜓𝑡 is equal to 𝑆𝑡. 
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The net inventory 𝑥𝑖𝑙
𝑡  just before production starts is removed from the model, the total lead time for an 

order becomes too long if this mechanism is implemented. Production of magnets has a long lead time 

and makes it impossible to ramp up fast enough to satisfy increased demand.  

The upper and lower limits for the order-up-to levels differ for every product type.  

 

6.1.2 Simulation model 

The model of the Philips magnet supply chain can be defined as follow: 

 𝐼 = { 1, 2,3,4 }  set of preassemble sites  

 𝐿 = { 1, 2,3,4 }   set of product types  

 r = { 0, 1, 2, 3, 4, 5, 6}  mode of transport options to transfer goods  

 𝐶𝑡 ∶=  available production capacity per period t for all products together;  
 
Cost parameters are defined as follow:  

 ℎ0𝑙 ∶=   holding cost for product l per unit at magnet factory;  
 ℎ𝑙 ∶=   holding cost for product l per unit at preassemble site l  
 γil

tr ∶=   costs of transporting product l from magnet factory to preassemble site i in  
              time period t with transport mode r ; 

 

 
The follow decision variables are defined: 

 𝜓𝑡: =  the system buffer stock inventory level at time period t  

 𝑠𝑖𝑙
𝑡 ∶=  multi period newsvendor order-up-to level for product l for preassemble site i in  

             time period t; 

 

 
𝑆𝑡 ∶=  ∑ ∑ 𝑠𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
Sum of newsvendor order-up-to levels for products l  across 
preassemble sites per time period t; 

 

 𝑦𝑖𝑙
𝑡 ∶=  net inventory at preassemble site i  for product  l after production and allocation  

             in time period t; 

 

 𝑦0𝑙
𝑡 ∶=  net inventory for product  l at preassemble site i after production and allocation  

              in time period t 
 

 𝑦𝑙  (= 𝑦0, 𝑦1, . . , 𝑦𝑚) ∶=   vector for net inventory levels for product  l  in time period t   
 wil

tr ∶=  transport of product l from magnet factory to preassemble site i in time period  
                t with transport mode r ; 

 

 𝑢𝑖𝑙−
𝑡 ∶=  lower limit for newsvendor order-up-to level for product l for preassemble site  

                i in time period t; 

 

 𝑢𝑖𝑙+
𝑡 ∶=  upper limit for newsvendor order-up-to level for product l for preassemble site  

                i in time period t; 
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Random variables and probability distribution functions: 

 𝐷𝑖𝑙
𝑡 ∶=   a discrete, nonnegative random variable representing the demand  

               for product  l for time period t at preassemble site i = 0, …, m; 
               with 𝑃𝑟{𝐷0

𝑡 = 0} = 1 , since demand only occurs at preassemble sites; 

 

 
𝐷𝑡 ∶=  ∑ ∑ 𝐷𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
total demand for product l for per time period t; 

 

 𝑉𝑖𝑙
𝑡 ∶=   the inventory shortfall for product l at the end of time period t at preassemble  

                site i ;  

 

 
𝑉𝑡 ∶=  ∑ ∑ 𝑣𝑖𝑙

𝑡

𝑚

𝑖=1

𝑞

𝑙=1

 
 
total system inventory shortfall per time period t; 

 

 𝐴𝑡: = 𝜓𝑡 − 𝑉𝑡 =  the system net inventory level at the end of time period t  

 
The follow cost function is defined: 
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s.t.   

 
 ∑ ∑ 𝑦𝑖𝑙

𝑡

𝑚

𝑖=0

𝑞

𝑙=0

= 𝐴𝑡      𝑤𝑖𝑡ℎ 𝐴𝑡 ≥ 0  
(6.1) 

 

𝐴𝑡 = min (𝐶𝑡 + ∑ ∑ 𝑦𝑖𝑙
𝑡−1

𝑚

𝑖=0

𝑞

𝑙=0

, 𝜓𝑡)                    for t ≥ 1 

𝑦𝑖𝑙
0 ∶= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑜𝑐𝑘 

(6.2) 

 𝑢𝑖𝑙+
𝑡 ≥ 𝑠𝑖𝑙

𝑡 ≥ 𝑢𝑖𝑙−
𝑡 ≥ 0     𝑖𝑛𝑡𝑒𝑔𝑒𝑟 𝑖 = 1, . . , 𝑚; 𝑙 = 1, . . , 𝑞 (6.3) 

 

The first term of the cost function is related to the holding costs at the magnet factory for all products. 

The second term is sums all the holding costs at all preassemble sites for all products. The last term 

describes the transportation costs. Constraint (6.2) looks at the end inventory of the previous period 

because this is the same inventory at the start of the current period.  
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6.1.3 Assumptions 

Business processes are complex and therefore some assumptions are made to avoid developing a too 

complex model to simulate scenarios. These assumptions are as follow: 

 Raw materials are infinite and the suppliers are left outside the scope of the simulation.  

