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Abstract 
This master thesis describes the development of a spare parts inventory control model at 
ASSET Rail that minimizes relevant costs while meeting a target service level. The model has 
been programmed in software that enables the analysis of different inventory control and 
network structures. Several scenarios are applied in a case study that is performed at ASSET 
Rail to analyse the influence of these structures in practice. 
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Management summary 
ASSET Rail is one of the four process contract constructers (PCAs) that maintain the 
availability of the Dutch railroad infrastructure. Providing the best maintenance to the Dutch 
railroad infrastructure while being cost-conscious is the top priority of ASSET Rail. ASSET Rail 
is confronted with the difficult task of maintaining railroad tracks and realizing an agreed 
availability of the track, while a random failure of just one object can cause a whole track to 
be inoperative. Since inoperative railroad tracks are costly, spare parts inventories at 
different stocking locations are required to reduce the downtime of the track as much as 
possible. However, maintaining an excessive number of spare parts should be avoided, since 
most parts are quite expensive and induce holding cost: there is a trade-off in terms of costs 
and service level. 

The performance of ASSET Rail is measured in multiple ways by the Dutch railroad 
infrastructure manager (ProRail). Different bonuses and penalties are given by ProRail for 
the performance of ASSET. Some of the service measure that are measured by ProRail are 
relevant for and influenced by the number of items on stock, e.g., the recovery time of 
unexpected irregularities. There are different major time factors that have an influence on 
the function recovery time. Not all of these factors are influenced by the number of parts on 
stock. Increasing the number of parts in stock only has a decreasing effect on the average 
waiting time before a demand is met from stock.  Consequently, the average waiting time 
has direct impact on missed bonuses and penalty cost. Next to this, the average waiting also 
has an impact on the service performance of ASSET Rail. Maintaining a high performance is 
important to ASSET Rail, since this has a positive influence on future tender processes. 
However, increasing inventory also causes more inventory holding cost. 

Currently, the stocking levels of the inventories at ASSET Rail are based on intuition 
of its experts. This observation resulted in the belief that potential improvements in the 
inventories of ASSET Rail can be reached by the application of an inventory model. Spare 
parts that are kept on stock at ASSET Rail differ greatly in price from each other, i.e., the 
ratio in price difference between the most expensive and cheapest SKU is more than 105. 
For this reason, we believe that improvements can be reached by adopting a multi-item 
model. Next to this, we also believe that a multi-location inventory model with lateral 
transhipments is also applicable at ASSET Rail. Multi-location inventory models are 
especially interesting for expensive spare parts with a low demand rate that are kept on 
stock at multiple stocking locations. This led to the following main research question: 
 
What is the most advisable manner to structure a multi-item and/or multi-location inventory 

model(s) for the inventories of ASSET Rail, and what is the improvement potential both in 
costs and in average waiting time of applying this model at ASSET Rail? 

 
An inventory control model that is based on the model of Kranenburg and Van Houtum 
(2009) has been developed to answer this question. The objective of this model is to achieve 
an average waiting time objective, while inventory relevant costs are minimized. The model 
is able to determine the optimal stocking levels in both a multi-item and a multi-location 
inventory structure. Seven scenarios have been considered to determine the savings 
potential of this structure. In one of these scenarios we evaluated the current performance 
(CS) of the inventories of ASSET Rail. In the other scenarios we optimized and evaluated the 
stock with different structures of inventory control. Below we discuss the main conclusions 
and recommendations of this project. 
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Main conclusions 
We demonstrate that a multi-item (MI) model is better than a single-item (SI) model in both 
a single-location (SL) and multi-location (ML) situation (see Table 1). Similarly, a multi-
location model is better than a single-location model in both a single-item and multi-item 
situation. Furthermore, we demonstrate that incorporating a multi-item inventory model 
contributes to more cost savings than a multi-location inventory model. 

Table 1: Summary of model results 

Scenario Average waiting time Total relevant costs Savings compared to CS 

CS 0,0002560 days € 117.249,20     
SI-SL 0,0000330 days € 91.127,65 22% 

SI-ML 0,0000367 days € 85.040,49 27% 

MI-SL 0,0000975 days € 78.543,95 33% 

MI-ML 0,0000830 days € 74.909,19 36% 

 
From a sensitivity analysis we make several important observations. Most importantly, we 
observe that the multi-item inventory models are to a large extent insensitive to small 
deviations (up to 20%) in the input parameters. We also observe that the single-item 
inventory models are to some extent sensitive to changes in the lead-time or demand rate. 
In an illustration of the model iterations we observe that these differences between the 
models can be explained by the average waiting time objective. When examining the model 
iterations, we can conclude that in the multi-item models the average waiting time objective 
is met solely by a reduction of the costs. This is not the case for the single-item models in 
which extra costs need to be made before the objective is met. It is for this reason that the 
single-item models are more sensitive to changes in the input parameters that affect the 
average waiting time of the system, i.e., lead time and demand rate. 

With a savings potential of 33%, we conclude that the multi-item single-location 
model is preferred over the other models. We prefer the application of this model over the 
multi-item multi-location inventory control (with a savings potential of 36%), because there 
is little difference in the savings potential of these models. A multi-item single-location 
model is easier implemented in practice. Next to this, implementing a multi-location model 
on a tactical planning level is more costly than a single-location model, as this requires more 
organizational changes. However, the savings potential of a multi-location model may 
increase when more warehouses from new contract areas or other players are included in 
the model. 
 
Main recommendations 
The most important recommendation to ASSET Rail is that it should consider the adoption of 
an inventory control model. Based on the savings potential of 33% we recommend the use 
of a multi-item single-location inventory control model. One drawback of the models is that 
it is currently impossible to discriminate in the criticality of items, i.e., the delayed FHT costs 
𝑐 

𝐹𝐻𝑇are the same for all the items.  In Section 7.2.2 we describe the manner in which the 
models may be extended to incorporate different criticalities when this is desired. Naturally, 
to overcome this problem, ASSET Rail can also choose to apply a single-item inventory 
control model, with potential savings ranging from 22% to 27%. In a single-item model the 
criticality of SKU’s can easily be defined by SKU specific average waiting time objectives. 
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However, when the criticality has an impact on the delayed FHT cost of an item, we still 
require the same extension as the multi-item model. 

The inventory control models are easily adjusted to include new inventory locations 
and new items. When ASSET Rail expands to a new contract area, we suggest to consider 
one of the models as a tool in determining the stock level of new stocking locations. We 
stress, however, that it is important that a sufficient accurate forecast should be made on 
the demand rate of spare parts in a new contract area, prior to the use of one of the 
inventory control models.  

When comparing the single-location inventory models with the multi-location 
inventory models, we can conclude that for ASSET Rail it is to some extent worthwhile to 
consider lateral transhipments. In this research, it was found that this is particularly relevant 
for expensive SKU’s with a demand of around 3 items per 2 years that would otherwise be 
stocked twice at a single location. When lateral transhipments are applied at ASSET Rail it is 
important that data concerning the shipment; the location from which the part was shipped 
and the original demand location, are stored in a correct manner. We emphasize however, 
that the option of lateral transhipments should be addressed later than the application of a 
multi-item inventory model, as the latter looks more promising in its improvement 
potential.  
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1. Introduction 
Providing the best maintenance to the Dutch railroad infrastructure while being cost-
conscious is the top priority of ASSET Rail. ASSET Rail is confronted with the difficult task of 
maintaining railroad tracks and realizing an agreed availability of the track, while a random 
failure of just one object can cause a whole track to be inoperative. Therefore, ASSET Rail 
performs preventive and corrective maintenance to minimize the downtime of the railroad 
tracks. Since inoperative railroad tracks are costly, spare parts inventories at different 
stocking locations are required to reduce the downtime of the track as much as possible. 
However, maintaining an excessive number of spare parts should be avoided, since most 
parts are quite expensive. In this thesis, an inventory control model is described that 
minimizes inventory relevant costs, while a target service level is still met.  