 Lead time of raw materials is 0, all raw materials are available from the moment that they are 

needed. 

 Holding costs are the same at all locations, and are the same over the total horizon. 

 Holding costs are defined as a percentage of the value of the inventory at each stage. 

 The costs of transporting product l stay the same during the total horizon.  

 Backorder costs are out of scope for this research.  

 All arriving orders are fulfilled, no lost customers. Lost customers might occur but are registered 

in an earlier phase of the sales process and this data is not available. 

 Last minute changes of the due date are agreed with customers are not possible in the 

simulation model.  

 The service level of the magnet supply chain is not measured separately, because the delivery 

dates might change and not all dates for components are changed accordingly. The service level 

for the magnet supply chain is different from the MR supply chain (total systems).  

 

6.2 KPIs 
The key performance indicators used to assess the outcome of the model while running scenarios are 

defined in this chapter. Changing the input parameters affect the outcomes of the model and the 

outcomes are assessed by KPIs. Inventory management is a continuous trade of between inventory to 

hold in a warehouse or dc, the customer service level, and the total costs. A graphical representation of 

a triangle is shown in Figure 12. Improving the service level increases the inventory and the total costs. 

These three dimensions are related to each other and therefore it is important to look at these 

performance measurements. An important remark here is to see that these KPIs should be balanced, 

because it is almost impossible to have a higher service level, lower costs, and lower inventory values. 

Finding the balance between these constructs is always a trade-off between the KPIs. 

All orders have a due date assigned and all orders finished after these due dates are considered as late 

orders. The service level is measured as the type 2 service level, which measures the expected number 

of backorders per time period and subtracts this from the expected period demand. 

𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑒𝑣𝑒𝑙 = 1 −
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑏𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟𝑠 𝑝𝑒𝑟 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑜𝑑 𝑑𝑒𝑚𝑎𝑛𝑑
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Figure 12: Logistics triangle from B. Desmet (2016) 

The performance measure for Cash is measured in inventory, where the inventory is also related to the 

costs. The cash angle can represent the number of products in inventory of one product but can also be 

calculated as the total monetary value of the goods in inventory. Both methods are used in practice. In 

this report the total monetary value of the goods is used.   

As discussed in the previous section, the costs related to this research are on the last triangle. The 

manufacturing costs, fixed warehousing costs and purchasing costs are not taken into account. The total 

costs consist of transportation costs (logistics) and holding costs at preassemble sites and at the magnet 

factory.  

 

6.3 Scenarios 
The supply chain flexibility is simulated by changing parameters and observing the differences in these 

simulation outcomes. In the simulation runs the follow parameter values will change during the 

simulation: demand input and buffer stock method (which implies: buffer stock levels).  

Each parameter has three defined levels and every level is tested separately. The method used to 

simulate these scenarios is the three level full factorial designs. Every factor has three levels and the 

total number of experiments is 3𝑘  , where k is the number of factors used in the experiment. The total 

number of experiment in this case becomes 9 (since k =2). The scenarios are defined in Table 7 below. 
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Table 7: Simulation scenarios 

Scenario Nr Demand input Buffer stock method 
1 Shipmentplan 2015 +0% Current call off method  

2 Shipmentplan 2015 +0% Next 3 months average shipments 

3 Shipmentplan 2015 +0% Buffer stock levels with upper limit 

4 Shipmentplan 2015 +5% Current call off method  

5 Shipmentplan 2015 +5% Next 3 months average shipments 

6 Shipmentplan 2015 +5% Buffer stock levels with USL 

7 Shipmentplan 2015 +10% Current call off method  

8 Shipmentplan 2015 +10% Next 3 months average shipments 

9 Shipmentplan 2015 +10% Buffer stock levels with USL 

 
An analysis of the forecasts from the past showed that the fluctuations in the shipment forecasts for a 

fixed period 𝑇𝑠 , short term horizon, were between 0 and 5 %. The deviation in expected shipments for a 

long time horizon 𝑇𝑙  was higher and was between 0 and 8 %.  Therefore the values of 5% extra output 

and 10% extra output are defined to simulate if the supply chain is able to meet this demand 

accordingly. The reality would never show these high volume changes suddenly in a slow growing 

market (growth percentage for the whole market is estimated to a few percent). 

There are three different methods to determine the buffer stock levels. The first method is the current 

method used by Philips and is based on the forecasts and communicated with the factory what to 

deliver to which preassemble location. The second method determines the buffer stock levels based on 

three months average shipment plan. There is some seasonality observed in the demand throughout the 

year but this seasonality is bounded and seasonality is considered to be several months of the year. 

There is usually one peak and one valley in a year. The buffer stock is calculated based on the expected 

demand during the lead time of the transportation of magnets. The last method calculates the buffer 

stock levels based on the base stock policy. 

𝐵𝑢𝑓𝑓𝑒𝑟 𝑠𝑡𝑜𝑐𝑘 = 𝑑𝑒𝑚𝑎𝑛𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑙𝑒𝑎𝑑 𝑡𝑖𝑚𝑒 + 𝑠𝑎𝑓𝑒𝑡𝑦 𝑠𝑡𝑜𝑐𝑘 

𝐵𝑢𝑓𝑓𝑒𝑟 𝑠𝑡𝑜𝑐𝑘 = 𝐷𝜆 + 𝑧𝛼  𝜎𝜆,                               

The buffer stock is adjusted slightly every month of the time horizon. The buffer stock level stays 

between the upper stock limit (USL) and lower stock limit (LSL) defined for this product type at 

preassemble site i.   

The USL avoid requesting too much buffer stock to cope with seasonal behavior. The buffer stock levels 

of the second and third method are graphically represented in Figure 13. The first method is calculated 

during simulation and therefore not included in this graph. The second method shows more fluctuation 

due to seasonality in the demand, a peak is observed in the data. The third method is more levelled 

during the time horizon and during the seasonality the sum of all stock levels is a bit lower.  
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Figure 13: Sum of buffer stock levels during time horizon 

 

6.4 Simulation 
The simulation of the magnet supply chain is conducted in the discrete event simulation tool Arena from 

Rockwell Automation. This tool has several settings that need to be determined up front. The settings 

are described and explained in this section. Those settings are: the time horizon (simulation length), the 

startup behavior of the system (warm up period), and the number of runs of each scenario 

(replications).  

6.4.1 Simulation horizon 

The horizon for the simulation is set to 12 months, from January 2015 until the end of 2015. At the end 

of every year there is a focus on lowering inventory due to financial aspects. This behavior is driven by 

human forces and is difficult to capture into a model since it is an external influence. Looking at a period 

of two years is almost impossible since last years were quite challenging from a supply chain 

perspective. Considering two years required significant extra time to make adjustments accordingly. 

Another issue is the continuous improvements made in the supply chain which causes major changes in 

a time frame of two years in the supply chain.  

 

6.4.2 Warm up period 

Every model needs some time before it is delivering accurate results. At the start of the simulation there 

are no orders in the system for the first weeks and the WIP products are not yet in the production 

process. The warm up period is solving this by starting up in this period and running until the system is 

operational and all initial created entities from the start are processed accordingly. The warm up period 

for this simulation is set to 1 month (one time period). The simulation is running as normal simulation 

time because Arena is not processing any information otherwise. The data produced during the warm 

up period is removed before processing relevant data in the sections that will follow.  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2015

Su
m

 o
f 

al
l b

u
ff

e
r 

st
o

ck
 le

ve
ls

 
Buffer stock during time horizon 

3 months average
shipments
Buffer stock with USL



36 
 

6.4.3 Replications 

Each scenario is replicated several times to decrease the standard deviation. Each run takes time and 

therefore there is a tradeoff between decreasing the standard deviation and the number of replications. 

Hoad et al. (2007) use three methods to determine the number of replications. Firstly, rule of thumb, a 

simple graphical method, and the confidence interval method. They argue that the rule of thumb is 3 to 

5 replications. Another method is plotting the cumulative mean against the number of replications 

(Robinson, 2004) and when the mean becomes “flat” this point might be selected as the number of 

replications. A replication analysis is conducted with the mean (Figure 14) and the standard deviation 

(Figure 15) of the service level from 2 until 20 replications which are plotted. A graph is used to 

determine the number of replications. Assessing the number of replications only based on the service 

level is not accurate enough, therefore in Appendix B other replication analyses are shown. The majority 

of the replication analyses show that after 15 replications the changes in the mean and standard 

deviations are small (graphs become relatively “flat”). The mean of Ingenia 1.5T boat shipments and air 

shipments still changes slightly between 15 and 20 replications.  

The last method discussed by Hoad et al. (2007) is the confidence interval method. The follow formula is 

defined for this method: 

𝑑𝑛 =
𝑡

𝑛−1,1−
𝛼
2

√𝑆𝑛
2

𝑛

𝑋𝑛
 

N is the number of replications carried out until 𝑑𝑛 , the user defined error, is below this value.  𝑡𝑛−1,1−
𝛼

2
 

is a student t  value with n-1 degrees of freedom and a defined significance of 1 − 𝛼, 𝑋𝑛 is the 

cumulative mean and  𝑆𝑛 is the estimate of the standard deviation. This process is repeated until 𝑑𝑛 is 

below the defined error.  

 

Figure 14: Replication analysis of mean of the service level 
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Figure 15: Replication analysis of standard deviation of the service level 

Applying this confidence interval method to the service level it gives 13 replications for an error value of 

2%. An error value of 1% requires more than 20 replications because the error value at 20 replications is 

1.43%. 

All these methods show that at least 15 replications are needed to run the scenarios and reduce the 

variance in the observed values. The number of replications that is selected is 20.   