In preparation of this Master Thesis Project, two preliminary studies have been 
conducted, i.e., a literature study (Toonen, 2015a) and a research proposal (Toonen, 2015b). 
Important information from both studies is incorporated in this thesis. The literature study 
that has been performed to identify existing models and acquire important background 
knowledge. The second preliminary study is the research proposal that described the 
research questions, model, problem and action plan.  

We begin this report with a description of history of the Dutch railroad industry 
(Section 1.1). Next, we describe the supply chain (Section 1.2). In Section 1.3 we describe 
the structure of the report. It should be noted that a list of all abbreviations, important 
concepts and variables can be found at the end of this report (Appendices A, B and C). 

1.1. The Dutch railroad industry 
The first plans for a railroad track in the Netherlands were made in 1831, which would 
connect the ports of Rotterdam and Amsterdam with Germany. In 1839 the first railroad 
was not constructed towards Germany, but between Amsterdam and Haarlem with a length 
of 16 kilometres. Since Netherland is naturally equipped with a rich network of waterways, 
much of the freight transport occurred over water. For passengers transport there was the 
stagecoach, ferry and tow barge. Railroads where mainly constructed for passenger 
transport, because this was a much faster way than the existing transporting methods. 
Freight transport by rail, on the other hand, faced a strong competition from the waterways. 
 

      
 
After 1839 the rail network was expanded and starting from 1908 the rail was electrified. 
After the thirties and the Second World War there was a small reduction in the total rail 
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track length, because passenger transport had moved to the roads. In the nineties the 
operation and the management of the infrastructure was divided. The management and 
maintenance of the rail was considered as a task for the government, and was placed at 
ProRail, which was founded in 1995. The operation of the rail was divided in NS Reizigers 
and NS Cargo for passengers and cargo respectively. Next to this, it became possible for 
other companies to use the rail track. Currently next to NS, also Arriva, Connexxion, Syntus 
and Veolia Transport are operating in the transport of passengers. Furthermore, different 
freight transporters have entered the transport of cargo. The maintenance of the rail 
infrastructure is not performed by ProRail itself. ProRail contracted four rail contractors that 
perform maintenance activities. These are: BAM Rail, Volker Rail, Strukton and ASSET Rail. 

At the moment the track length of the Dutch railroad is 7.033 kilometre (ProRail, 
2012). The Dutch railroad is, after Japan and Switzerland, the third most extensive used 
network in the world. Furthermore, the Netherlands ends in second place after Switzerland 
when it comes to optimal utilization of its rails (Gompel, 2015a). Finally, in 2014 a 
punctuality of 90% for operative trains was reached through an increase in collaboration 
and information sharing by the involved parties in the Dutch railroad infrastructure 
(Gompel, 2015b).  

1.2. Supply chain of the Dutch railroad maintenance  

Several processes and stakeholders are involved in the maintenance of the Dutch railroad 
infrastructure. In this section, a short description is given on these processes and 
stakeholders. 

1.2.1. Parties 

In this section, the different stakeholders that are involved in the maintenance of the Dutch 
railroads are described. 
 
Infrastructure user 
An infrastructure user utilizes the rail track. Different infrastructure users can be identified 
in the Netherlands, which can be divided in freight and passenger transport. Rail track that 
is part of the central rail network is utilized by NS. The other decentralized lines are divided 
between: NS, Arriva, Connexxion, Syntus and Veolia Transport, through a public tender 
process. The division of the operations on the Dutch rail infrastructure can be seen in 
appendix D. Since infrastructure users can only operate if the rail is available, they are also 
stakeholders in the maintenance of the rail infrastructure. Generally, large costs in the form 
of lost sales and exploitation time are made by infrastructure users when a rail track is 
unavailable for usage. 
 
Infrastructure manager 
The infrastructure manager of the Dutch railroads is ProRail. The infrastructure manager is 
responsible for the availability of the railroad infrastructure. ProRail has three key functions: 
capacity management, traffic control and railroad infrastructure management (Gompel, 
2015b). ProRail does not perform the maintenance on the railroad by itself. ProRail has 
contracted different constructor companies who deal with the maintenance activities that 
need to be performed on the track. For this, ProRail has divided the Dutch railroads in 
multiple contract areas in which each contract area is assigned to a single contractor 
through a tendering process.  
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Process contract constructors 
The main process of a process contract constructor, hereafter called PCA (from the 
abbreviation of the Dutch words proces contract aannemer), is maintaining the availability 
of the track in their contract area. This means that PCAs have to act quickly when failures on 
the track occur. Preventive maintenance is performed by PCAs in order to reduce the 
number of track failures. When a track failure occurs, corrective maintenance is performed 
as quickly as possible to restore the function of the track. Four PCAs are performing 
maintenance activities on behalf of ProRail. These are: 

 ASSET Rail 

 Bam Rail 

 Strukton Rail 

 Volker Rail 
 
Parts supplier 
The suppliers build and design all the products that are used in the maintenance of the 
Dutch railroad. They sell their products to PCAs and wholesalers. A selection of suppliers is 
made with exclusive supply rights, in order to maintain the quality and standardisation of 
the parts that are used in the Dutch rail infrastructure. 
 
Wholesaler 
Wholesalers buy products from suppliers, and sell these products to the PCAs. In general, 
the selling price of a wholesaler is higher than that of a supplier (Oostrum, 2014). However, 
a wholesaler can provide a higher service level to PCAs since a wholesaler can cope better 
with unplanned demand. A high service level is important for the PCAs, since they have to 
react quickly when a failure occurs. Voestalpine Railpro B.V. (hereafter abbreviated to 
Railpro) acts as the wholesaler in the supply of parts that are used in the Dutch railroad 
infrastructure. Railpro was formed in 2002 and is owned for 70% by the Austrian company 
Voestalpine Metal Engineering. The other 30% is equally shared among the companies 
Koninklijke Bam Groep N.V., VolkerRail B.V. and Strukton group N.V.. Railpro operates 
according to the SLS-concept (supply, logistics and services). The mission of Railpro is to 
provide the optimal solution in the field of rail related products, logistics services and 
concepts (Voestalpine Railpro, 2014).  
 
Engineering offices 
The engineering offices are specialized in the execution and management of projects. Their 
role in the supply chain is to advise, manage and execute the construction of new railroad 
tracks. 

1.2.2. Contracts 

There are different contract agreements in place between the different parties that are 
described in Section 1.2.1. In this section, a description is given of the most important 
contracts that can be distinguished in the supply chain of the Dutch Railroad maintenance 
industry. 
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General contracts 
Exclusive supply rights 
ProRail assigned some companies that have the exclusive right to produce and sell their 
parts to Railpro and the PCAs. This forces Railpro and PCAs to buy from these suppliers. 
Exclusive supply rights are in place to prevent the growth of different parts that are used in 
the Dutch railroads. Next to this, this also functions as a safeguard for safety issues, since 
these suppliers are trusted to provide high quality parts.  
 
Consignment agreement  
Most of the PCAs have a consignment agreement in place with Railpro for the spare parts 
inventory. In this agreement, the base stock levels as well as the performance measures are 
described. PCAs pay Railpro for holding inventory at their location. This holding cost is a 
fixed percentage that is charged over the total selling price of the inventory. An elaboration 
of this agreement follows later in Section 2.2.2. 
 