 

6.5 Model validation 
A model can be validated in multiple ways. Eddy et al. (2012) discuss five techniques to validate a model, 

face validity, verification (internal validity), cross validity, external validity, and predictive validity. Two 

validation methods are not used to validate this model, cross validity and predictive validity. The model 

is validated using face validity with some experts of the magnet supply chain.  

Internal validation of the model is conducted by changing small parameters to see the difference in the 

outcomes. Small changes had minor effects on the outcomes, service level, inventory levels, and shipped 

magnets per mode of transport. The outcomes of this sensitivity are used in section 6.6 to construct a 

3D view of the relationship between service level, cost, and shipment plan changes.  
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External validation is conducted at the outcomes of the baseline scenario of the simulation model. In an 

industry with slow moving capital goods where demand is low, it is possible that one SKU difference 

causes a deviation of 50% up to 100% of the total demand in a period. The time horizon should be 

sufficient enough to show if the model is valid. A simulation is conducted and compared with the reality; 

this is shown in Figure 16. The first time period of the graph has a grey background, this is the warmup 

period of the simulation model. Some small deviations can be observed and this might be caused by 

small changes around the time periods that causes an order to just occur in the other month compared 

to the reality. Another reason for deviations is the influence of last minute due date changes which are 

not considered in the model. 

 

Figure 16: Total monthly shipments of the MR magnet supply chain 

The lead time between order arrival and order delivery is long, varying between six months and two 

years. This makes it difficult to work with real orders in a simulation model with a relatively short time 

horizon, because the number of initial orders created represents a large quantity of the orders 

processed in the simulated horizon. Therefore, the arrival of the orders is analyzed and a shorter lead 

time is proposed and implemented in the model to cope with this problem. 

Validating a model only on one output value is not sufficient enough to justify that the model is 

accurate. The WIP levels in all processes and the inventory in the supply chain are compared between 

the model and the observed data (Figure 33). Furthermore, the number of magnets transported from 

the magnet factory to the preassemble sites is compared and shown in Figure 34 in Appendix C. 

Minor changes are observed between the reality and the model, the model decides the MOT based on 

defined rules where the reality is constantly managed by Philips employees. This causes a higher 

number of air shipments in the model compared to the real data. Another observation is that the model 

has almost no cold inventory, since all cold magnets are based on demand from the preassemble sites. 

The data shows that there are some cold magnets in stock. This difference can be explained by delayed 

shipment resulting in holding cold magnets a bit longer. The level of warm magnet stock is higher, the 

warm and cold stock together are almost the same. The distribution of stock among the stock points is 

different between model and observed data, but the summation of this stock is equal.  
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6.6 Results of simulation 
This section describes the outcomes of simulating the scenarios defined in section 6.3. The system 

parameters are the same for all these scenarios, initial stock, available capacity, and lead times follow 

the same distribution. The outcome of every scenario is checked for consistency on multiple factors to 

assure that the outcomes are according to expectations of operations management.  

Firstly, the service level of all simulation runs is examined and discussed, followed by the KPI for the 

volume and mix flexibility of the system. The last KPI to examine is the transportation cost, the holding 

cost, and the total cost of the system. Furthermore the total value of capital goods in the supply chain is 

examined. Lastly, the sensitivity of relationship between the cost and service level will be discussed.  

 

6.6.1 Service level 

The 20 replications for each scenario reduce the variation in the average total shipments per scenario. 

The average shipments per scenario are compared and the deviation to the mean is calculated. Table 8 

show the total number of shipments and these values are used for calculation of the service level. The 

comparison of different total shipped systems might confuse the accurateness of the calculated service 

level. However, the 𝜇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 values are closely to the observed value from Philips data and would not 

confuse the interpretation of the calculated service levels. 

Table 8: Number of shipments from simulation compared with observed number of shipments 

 

Buffer method   

Current 
method 

3 months 
average 

Buffer stock 
level with USL 

 𝜇𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  

Shipmentplan +0% 
𝜇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 394 397 394  

400 
Deviation 1.39% 0.70% 1.59%  

Shipmentplan +5% 
𝜇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 420 419 415  

420 
Deviation 0.06% 0.23% 1.16%  

Shipmentplan +10% 
𝜇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 431 432 432  

440 
Deviation 1.30% 1.02% 0.94%  

 

The calculated service levels are shown in Figure 17 where the number below in the columns represents 

the scenario numbers tested. The service level drop for the current method is significantly large, while 

the decrease of service levels for the other buffer methods is small. The reason for this small change 

might be the higher amount of inventory in the supply chain to cope with increased demand whereas 

the current method is more a Just-In-Time (JIT) approach to meet the forecasted customer demand.  
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Figure 17: Service level by varying shipmentplan, grouped by buffer method 

 
Figure 18 shows that when the regular shipmentplan is used the “3 months average” achieves a better 
service level than the “current method” with the same on-hand inventory. The “buffer stock level with 
USL” performs better on service level but this method has more on-hand inventory in the supply chain.  
This higher inventory reduces the overload of requests for unfinished magnets by the preassemble sites 
in peak periods at the factory. In the scenario with “buffer stock level with USL” increased requests for 
magnets is reduced during peak season and is more levelled out in the period before and after the peak.  
 