Maintenance based contracts 
As described earlier in this chapter, ProRail has divided the maintenance in different 
contract areas in which a PCA is contracted. In this section, an elaboration is given on these 
contracts and the contracting process. 
 
Output Process Contracts (OPC). 
ProRail used to work with Output Process Contracts (OPC). In these contracts PCAs are paid 
based on the output they deliver, regardless of their performance. In this contract, the 
quality and safety levels that should be reached by the PCA are specified by bottom values. 
Furthermore, in these contracts ProRail decides when maintenance should be done by the 
PCA. Some of these OPC contracts are still in place, but these are slowly replaced by PGO 
contracts (from the abbreviation of the Dutch words Prestatie Gericht Onderhoud). 
 
Performance Based Contracts (PGO) 
Since 2007, ProRail has set up Performance Based Contracts (PGO), which is now used in all 
new tender processes. PGO contracts were introduced to reduce the maintenance costs for 
the rail infrastructure manager, by stimulating preventive maintenance to reduce the 
number of costly replacements and repairs (Gompel, 2013a). In some of the contract areas 
the costs of the maintenance contracts have been reduced for up to 40 percent by using 
PGO contracts, while the performance remained unchanged or even slightly improved 
(Gompel, 2015b). In contrast with the OPC contracts, the newer PGO contracts pay PCAs 
according to their performance. In this contract, the quality and safety levels that should be 
reached by a PCA are specified more elaborately than in a OPC contract, i.e., there are more 
contractual measures that concern different performance indicators. Next to this, in a PGO 
contract PCAs have more freedom in how they execute the maintenance in the contract 
period for their contract area, i.e., there are less obligated maintenance activities laid down 
on PCAs. Penalties or bonuses are given based on the performance of the PCA. A 
distribution of the contract areas can be seen in appendix E. 

Each year three OPC-areas will be open for tendering in the tendering phase (2015-
2017). Furthermore, a contract area will be open for re-tendering when a PCA is delivering 
malpractice, (Gompel, 2013b). Naturally, ProRail will make a decision in these tendering 
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processes based on the placed offers and the current performance of the PCAs that 
participate in the tendering process. 

1.2.3. Maintenance activities 

PCAs are performing three main activities in order to meet the requirements of the OPC and 
PGO contracts. These activities are defined as: 
 
(Re-)Construction 
(Re-)Constructions are projects initiated by ProRail. These projects are planned a long time 
ahead (Oostrum, 2014). Constructions consist out of building new railroad tracks, but can 
also include tunnels, lifting bridges and other more special constructions. These projects are 
managed by ProRail or by an engineering office in agreement of ProRail. The execution of 
the construction is done by the PCAs. 
 
Preventive maintenance 
Preventive maintenance is done to reduce the number of failure repairs. Preventive 
maintenance activities on the railroad are planned by constructers for approval of ProRail. 
When accepted, ProRail plans the time slot for the maintenance activities. The activities are 
then executed by the constructors. 
 
Failure repair 
Failure repairs occur when there is a critical fail in the railroad track. PCAs are given a 
specified time window in which the failure must be repaired. Inventory of spare parts is an 
important factor in reducing the repair time for failure repairs. 

1.3. Structure of the report 

This section describes the structure for the rest of the report. In Chapter 2, we describe the 
current processes and practice of inventory control at ASSET Rail. After this, we formulate 
the project assignment, project scope and conceptual model (Chapters 3 and 4). An 
inventory control model has been selected from the literature study that fitted to the 
criteria of the system, the scope and the research assignment of this project (Section 5.1). 
Sections 5.2 and 5.4 describe the selected inventory control model and adjust it where 
necessary. This inventory control model has been programmed (Section 5.5), verified and 
validated (Section 5.6) before it was executed in a case study at ASSET Rail. The case study 
describes the results of several scenarios that vary in network structure (Chapter 6). Based 
on these results we draw conclusions and recommendations for ASSET Rail (Chapter 7). 
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2. ASSET Rail 
ASSET Rail was formed in 2007 by three companies: Arcadis Nederland, Dura Vermeer 
Railinfra and Imtech Traffic & Infra. Since then, ASSET Rail is a fast growing company that 
has specialized itself in the maintenance of the Dutch railroad.  
 
The mission of ASSET Rail is: to be the best maintenance contractor within track 
maintenance that is cost-conscious and offers continuity in a safe, transparent, sustainable, 
innovative and professional manner. 
 
The core values of ASSET Rail are: 

 Maintaining is saving 
 Knowledge sharing is growing 
 Partner in railroad maintenance 

 
ASSET Rail is currently responsible for two contract areas namely, Gelre and Eemland, as can 
be seen in appendix E. Currently, plans are made to expand from these two contract areas 
to three or four contract areas in the next tendering processes (Verhoef, 2014). Whether 
ASSET Rail will be assigned to one or multiple of these areas is dependent on the decision of 
ProRail. 

2.1. Organizational structure 
ASSET Rail operates with different executing divisions. The activities of each division are 
described in this section. 
 
Baan (BN) 
The division Baan (BN), concentrates itself on the maintenance activities that involve the 
railroad track. Examples of these are the rails, sleepers and ballast.  
 
Energievoorziening (EV) 
The division Energievoorziening (EV), focusses itself on the energy supply of the railroad. 
This does not only include the overhead wire. The EV discipline is wider than this, for 
example it also contains high voltage installations and the energy supply for train security, 
switches and tunnel installations. 
 
Seinwezen (SW) 
The division Seinwezen (SW), fixates itself on the maintenance of different signalling 
equipment. Examples of these are: barriers at rail crossings, signalling lamps and relays. 
 
Kunstwerken (KW) 
The division kunstwerken (KW), deals with the maintenance that is required at special, often 
concrete, objects in the railroad infrastructure. These special objects span over canals, rivers 
or conducts roads over the rail. Some examples of special objects in the railroad 
infrastructure are tunnels, lifting bridges and tank shell plates. 
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Telecom (TEL) 
The division Telecom (TEL), applies maintenance activities that relates to materials that are 
used in communication on the railroad track. Examples of these materials are: clockworks 
and speakers. 

2.2. Processes 

As described earlier, PCAs (and thus ASSET Rail) have three main maintenance activities. 
These are (re-)construction, preventive maintenance and failure repair. There are different 
flows that have to be considered when performing these activities. These flows, and the 
control of the processes are described in this section.  

2.2.1. Product flows 

There are different inflows and outflows of parts and tools at ASSET Rail. Figure 2.1 
illustrates the product flows of ASSET Rail that are discussed in this section. Railpro is an 
important factor for the inflow of parts and tools at ASSET Rail, since around two third of 
the supplied material costs originate from Railpro. 
 

Asset Rail
Failure

Work packages

Returns

Replenishments

Quality 
inspection

ReturnsReturns

Emergency request

Work packages

Cross 
dock

Suppliers

Supplies & tools

Supplies Supplies & tools

Supplies

Railpro

 
Figure 2.1: Product flows 

Work packages 
Work packages are standard packages that are used in planned maintenance and are 
ordered at Railpro. These packages consist out of different parts. These work packages can 
also consist out of materials that are not provided by Railpro. Railpro receives a work order 
planning from ASSET Rail in which for each day it is indicated which work packages are 
expected at which location. Next to this, ASSET Rail provides a part list for every work 
package. Most of the parts of work package are not used in the planned maintenance 
activity and are returned to Railpro. 
 
Consignment inventory replenishments 
This inflow of parts can be regarded as the normal inventory replenishment. It is important 
to note that the spare parts inventory in the warehouse of ASSET Rail is not owned by ASSET 
Rail itself. This inventory can be classified as a consignment stock, i.e., the stock is owned by 
another party, Railpro, before the part has been used. Only when a part is used from the 
inventory it is no longer in the property of Railpro.  
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Failure 
Parts that are kept on stock by Railpro at ASSET Rail are used whenever a failure occurs in 
the railroad track that requires a direct recovery. The part is obtained directly from the 
Railpro stock at ASSET Rail when it is on stock. An emergency delivery from Railpro is 
initiated when this is not the case. 
 
Emergency delivery 
An emergency delivery is requested when a track failure occurs, but the required part is out 
of stock or not stocked at all. Railpro has a special 24/7 service which deals with these 
unforeseen demands. Parts that are requested by an emergency request are supplied 
directly from the central warehouse of Railpro, which is located in Hilversum.  
 
Projects 
Finally, there are parts that are ordered for projects. Parts for these projects are commonly 
required for large construction or reconstruction projects, which are mostly planned well 
ahead. Demand flows from this source are out of the scope of this project, since parts that 
are used in these projects are specially ordered and are not supplied from the consignment 
inventory at ASSET Rail. 
 
Returns 
There are also returns when performing maintenance activities. These returns consist of 
parts that were not used when performing maintenance on the track, and failed parts that 
have been replaced by a new part. There is no flow of repaired parts coming from ASSET 
Rail. Parts and failing objects are either resolved in the field, or replaced by new parts when 
this is not possible. 
 
Tools 
Each of the maintenance activities require different tools that are required to perform 
maintenance on the railroad. These tools are requested at a range of different suppliers. 
Flows from this source are not considered in this project. 

2.2.2.  Control 

There are various control measures at ASSET Rail. This section describes these controlling 
measures. 
 
Service level agreement (SLA) with Railpro 
ASSET Rail has a service level agreement with Railpro for planned and unplanned 
maintenance parts. Unplanned maintenance parts usually require short lead times, because 
they are needed for failure based maintenance or function recovery. For this reason, stock is 
held at ASSET Rail in order to supply these materials directly. If a material should be 
available at ASSET Rail, but there is not enough stock (not stocked or out of stock), then an 
emergency request from Railpro is used. The inventory at ASSET Rail that is held by Railpro 
can be divided in two types of inventory. These inventories are defined as registration 
inventory and bulk inventory. The SLA agreement restricts for both inventories that 
inventory replenishments must be ordered at Railpro. Inventory replenishments may only 
be ordered at a supplier of Railpro when Railpro is unable to supply the part, and has given 
permission for the order. Both of the inventory types are briefly described below. 
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Registration inventory 
The registration inventory is an agreed range of materials that are made available for ASSET 
Rail by Railpro, and is intended for the repair of failures. In a small number of occasions this 
inventory is also used for preventive maintenance activities. SKU’s in the registration 
inventory are arranged based on failure types, i.e., parts that are often used in the same 
maintenance activity are laying near each other in the warehouse.  
 
Bulk inventory 
The bulk inventory is an agreed range of fast running materials that are kept on stock at 
ASSET Rail by Railpro, and is intended by Railpro to use in planned preventive maintenance. 
However, this inventory is used both for failure based and planned preventive maintenance 
by ASSET Rail. SKU’s of the bulk inventory are arranged based on item number in the 
warehouse. A two-bin system is used for the bulk inventory, in which the quantity for each 
bin is determined per article. 
 
Inventory levels 
ASSET Rail determines the final stock levels, and Railpro advises Asset Rail on these levels. 
Each month there is a consultation between ASSET Rail and Railpro about the stocking levels 
and the delivered performance. It is possible that stocking levels are adjusted as a result 
from this consultation. 
 Stocking levels are determined by the execution divisions BN, SW and EV with the 
help of a Failure Mode Effect and Criticality Analysis (FMECA). The FMECA analysis is 
performed for every object that is used in the rail infrastructure and describes several 
matters. Examples of these are: the number of objects in use at the railroad in the contract 
area, the failure mode, the impact of failure, the chance of a failure expressed in usage time, 
methods of notifying the failure, corrective actions that can be taken and the inspection 
interval. Finally, the inventory levels are determined based on intuition with the help of the 
FMECA analysis. 

2.2.3. Information flows 

There are different information flows within ASSET Rail and with the other parties of the 
supply chain. These information flows are described in this section. 
 
Information from and to ProRail 
ProRail receives failure alerts from the infrastructure and communicate these alerts directly 
to the different PCAs. The PCA that is responsible for the maintenance of the infrastructure 
in which the failure has occurred is requested to recover the function as soon as possible. 
ProRail provides PCAs a fixed number of train free periods to perform planned maintenance 
that can reduce the number of failure based maintenance activities. Changes that aim to 
improve the performance of the infrastructure will be assessed on desirability by both 
ProRail and the PCA concerned. ProRail will make the final decision whether the change is 
made. 
 
Registration inventory 
Items used from the registration inventory are tracked per item, and each withdrawal is 
registered. Maintenance engineers place stickers on a special board in the warehouse when 
an item from the inventory is used in a failure based maintenance activity. These inventory 



10 

consumptions from the board are registered by the warehouse administrator, and are 
communicated every working day to Railpro. Thus, a replenishment order is almost directly 
placed when a part is used from the registration inventory. Replenishment orders are placed 
by the warehouse administrator, and approved by the purchasing coordinator. These orders 
are delivered every Tuesday and Thursday, and can be ordered until 10:00 on the day before 
delivery (Maassen, 2014; Oostrum, 2014).  
 
Bulk inventory 
As described in the previous section of this chapter, a two-bin system is used for the bulk 
inventory. In the past, Railpro was notified when a bin was empty, and the bin was 
replenished with the next scheduled transport. The other full bin served in order to cover 
the replenishment lead-time. Currently, most of the withdrawals from this inventory are 
registered and ordered per item instead of a fixed order quantity of one bin. ASSET Rail has 
chosen to do so to account material costs specific to a report of irregularity, also called RVO 
(abbreviated from the Dutch words Rapport Van Onregelmatigheid).  

2.2.4. Financial flows 

Finally, there are different financial flows. These financial flows are described in this section. 
We can differentiate between financial inflows and outflows. Only relevant financial flows 
are described in this section. We refer to Toonen (2015b) for a complete and more 
extensive overview of the financial flows. 
 
SLA agreement costs 
The SLA agreement with Railpro is build up from multiple modules. There is one module that 
is specially designed for demands that occur by failures. This module covers the registration 
inventory. A second module is designed to cover demands that come from planned 
maintenance activities. This module covers the bulk inventory. The costs from these 
modules of Railpro are paid on a monthly basis, and include a fixed contract cost and 
different variable costs. We would like to refer the interested reader to Toonen (2015b) for 
a complete overview of these costs. 
 
Transport costs 
The SLA agreement modules include the transport costs for two transport deliveries per 
week for the registration inventory. It also includes one transport per month for the 
replenishment of the bulk inventory. Transports for emergency requests that are caused by 
an out of stock in the warehouse of ASSET Rail are more costly. Emergency requests are at 
the expense of Railpro if the delivery service level in the period is not achieved 
(Prestatiegericht voorraadbeheer en leveringen, 2008). ASSET Rail has to pay 257,50 euro 
for each time the 24/7 service has been used when the service level is achieved by Railpro in 
the period (Prijslijst Railpro, 2013). 
 