 

Figure 18: Average on-hand inventory in all scenarios 
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6.6.2 Volume and mix flexibility 

The formula to measure the volume and mix flexibility requires the demand in time period t and the 

production in time period t.  The formula is shown here again: 

𝐹𝐿𝐸𝑋𝑡 = 1 −  
∑ 𝑐𝑖  | 𝑑𝑡,𝑖 − 𝑝𝑡,𝑖 |

𝑛
𝑖=1

∑ 𝑐𝑖  𝑑𝑡,𝑖
𝑛
𝑖=1

 

Low values might be caused by high production and low demand in a time period or low production and 

high demand. The reason for a decreased value cannot be evaluated from the 𝐹𝐿𝐸𝑋𝑡  value.  

 

Figure 19: Volume and mix flexibility throughout the year for scenarios 1, 2, and 3 

In Figure 19 the outcome of the volume and mix flexibility for the scenarios 1, 2, and 3 is compared. 

Scenario 1 has most of the time the lowest volume and mix flexibility, while scenario 2 and scenario 3 

look similar. Scenario 2 has higher peaks and lower valleys that is the biggest difference between 

scenario 2 and scenario 3. The comparison of the other scenarios grouped by demand input is shown in 

Appendix D (Figure 35 and Figure 36). The peaks in the scenarios with a shipment plan +10% demand 

results in the highest values for volume and mix flexibility. Comparing the volume and mix flexibility 

based on the buffer method results in graphs following the same pattern throughout the year (Appendix 

D: Figure 37, Figure 38, and Figure 39).  

The volume and mix flexibility scenarios can be grouped by demand input and by buffer stock levels. In 

Table 9 the volume and mix flexibility for the total time horizon is calculated for every scenario. The 

volume and mix flexibility is higher for the scenarios with shipment plan +10% demand and buffer stock 

with USL results also in high values. The buffer stock with USL is not superior but the differences to 

other buffer stock methods within a group are small.  

The 𝐹𝐿𝐸𝑋𝑡  values should not be examined separately without looking to other parameters. This was 

concluded by Metternich et al. (2013) as well. Based on the calculated 𝐹𝐿𝐸𝑋𝑡 values alone no 

conclusions can be drawn.  
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Table 9: Volume and mix flexibility values for total time horizon 

Scenario numbers in the next table: 
buffer stock method 

Current 
method 

3 Months 
average 

Buffer stock 
with USL 

demand 
input 

Shipment plan +0 % demand 1 2 3 

Shipment plan +5 % demand 4 5 6 

Shipment plan +10 % demand 7 8 9 

          

    buffer stock method 

  
𝐹𝐿𝐸𝑋𝑡 values: 

Current 
method 

3 Months 
average 

Buffer stock 
with USL 

demand 
input 

Shipment plan +0 % demand 71.70% 76.68% 77.81% 

Shipment plan +5 % demand 78.89% 78.85% 78.50% 

Shipment plan +10 % demand 81.81% 79.84% 81.07% 

 

6.6.3 Cost 

The total cost considered in this research consists of holding costs and transportation costs. The 

transportation costs consists of air shipment and vessel shipment to the preassemble sites. The 

selection of the mode of transport is based on the inventory at the preassemble site, the expected 

demand in the next time period, and the expected lead time for the bare magnets to transport them. 

The transportation of magnets from the magnet factory to the preassemble site near the factory is 

considered to have a cost value of 0. The transportation costs are shown in Figure 20.  

 

Figure 20: Transportation costs for all simulated scenarios 
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The transportation cost increases between groups because the expected shipments is higher, resulting 

in more magnets transported to the preassemble sites. The transportation cost between buffer methods 

differ due to higher inventory values. In the time horizon of this problem the number of air shipment in 

the data of Philips was higher than the average due to lower inventory values. The high number of air 

shipments is causing higher transportation cost, especially for the buffer method “current”.  

Inventory holding cost 

The inventory holding costs is calculated based on the average inventory in the supply chain. The WIP 

products are also counted as inventory in the supply chain. The total holding costs are graphically shown 

in Figure 21.  

 

Figure 21: Inventory holding costs for all simulated scenarios 

 
The inventory costs for scenario 1 and 2 in the initial shipment plan (shipment plan +0%) do not differ 

much. Scenario 3 is holding more units in the supply chain and this is translating to an increased service 

level compared to scenario 1 and 2.  

The shipment plan with 5% in demand has lower inventory for the “current method” because the 

average number of holding units is low and the service level dropped as well. Incoming products are 

more likely to be used directly to satisfy customer orders or to fulfil backorders in the system. The total 

number of inventory in the supply chain is not enough to satisfy the all customers on time. The situation 

becomes worse in the scenario where the shipment plan is increased even more.  