Service level agreement with ProRail 
Various service measures are described in the service level agreement between ProRail and 
ASSET Rail. Different bonuses and penalties are given by ProRail for the performance of 
ASSET Rail in a contract area. Table 2.1 specifies these bonuses and penalties. These 
performance indicators measure the performance of ASSET Rail on urgent irregularities that 
are marked as in profile or out profile, i.e., irregularities that are for ASSET Rail (ON) or for 
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ProRail (OG). A decision scheme is included in appendix F which shows the determination of 
UOs. It should be noted that this is not a complete list of all the service measures, because 
we only included service measures that are relevant for this study, i.e., concern the FHT of 
irregularities.  Next to this, some values are not described due confidentially reasons. For a 
complete overview of this list we would like to refer the interested reader to Toonen 
(2015b). 

Table 2.1: Summary of penalties and bonuses in the service level agreement with ProRail 

Indi-
cator 

Bonus 
per 

minute 

Penalty 
per 

minute 

Service measure Maximum amount 

1. (ON) 18,- 24,- For every minute less or 
more than the total function 

recovery time of … for 
urgent irregularities and 

irregularities with a binding 
time agreement in which a 

fixed function recovery time 
of … minutes is used for 
each irregularity with a 
binding time agreement 

Penalty corresponding 
with a total function 
recovery time of … 

2. (ON) 14.400,- 19.200,- For every minute less or 
more than the average 

function recovery time of … 
per urgent irregularity on 

average per year 

Penalty corresponding 
with a function 

recovery time of … 

3. (ON) - +125,- For every minute more than 
… function recovery time for 
a single urgent irregularity 

- 

4. (OG) 65,- 65,- For every minute less or 
more than the total function 

recovery time of … for 
urgent irregularities outside 

the risk sphere 

- Bonus or penalty … 
per year 

- … function recovery 
time per irregularity 

 
From Table 2.1 we can conclude that the function recovery time of irregularities is an 
important cost factor at ASSET Rail. There are different major time factors that have an 
influence on the function recovery time. First, there is the time that it takes to drive to a 
stock point to gather the required spare parts. Second, is the time it takes to obtain the 
spare parts at the stocking point. When a part is unavailable in the stock, a waiting time is 
endured until the part is replenished by a normal stock replenishment or is transported by 
Railpro with an emergency shipment. Third, is the time it takes to drive from a stock point to 
the irregularity. Last, is the time it takes to repair the function of the railroad track to 
normal. Not all of these factors are influenced by the number of parts on stock. Increasing 
the number of parts in stock only has a decreasing effect on the waiting time. Consequently, 
the waiting time has a direct impact on missed bonuses and penalty cost, and on the 
performance reputation of ASSET Rail at ProRail. 
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2.3. Inventory assortment 

ASSET rail stocks inventory at multiple locations in the contract areas Gelre and Eemland. 
Both of these areas have a main warehouse, which is located in Bemmel and Amersfoort 
respectively. Furthermore, there are three small stock points (hubs) that also keeps some 
parts on stock that are used for failure-based repairs as well as planned repairs. Both of the 
main warehouses in Bemmel and Amersfoort are divided in three sections. Each section is 
designated to either BN, EV or SW. The composition of the stock is different for each of 
these disciplines, and consists out of bulk and registration inventory. A distribution of the 
stock value and the number of unique stock keeping units (SKU) for each area is given below 
in Tables 2.2, 2.3 and 2.4. 

Table 2.2: Stock value Gelre (Voorraad Assortiment lijst Gelre v141001, 2014) 

 

Table 2.3: Stock distribution in Gelre (Voorraad Assortiment lijst Gelre v141001, 2014) 

 

Table 2.4: Stock value Eemland (Voorraad Assortiment lijst Eemland v141001, 2014) 

 
 
  

Gelre

Baan
Energie-

voorziening
Seinwezen Total

# items Bulk 38% 27% 22% 87%

# items Registration 3% 6% 4% 13%

# SKU’s Bulk 9% 6% 22% 37%

# SKU’s Registration 11% 14% 37% 63%

Stock value Bulk 2% 3% 4% 9%

Stock value 

Registration
2% 10% 78% 91%

Total stock value 4% 13% 82% 100%

Discipline

Gelre # items # SKU's Value

Doetinchem 3,02% 4,20% 10,77%

Arnhem 1,82% 0,67% 0,19%

Nijmegen 3,05% 1,18% 0,59%

Bemmel 92,10% 93,95% 88,45%

Eemland

Baan
Energie-

voorziening
Seinwezen Total

# items Bulk 27% 22% 26% 74%

# items Registration 4% 17% 5% 26%

# SKU’s Bulk 10% 5% 24% 40%

# SKU’s Registration 11% 17% 32% 60%

Stock value Bulk 2% 2% 8% 13%

Stock value 

Registration
2% 21% 64% 87%

Total stock value 5% 23% 72% 100%

Discipline
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From Tables 2.2 and 2.4 it can be concluded that the discipline SW has the highest stock 
value. Furthermore, it can be observed that the stock value of the inventory that is assigned 
to registration inventory is substantially higher than the bulk inventory. This is not a surprise 
since the registration stock typically consists out of expensive parts and the bulk inventory 
out of cheap parts. Next to this, in Table 2.3 it can be observed that the location 
Doetinchem has a relative high stock value compared to the other small stock points. This is 
caused by some materials for the division SW that are kept on stock in Doetinchem. These 
materials are stocked in Doetinchem, since they are often required in this area (Rossner, 
2015). Doetinchem is also located more distantly from Bemmel than the other small 
warehouses. 
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3. Research design 
In this chapter we describe the research design. First, a description of the initial problem 
definition is given in Section 3.1. Next in Section 3.2, we describe the problem analysis. With 
this problem analysis we adjust the initial problem definition to formulate a more specific 
final problem definition. Finally, we define the research questions and describe the research 
model. Both of these were used to support and guide the research. 

3.1. Initial problem definition 
Since its establishment in 2007, ASSET Rail is mainly focused at performing maintenance 
activities on the railroad. For this reason, ASSET Rail has not focused itself on the 
management of its inventory. Therefore, it is expected that improvements can be reached 
through a better inventory management. Improvements in the inventory can have several 
beneficial effects for the core activities of ASSET Rail, i.e., performing maintenance activities 
on the Dutch railroad. Some examples of these effects are: a reduced function recovery 
time, a higher service level and/or less inventory costs. 

3.2. Problem analysis 

Currently, the stock levels at ASSET Rail are determined intuitively by using analyses from 
failures, but without an underlying inventory model. Next to this, the impact of the stock 
level in relation with the different KPIs is also based on intuition and is not quantified. 
Therefore, we expect that new insights for improvements can be obtained by determining 
stocking levels rationally with the use of an inventory model. In Section 3.2.1 we shortly 
explain some of the most important model characteristics that were found in the literature. 
In Section 3.2.2, we select the model characteristics that are the most appropriate for this 
project. 

3.2.1. Model characteristics from literature 

A literature review has been conducted by Toonen (2015a) from which insights of relevant 
inventory models have been obtained. From this literature review it can be concluded that 
there are various relevant spare parts inventory models. These models have in common that 
they are focused on determining the optimal inventory levels for spare parts. However, 
there are several differences between models that are described in the literature. It is 
possible to identify spare parts inventory models with different characteristics. We would 
like to refer the interested reader to Basten and van Houtum (2015), and Kranenburg and 
van Houtum (2015) for a more extensive review on characteristics that are used in spare 
parts inventory model.  
 
Single-item and Multi-item 
In a single-item inventory model, stocking levels are determined separately for each SKU. 
For example, when an aggregated target service level is set, this aggregated target service 
level is divided over all the SKU’s based on their demand rate. An example of an important 
aggregate target service level that is used in practice at ASSET Rail is the average function 
recovery time. This results in a separate target service level for every item. A single-item 
based inventory model obtains sufficiently well results when SKU’s have small price 
differences (Kranenburg and van Houtum, 2015). However, results from a single-item 
approach deviate more from efficient solutions when price differences increases. 
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Contrastingly with a single-item inventory model, a multi-item inventory model jointly 
determines the base-stock levels for all SKU’s. According to Kranenburg and van Houtum 
(2015), multiple authors have demonstrated for real life situations that a multi-item 
approach can result in savings up to 50% compared to a single-item approach. 
 