The inventory holding costs of the buffer methods “3 months average” and “buffer stock level with USL” 

differ something between the changes in shipment plans. However, the buffer levels are already able to 

deal with some incremental demand to satisfy customer orders. The “buffer stock level with USL” 

achieves a higher service level through higher on-hand inventory in the supply chain. 

The higher inventory does not always result in higher service levels. De Kok & Visschers (1999) conclude 

that a poor control policy fails to achieve the service level and also causes higher stock and thus higher 
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holding costs. This might be caused by a poor allocation policy in the supply chain. The assessed buffer 

methods are not optimized locally to find the best solution for the given time horizon. The methods are 

tested to see which buffer method yields the best performance by changing the shipment plan.  

The total cost consists of the transportation costs and the holding costs. The total cost for the supply 

chain is the highest for the “current method” of buffering inventory (see Figure 22).  

 

Figure 22: Total cost (holding + transportation) for all simulated scenarios 

 
The “buffer stock level with USL” method performs slightly better. The reason behind this better 

performance is that holding costs are cheaper than expedited transport (air transport) to meet customer 

demand on time. In the peak season there is a more levelled request of buffer inventory to avoid major 

congestion at the magnet factory for the “buffer method with USL”. The seasonality in the expected 

shipment occurs at the same time, and in this situation the additional inventory is beneficial for the 

service level. 

The relationship between the total cost and the service level for each buffer method is graphically 

presented in Figure 23. 

The lines between the observed points in the graph provide an idea about the direction but the number 

of observations is too less to draw conclusions about the relationship between the variables. The 

decrease in service level and increase in costs is counter-intuitive. By only considering the service level 

and holding costs, then the holding costs decreases for lower service level. The decrease in service level 

and higher costs from Figure 23 is caused by increased transportation costs (air shipments).   
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Figure 23: Relationship between service level and total cost(holding+transport) for buffering methods  

 

Total value in supply chain 

Another performance measurement for inventory is to consider the total value of WIP and inventory, 

instead of looking to the holding cost. The total monetary value tied up in the supply chain is measured 

as well (see Figure 24 for these values). 

 

Figure 24: Total value of inventory in supply chain for each scenario 
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inventory and WIP, where the 3 months average has less value in inventory with a lower service level.  
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Utilization 

Another measurement of a production system is the average number of busy servers, in Operations 

Research called ‘utilization’. The utilization is calculated as follow: 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑢𝑠𝑦 𝑠𝑝𝑜𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑜𝑡𝑠
∗ 100 

The number of spots is the number of positions to build a warm magnet. The utilization of preassembly 

sites and cool down are left out of this calculation because the capacity of these stations is non-critical. 

The values for the utilization are shown in Figure 25.  

 

Figure 25: Utilization of warm production grouped per shipment plan 
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production of warm magnet starts directly, the difference in utilization is negligible.  

The outcome of the utilization might indicate that the workforce should be extended. However, the 

utilization is the threshold value and therefore the argument of extending the workforce is not 
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Sensitivity 

The sensitivity of the parameters is not tested yet. Until now all scenarios calculated were based on the 

parameters for the supply chain as they were at the beginning of the simulation. The initial inventory in 

the magnet factory (warm stock) or the inventory at the preassemble sites (bare stock) can be changed. 

Higher inventory in bare stock is chosen due to the direct effect of this stock on service level. Decreasing 

the bare stock causes requesting more magnets from the factory and earlier than in the more 

replication runs. Increasing bare stock affects the service level as well, more customer orders are 

fulfilled directly from the bare stock and the bare stock keeps replenished by vessel more easily.  

Figure 23 is presenting the cost, service level and the buffer method in a 2D view that is missing the 

depth on the extra shipment axis. The scenarios with the buffer method “current method” are tested to 

see the relationship in a 3D view. The 3D view of these tests is shown in Figure 22. Small changes are 

made to the supply chain to test the effect of having more or less inventory on service level and cost. 

The transportation cost is a significant contribution to the total cost, therefore this cost is left out in this 

calculation because it might disturb the outcomes.  

The holding costs increase when the service level increases and also increases in the shipment plan axis. 

Delivering more products results in higher inventory values to keep satisfying customers.  

In Figure 26 every color represents costs between two values on the y-axis. The highest holding costs is 

represented by the color purple and is found at the places with high service level (94%-95%) by a 

shipment plan with additional demand (shipment plan +10%).  

 

Figure 26: Relationships between service level, shipment plan, and holding cost 
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Adding the transportation cost to Figure 26 directly affects the outcomes. The outcomes of this are 

shown in Figure 27.  

 

Figure 27: Relationships between service level, shipment plan, and total cost 
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7 Conclusion 
In this last chapter the conclusion and recommendations of this project are discussed. In the first section 

a conclusion is formulated for the sub research questions in order to provide an answer to the main 

research question. Limitations of this research are discussed, followed by the recommendations of this 

research project. Some topics for further research are identified and discussed, and finally the academic 

relevance is described in the last section of this chapter. 

7.1 Conclusion 
Fluctuations in demand and inaccurate forecasts pushed the magnet supply chain of Philips to its 

boundaries. The goal of this research was to simulate the effect of making modifications in the supply 

chain and how the outcomes are affected by these modifications. The constraints of the modifications 

are defined as maintaining the service level and reduce the total cost. The balance between higher 

service level and higher cost is known within the company.  

Some sub research questions are answered before to answer the main research question properly. The 

first two sub research questions were related to the choices made during this research. Those questions 

are already answered in chapter 4 and a summary of these answers is provided below. 

- What types of operational flexibility could be implemented in this supply chain to cope 

with this demand uncertainty? 

The first sub research question aims to find what types of flexibility can be used in the magnet supply 

chain. Multiple dimensions of supply chain flexibility are assessed, however, only volume flexibility is 

considered to be part of this research. The other discussed dimensions are difficult to quantity and test 

in the magnet supply chain. Mix flexibility is difficult to measure separately and was removed from the 

types of flexibility to measure.  

- How are supply chain flexibility parameters defined and measured? 

This sub research question aims to find answers in the literature about how the dimensions of SCF are 

defined and if there are any performance measurements found in the literature. The definition of SCF 

dimensions was already described by selecting an outcome for the previous sub research question. 

Metternich et al. (2013) proposes a formula to measure the volume and mix flexibility of lean 

production systems. This formula is used to measure how flexible the total magnet supply chain is. This 

formula measures the combination of these types of flexibility and the outcome is a percentage. The 

volume flexibility is measured separately by increasing the demand plan with nothing, 5%, or 10%. The 

volume flexibility effects are simulated separately and a KPI is used to measure the combination of 

volume and mix flexibility of the system.  

- What strategic buffer levels in the whole supply chain result in the highest service level 

with reasonable cost? 

This sub research question is testing the performance of the magnet supply chain by changing the buffer 

levels and observing the changes in service level, holding cost, transportation cost, and total cost. Buffer 

levels are allowed to change over time to yield better results. There are unlimited possible options as 
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buffer levels that might give the defined balance between service level and ‘reasonable cost’.  Three 

methods are tested using simulation to see which method yields the service level and total costs. The 

tested methods are defined as follow:  

 “current method” is the method used to determine how many magnets should be 

placed at which locations in the chain. 

 “3 months average” is a method that averages the demand of the next 3 months and 

translates this back to buffer stock levels based on the lead time of transportation.  

 “buffer stock level with USL” is method basis is similar to the 2nd method, however, in 

this scenario the buffer stock levels are bound by an USL to avoid congestion in 

requesting magnets from the magnet factory due to capacity limitations.  

The buffer stock level with USL performs the best in all scenarios tested and results in the lowest total 

cost (transportation + holding cost). This method requires additional capital because the total value of 

all magnets in the whole supply chain is the highest of all scenarios.  

- What is the relation between levels of flexibility of the demand and lower strategic 

buffer levels? 

The relation between levels of flexibility is tested by applying scenario settings with an increased 

shipment plan (+0%, +5%, +10%). The lower strategic inventory levels are tested by changing the 

inventory values for the “current method” and observe the changes in average inventory per time 

period at each place in the supply chain. The inventory values are translated to costs because lower 

buffer levels translate to more air shipments (higher transportation costs) to better compare the 

influence of lower buffer levels. In each shipment plan the same result is observed, namely that lower 

buffer levels result in lower costs but also lower service levels. Switching between shipment plans with 

lower increased demand shows that for the same total costs a higher service level can be achieved 

(Figure 26).  

After answering all the sub research questions, the main research question can be answered. The main 

research question is: 

What changes (strategic inventory levels, capacity levels) can be made to make a slow moving, 

capital goods supply chain with long lead times more flexible while maintaining the customer 

service level? 

In order to maintain a high service level with the ability to be more flexible, the best option is to change 

to the buffer method “buffer stock level with USL” because this maintains a high service level while the 

total cost (holding + transportation) are the lowest compared to the other scenarios. Changing to this 

method also provides Philips with the ability to ramp up the customer demand more easily, while 

keeping the utilization at lower or equal rates as tested in this research. This method also yields a more 

balanced request for magnets throughout the year which is favorable for the magnet factory. Also an 

overflow of the production plant is minimized in periods with seasonal demand. 
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7.2 Limitations of research 
Simulation models are modelling a simplified version of the reality and therefore some effects of the 

reality are left out during the simulation. The effects or parameters left out of the simulation are causing 

limitations for this research.  