Emergency shipments 
In many situations, it is too expensive to wait for a normal replenishment of a part when the 
part is not immediately available in the stock of a warehouse (Basten and van Houtum, 
2015). A typical procedure in such a situation is to request an emergency shipment from a 
central depot. Typically, these emergency shipments are expensive compared to normal 
inventory replenishments. However, these shipments are beneficial to reduce the downtime 
costs of a system. Multiple studies incorporate the option of emergency shipments in the 
system that is studied. 
 
Multi-location 
The number of locations considered in the inventory model is also an important factor for 
the efficiency of the base-stock levels. Similarly as with items, base-stock levels at stocking 
locations can be determined separately (single-location inventory model) or jointly (multi-
location inventory model). Often, multi-location spare parts inventory models are 
characterized with lateral transhipments and the number of echelons considered in the 
system. 
 
Lateral transhipments 
Kranenburg and van Houtum (2015) demonstrate with an example from practice that costs 
due to backorders, emergency shipments and/or unavailability of materials can be reduced 
by allowing lateral transhipments in the network. Typically, a lateral transhipment from a 
neighbour warehouse is requested when the warehouse is facing a demand that it cannot 
satisfy immediately.  
 
Multi-echelon 
The number of echelons indicates the number of levels that are considered in the supply 
chain. Single-echelon problems only consider one level of the supply chain, e.g., the 
distribution centres (DC’s) in the supply chain. A multi-echelon problem also considers other 
levels of the supply chain, e.g., manufacturer, wholesaler and the distribution centres. 
Multi-echelon inventory optimization optimizes the inventory levels within the chain by 
considering the demand variability in multiple levels. Generally, a higher service level 
upstream requires less safety precautions downstream Toonen (2015a). 
 
Multi-player 
Some articles focus itself on incorporating multiple players in spare parts inventory models. 
In practice many situations can be found were multiple decision makers have the same 
spare parts on stock. However, in most of these situations there is no collaboration between 
these decision makers, because they are not willing to participate, do not see the benefits it 
could bring to them or are afraid that other players benefit more. For this reason, these 
models describe methods that divide costs among multiple companies/divisions in a multi-
location system, when these stocking points are not owned by a single decision maker. 
 



16 

Criticality 
The criticality of a part is defined by Huiskonen (2001) as the consequences that are caused 
by the failure of a part on the process in case a replacement is not immediately available. 
The impact of a shortage of spare parts is often a multiple of the part value (Huiskonen, 
2001). In a criticality policy, demands are classified in customer groups that have different 
service differentiations (Kranenburg and Van Houtum, 2008). In this policy, demands from a 
certain customer group are only fulfilled when the physical stock is above the critical level 
for the customer group (Kranenburg and Van Houtum, 2007). Cost reductions caused by a 
lower down time can be reached by holding back inventory for customer groups/demands 
that have a relatively higher impact than other customer groups/demands. 

3.2.2. Model selection 

Spare parts that are kept on stock at ASSET Rail differ greatly in price from each other, i.e., 
the ratio in price difference between the most expensive and cheapest SKU is more than 
105. For this reason, we believe that improvements can be reached by adopting a multi-item 
model and that this is highly applicable at ASSET Rail. Next to this, we believe that a multi-
location inventory model with lateral transhipments is also applicable at ASSET Rail. Multi-
location inventory models are especially interesting for expensive spare parts with a low 
demand rate that are kept on stock at multiple stocking locations. Since this is also the case 
for SKU’s at ASSET Rail, we believe that a multi-location inventory model is applicable and 
leads to insights for improvements.  

Although failures in the rail infrastructure have different impacts, there is in general 
no difference in penalties of failures caused by parts that concern a single SKU. Although 
there is a difference for ProRail in failures that occur at a train station or at a straight 
railroad track, there is no distinction in the penalty of these failures. There are some minor 
differences in penalties and bonuses between the different contract areas. However, we 
expect that incorporating holding back levels leads to no or very small benefits for ASSET 
Rail, and that this does not outweigh the extra complexity that is added to the model. 
Therefore, criticality policies are less applicable at ASSET Rail. For this reason, we do not 
address models that incorporate criticality in this research. 

We do not focus on multi-player allocation methods, because these methods imply 
that advantages can be reached by considering multiple inventory locations of different 
stakeholders. We do expect that such advantages can be reached at ASSET Rail, and that 
these methods may provide us with an important extension on the multi-location inventory 
model. However, at this stage it is not clear yet whether a multi-location inventory model 
leads to more cost savings than a multi-item inventory model. When this is not the case, it 
seems illogical to research an extension of the multi-location inventory model instead of the 
multi-item inventory model. Therefore, we concentrate on improvements that can be 
reached with a multi-item and/or multi-location inventory model. Nevertheless, a multi-
location inventory model provides us with insights in possible advantages of cooperation 
between stocking locations that owned by different decision makers. 

It is possible to classify the current situation of ASSET Rail with these two inventory 
dimensions. We determine that the current situation is best classified as a single-item and 
singe-location based inventory management. Figure 3.1 shows the classification of the 
current and the desired situation. 
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Figure 3.1: Classification of current and desired situation 

3.3. Final problem definition 

With this problem analysis we define a final problem. As discussed in the problem analysis, 
the current stocking levels at ASSET Rail are determined by intuition. Next to this, there is no 
exact insight of the impact of stocking levels and possible out of stocks on the costs and 
service level of ASSET Rail. Therefore, we define our problem as: 
 
ASSET Rail has no exact insight in the performance and improvement potential of a multi-
item or multi-location inventory control model for its stocks in terms of costs and service 
level. 

3.4. Research questions 

Following from the final problem definition we define a main research question with a set of 
sub questions. We believe that insights for improvements are obtained by extending the 
current single-item, single-location, intuition based inventory management to a multi-item, 
multi-location, model based inventory management. As described extensively in the 
literature, this will result in a more efficient inventory management by reducing holding 
costs and/or a decrease of the average waiting time for items on stock. A decrease in the 
average waiting time will result in a reduction in the average function recovery time for 
ASSET Rail (see Section 2.2.4). We define the following main and sub questions: 
 
Main research question: 
What is the most advisable manner to structure a multi-item and/or multi-location inventory 
model(s) for the inventories of ASSET Rail, and what is the improvement potential both in 
costs and in average waiting time of applying this model at ASSET Rail? 
 
Several sub research questions are formulated below in order to answer the main research 
question above. 
1. What are the current processes of ASSET Rail? 
2. How is the inventory control at ASSET Rail currently organized? 
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3. What are the key parties that should be considered when reorganising the structure of 
the inventories of ASSET Rail? 

4. What are relevant KPIs (key performance indicators) for the inventory control at ASSET 
Rail? 

5. What are the differences between a multi-item and/or multi-location inventory model 
with respect to the current situation? 

6. What are potential improvements that can be reached with respect to the current 
situation? 

3.5. Research model 
Like in many operation studies, we use quantitative models in this research to solve real-life 
problems (Bertrand and Fransoo, 2002). In this chapter, we describe the research model 
that supported us in the construction of the quantitative inventory model. We followed the 
research model of Mitroff et al. (1974) (see Figure 3.2) for guidance in the construction of 
our inventory model. 

  
Figure 3.2: Research model (Mitroff et al. 1974) 

As can been seen in Figure 3.2, the research model of Mitroff et al. (1974) consists of four 
phases. These four phases are used in this research and are briefly described below: 
 
1. Conceptualization 

 Construction of conceptual model of the problem and system with insights from the 
literature about inventory models 

 Identification of variables that need to be included in the model, and the scope of 
the model 
 

2. Modelling 

 Define quantitative causal relationships between variables 

 Construction of the quantitative model 

 Validation of model assumptions with reality  
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3. Model solving 

 Identification of availability of real life data from ASSET Rail and area specific items 

 Application of model on real life data 

 Discussion of the results and insights from the model. 

 Identification of opportunities and recommendation for ASSET Rail  
 

4. Implementation 

 Implementation of the results of the model 
 
In Chapter 4, we provide a detailed description of the first phase, conceptualization, of the 
research model of Mitroff et al. (1974) for this research. The modelling phase is addressed in 
Chapters 5. Chapters 6 and 7 describes the model-solving phase. We do not perform the 
implementation phase in this project, since this phase is too time intensive for this study. 
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4. Conceptualization 
In this section, we describe the conceptualization phase of Mitroff et al. (1974) for our 
quantitative inventory model. Recall that in the conceptualization phase a conceptual model 
is created with insights from the literature about inventory models. Next to this, we identify 
and describe the scope and the important variables that should be included in the model. 

4.1. Model scope 
In this section, we determine the model scope for both the multi-item and the multi-
location inventory model. 

4.1.1. Multi-item 

An efficient inventory can be reached by determining base-stock levels jointly for all SKU’s. 
However, including too many SKU’s may result in a long computation time. In order to 
reduce the number of SKU’s in the model, we only consider SKU’s that are classified as 
registration inventory. SKU’s that are classified as bulk inventory are almost always on stock, 
because these SKU’s are inexpensive compared to the registration inventory. Including the 
bulk inventory only leads to minor cost savings, and a substantial increase in the model 
complexity. For this reason, we only consider SKU’s that are classified as registration 
inventory, since it is expected that this inventory results in the largest savings in the model. 
Next to this, SKU’s that are classified as registration inventory are stocked to quickly resolve 
unexpected irregularities, whereas SKU’s of the bulk inventory are mainly used in preventive 
maintenance activities. 

4.1.2. Multi-location 

A network redesign is required to apply a multi-location inventory model in which lateral 
transhipments are allowed. The main difference between the current and the new network 
design is the coordination between the inventories of Bemmel, Amersfoort and Doetinchem 
(see Figures 4.1 and 4.2). It is expected that improvements in holding costs and/or spare 
part availability can be obtained by allowing lateral transhipments and determining stocking 
levels jointly for these locations. We have also included Doetinchem in the conceptual 
model, because this hub stocks a considerable amount of spare parts. Next to this, we feel 
that this hub is relevant to include in the multi-location inventory model, since this hub 
stocks the same relatively expensive spare parts as Bemmel and Amersfoort. We do not 
include Arnhem and Nijmegen in the inventory model, because these hubs do not stock a 
considerable amount of spare parts in either value or volume (See Table 2.3). The network 
redesign that is shown in Figure 4.2 is based on the current contract areas of ASSET Rail. 



21 

Gelre EemlandGelre Eemland

= Product flow

= Information flow

Bemmel

Doe-
tinchem

Amersfoort

Railpro

Infrastructure

Bemmel

Doe-
tinchem

Amersfoort

Railpro

Infrastructure

= Emergency shipment

 
Figure 4.1: Current network design Figure 4.2: New network design 

  

4.2. Model variables 

With the literature review of Toonen (2015a) we can identify important and relevant input 
variables, constraints, decision variables and output variables that should be included in the 
inventory model. Next to this, a quick examination of the available data at ASSET Rail has 
been performed in order to guarantee the applicability of these variables.  

4.2.1. Input variables 

Input variables commonly describe costs, demand and time parameters that represent a 
practical situation. Below we describe several input parameters that are used in the 
inventory model. 
 
Inventory holding costs 
The most straightforward and important input variable that is included in the inventory 
model is the cost for holding inventory. Holding too much inventory is costly, because this 
leads to unnecessary holding costs such as interest cost, storage cost and costs that are 
caused by extra inventory risk. 
 
Demand 
The demand rate with a corresponding demand pattern is another input variable that is 
required in an inventory model in order to determine the base-stock level. Clearly, a higher 
demand rate requires a higher base stock level to reduce the average number of stock outs. 
The same logic also applies on the irregularity of the demand rate. We only focus on the 
demand rate that originates from failure-based maintenance activities. 
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Order lead-time 
The order lead-time is defined as the time between the order placement and the order 
arrival for normal replenishment orders. It is important to include this into the inventory 
model, since this parameter indicates the time that is required before an item is replenished 
and back on stock. For example, when a part with a long lead-time is used from the 
inventory it is longer unavailable than a part with a short lead-time. Therefore, a higher 
stock level is required for items with a long lead-time to guarantee the same average 
availability as for items with a short lead-time. 
 
Emergency shipment time and costs 
Emergency shipments from Railpro take place when there is a demand for a spare part, but 
the spare part is unavailable in the stock at ASSET Rail. Clearly, this induces some waiting 
time till the part is received compared to a direct supply from the consignment stock at 
ASSET Rail. Next to this, emergency shipments are more costly than normal inventory 
replenishments. For these reasons, we include input variables that represent the time and 
the costs of an emergency shipment. 
 
Lateral transhipment time and costs 
The costs and time of a lateral shipment is an important factor that should not be neglected 
when constructing an inventory model that considers multiple locations. Generally, lateral 
transhipments are cheaper and/or faster than emergency transhipments. In general, 
however, lateral transhipments from another warehouse are more time consuming than a 
direct supply of the warehouse that is facing the demand. Therefore, the lateral 
transhipment time and costs are considered as an important factor. Clearly, this variable 
only applies in the multi-location inventory model. 

4.2.2. Constraints 

Constraints are used to define a feasible solution space for the model. We require a target 
service constraint in order to make a distinction between feasible and infeasible outcomes. 
Next to this, it desirable to be able to determine the minimal service level of ASSET Rail that 
should be attained by the model. The most common service constraints in spare parts 
inventory models are the expected number of backorders and the average waiting time. 
Kranenburg and van Houtum (2015) demonstrate that it is possible to interchange these 
two constraints with each other, since backorders increase the average waiting time for a 
spare part. Therefore, both can be used as a constraint for the model and they will result in 
approximately the same model outcomes. We chose for an average waiting time constraint 
to represent as the model service constraint, since we see a direct link with the average 
function recovery time. A lower average waiting time may not only be more desirable, but 
could also result in lower system costs due to a lower average function recovery time. 

4.2.3. Decision variables 

Decision variables are determined by the model with the input variables and constraints. 
The model determines the value of the decision variables such that the solution is feasible 
as well as cost optimal. The base-stock level is used as the decision variable in our inventory 
model. This decision variable represents the near optimal inventory level that is determined 
by the inventory model. 
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4.2.4. Key performance indicators (KPI’s) and output variables 

This section describes the key performance indicators and output variables of the model. At 
ASSET Rail there are two KPI’s that are important. Both are described below. 
 
Average waiting time 
As discussed before in Section 2.2.4, the performance and service reputation of ASSET Rail is 
measured in multiple ways by ProRail with the function recovery time. The function 
recovery time is influenced by the stocking levels of spare parts at the warehouses. For this 
reason, the average waiting time  has an influence on the performance of ASSET Rail. 
Maintaining a high service reputation at ProRail is important for ASSET Rail, as it increases 
the chance of obtaining an extra contract area in the next tendering process. Not obtaining 
an extra contract area may result in missed profits for ASSET Rail. In order to prevent any 
loss of reputation at ProRail, we decide with experts from ASSET Rail that in the inventory 
control model the inventories of ASSET Rail should perform at least as good as the current 
situation. For this reasons, we incorporate a service level objective on the average waiting 
time of the inventories of ASSET Rail. 
 