The first limitation is the backorder cost that is left out of the calculations. In operations research where 

the newsboy function is used, there is a relation between the cost of holding a unit and the cost 

associated with a backorder. Backorders are left out of this research because the penalty costs are 

relative high and this might disturb the focus on reducing inventory value in the supply chain while 

keeping the service level at a same level (or an increased level).  

Another limitation is the time horizon and time interval, an increased number of observations would 

provide a better understanding of the effects for every scenario over a longer horizon. However, a 

smaller time interval was not possible due to low number of shipments in such an interval. A small 

interval also caused a higher variance and made building an accurate model almost impossible due to 

high fluctuations. A longer time horizon would be better since simulated time of the supply chain was 

not a steady state horizon therefore some observations related to the buffer stock methods might be 

different in a steady state of the supply chain. The tested time horizon was a challenging period in order 

to satisfy all customers.  

Customers that request a delayed delivery date are not included in this model. The distribution of these 

orders is not analyzed. However, this change of shipments in the last weeks before the preassemble 

starts causes some disruptions in the preassemble phase and in the number of magnets to ship to the 

preassemble sites. However, this topic is complex enough to be studied in a separate research design. 

Making assumptions about these “move outs” is the best way to deal with these irregularities in this 

simulation.  

 

7.3 Recommendations 
The conclusion provides new insights for Philips on how the magnet supply chain can be managed. Since 

this project studied the magnet supply chain extensively and based on this study and the results of this 

report the follow recommendations are proposed for Philips Healthcare: 

 The buffer method “buffer stock levels with USL” should implemented at preassembly centers 

when incremental shipments are allowed for customers (key markets). The current method of 

deciding the number of magnets to keep as buffer stock might perform good under normal 

conditions, but in situations with increased shipments (higher level of output flexibility) this 

buffer method is inaccurate and costly. 
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 Philips should consider the scenarios for the 5% increase of shipments in favor of the 10% 

scenarios. The total cost (holding + transportation) for the situations with 5% and 10% are 

closely related, as well as the service levels. However, focusing on the scenario of 10% of extra 

shipments causes a significant increase of money tied up in inventory in the whole supply chain. 

Without the guarantee that this total 10% extra is occurring.  

7.4 Further research 
The magnet supply chain is a complex supply chain and the complexity is simplified to model a correct 

behavior. A possible extension of this project is to include all cost and analyze based on these costs what 

the best configuration of the supply chain might be. This research showed that the transportation cost is 

a significant part of the considered cost and it is possible that another cost might be even more 

important to consider for decision making in the supply chain.  

Future research can be conducted on the effect of changing buffer stock levels over the year and carry 

out optimizations towards these levels. The optimized buffer stock levels might decrease the holding 

cost without a significant decrease of the service level. These buffer levels might be different every year 

due to changes in demand distribution and thus an analysis how to define these buffer levels over time 

might benefit the company.  

Another extension towards this research is the search for a buffer inventory level, size and location, to 

find the optimal settings for an expected increase of number of shipments. This extra inventory is only 

used to deal with incremental demand caused by fluctuations in the demand due to changing market 

conditions.  

 

7.5 Academic relevance 
Assessing a production system based on one value for the volume and mix flexibility coefficient does not 

provide enough information about the performance of the system. The coefficient decreases for 

situations when the production is higher than the demand and for situations where the demand is 

higher than the production. In both of the previous discussed situations the system is in a completely 

different state and it is impossible to compare the system based on this coefficient.  

Another important observation is that in multi echelon models with a capacitated production-

distribution network a bounded buffer stock level performed better than the 3 months average. The 

bounded buffer stock level performs better due to avoiding an over flow of requesting new products, 

this situation occurs in a situation where the utilization of the capacity plant is relatively high (85%-95%).  

In situations with lower utilization, the probability that the production plant is able to meet the 

requested buffer stock accordingly is much higher.  
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Appendix A: Current magnet supply chain 
 

 

Figure 28: Philips MR supply chain 
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Appendix B: Replication analysis 
 

 
Figure 29: Replication analysis of the mean of boat shipments 

 

 
Figure 30: Replication analysis of the standard deviation of boat shipments 

 
Figure 31: Replication analysis of the mean of air shipments 

 
Figure 32: Replication analysis of the standard deviation of air shipments 
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Appendix C: Validation of simulation model 
 

 
Figure 33: Model validation for WIP & Stock in supply chain 

 
Figure 34: Model validation for mode of transport for magnets in supply chain 
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Appendix D: Volume flexibility for different scenarios 
 

 
Figure 35: Volume flexibility for the shipment plan with +5% extra demand in the scenarios 4, 5, & 6 

 
Figure 36: Volume flexibility for the shipment plan with +10% extra demand in the scenarios 7, 8, & 9 
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Figure 37: Volume flexibility comparison for the buffer method: current method 

 

Figure 38: Volume flexibility comparison for the buffer method: 3 months average 
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Figure 39: Volume flexibility comparison for the buffer method: buffer stock levels with USL 
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