Total relevant cost 
A natural important key performance indicator is the cost of the system. This also applies at 
ASSET Rail, since their goal is to be as cost efficient as possible while meeting the 
contractual measures of ProRail. At ASSET Rail there are three cost factors that are relevant 
for the inventory. These are the inventory holding cost, the cost of transport and costs that 
originate from the contract of ProRail by penalties or missed bonuses (see Section 2.2.4). 
Missed bonuses or penalties are caused by an increase in the function recovery time. 
Unavailability of spare parts in the inventories causes a longer average waiting time, and 
result in a longer function recovery time. Therefore, the average waiting time has a direct 
relationship with the system’s cost. Hence, we observed that the average waiting time 
influences the system in two ways. Firstly, it influences the service level of ASSET Rail which 
has an indirect influence on missed profits by not obtaining an extra contract area. 
Secondly, it has a direct relation with penalty and missed bonuses cost. 
 
Output variables 
The output variables define the system’s performance on the KPI’s and present the result of 
the decisions variables. Hence, we have two output variables. These are the yearly total 
relevant costs and the expected average waiting time.  

4.3. Conceptual model 
After identifying the scope and the model variables, we can construct a conceptual model 
that illustrates the causal relations between these variables (see Figure 4.3). This conceptual 
model is determined with the help of findings from the literature and by logical reasoning. 
In Figure 4.3, a negative sign indicates a negative causal relationship. Variables connected 
with a negative causal relationship change in an opposite direction. Similarly, a positive sign 
indicates a positive causal relationship. A variable connected to a positive causal 
relationship changes in the same direction. For example, a higher base stock level leads to 
less out of stocks, and less out of stocks leads to less Emergency shipments. Less emergency 
shipments in its turn leads to a lower average waiting time. In this conceptual model it 
should be noted that demands that occur during a stock out are always supplied by an 
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emergency shipment and do not wait for a normal inventory replenishment, because this 
induces too much time. Emergency shipments would reduce the average waiting time when 
this is not the case. 

This conceptual model can be used for the multi-item model as well as the multi-
location model. The extra causal relations created by lateral transhipments in the multi-
location model are shown in grey. These relations do not apply in the multi-item model. 
Incorporating lateral transhipments leads to decreases in the base stock level and the 
number of emergency shipments. However, we have not included these relations in the 
conceptual model, because these are indirect effects. 
 

 
Figure 4.3: Conceptual model 
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5. Modelling 
This chapter describes the quantitative model that fits the model of Chapter 4. Section 5.1 
briefly describes the literature that is most relevant to this project. In Section 5.2, we 
formally describe the system. Section 5.3, describes the differences of the model that is 
selected from the literature and our model. In Section 5.4, we describe the optimization 
algorithm. Next, we discuss the model implementation in software (Section 5.5) and the 
model validation and verification (Section 5.6). Finally, in Section 5.7 we describe several 
scenarios that will be tested with the model. 

5.1. Literature 
This section briefly discusses the literature aligned with this project. As discussed before in 
Chapter 3, we focus on multi-item and multi-location models. We only discuss inventory 
models that fit our model of Chapter 4, and that are most relevant with this study. 
 
Kranenburg and Van Houtum (2009) describe a spare parts inventory model for a single-
echelon, multi-item system that is based on Wong, et al. (2005). Multiple stocking locations, 
hereafter called warehouses, are considered in their system that are all controlled by an 
(𝑆 − 1, 𝑆) inventory policy. The warehouses are distinguished as a main warehouse or a 
regular warehouse (Kranenburg & Van Houtum, 2009). A main warehouse can supply 
another main or regular warehouse via lateral transhipments. A regular warehouse cannot 
supply other warehouses. A case in which no lateral transhipments take place is easily 
obtained by defining all warehouses as a regular warehouse. In case the regular warehouse 
as well as the main warehouses do not have a part on stock, an emergency shipment from a 
central warehouse is requested. The system of Wong, et al. (2005) considers an aggregate 
mean waiting time target for every warehouse, whereas the system of Kranenburg and Van 
Houtum (2009) considers an aggregate mean waiting time target for various machine 
groups. 

Kranenburg and Van Houtum (2009) formulate an approximate evaluation method 
that applies an Erlang loss model for the performance of their system. The evaluation 
method is also applicable in a system in which no pooling exists. Furthermore, it can also be 
applied in a single-item system, since the evaluation is performed separately for each SKU. 

Both Kranenburg and Van Houtum (2009) and Wong, et al. (2005) describe that, for 
the optimization of the system, a near optimal system solution can be reached by applying a 
greedy heuristic. A greedy heuristic considers the impact of every extra stocked SKU on the 
aggregate target service level. The aggregate target service level, together with the price of 
an SKU leads to the identification of SKU’s that have the “the biggest bang for the buck”. We 
decide to apply the greedy heuristic as proposed by Kranenburg and Van Houtum (2009), 
since it is easier to understand than the heuristic of Wong, et al. (2005). 

5.2. Model description 
In this section we first describe whether the underlying model assumptions of Kranenburg 
and Van Houtum (2009) are reasonable for our system to ensure that the model fits to 
practice (Section 5.2.1). Next, in Section 5.2.2 we describe the model parameters and sets. 
In Section 5.2.3 we describe the evaluation algorithm and in Section 5.2.4 we describe the 
calculation of the performance indicators. 
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5.2.1. Assumptions 

There are several assumptions required for the model. In this section, we shortly describe 
each of these assumptions and discuss whether they are reasonable for our system. When 
this is not the case, we will perform a sensitivity analysis on the concerning assumption in 
Section 6.3. 
 
Demands occur according to a Poisson distribution 
The Poisson distribution is commonly accepted in the literature to reflect the demand 
process for spare parts (Thonemann, Brown, & Hausman, 2002). In Appendix G we assess 
with a Kolmogorov-Smirnov test the fit of a Poisson distribution on the demand process for 
all the contract areas of ASSET Rail. From this test, we can conclude that a Poisson 
distribution is an acceptable representation of the demand process. 
 
All items are equally important 
All spare parts are assumed to be equally important, i.e., all parts are critical for the 
operation of the Dutch railroad. This may not always be true, as failures of some specific 
parts may cause a lowered train speed limit instead of an inoperative rail track. Kranenburg 
& Van Houtum (2009) and Wong et al. (2005) state that it is easy to extend the model with 
SKU specific transport costs. Hence, it is possible to differentiate in the stock out cost for an 
SKU with SKU specific transport. However, defining the importance of every SKU is too 
complex, since this depends on many factors. For this reason, we will not address this 
extension in this research. Moreover, in Section 5.7.3 we construct a single-item model with 
SKU specific waiting time objectives that is able to differentiate in the waiting time 
objectives of SKU’s. In Section 0 we perform a sensitivity analysis on the average cost of one 
minute delayed FHT to demonstrate the impact of different cost values for this parameter. 
 
Inventory positions are kept at a constant level and SKUs are replenished one by one 
All inventory locations of ASSET Rail operate with an (𝑆 − 1, 𝑆) replenishment policy. An 
inventory replenishment order is requested as soon as a part from the inventory is used. 
Therefore, SKUs are replenished one by one and the inventory position is kept at a constant 
level. 
 
Lateral transhipments are faster and cheaper than emergency shipments 
This assumption is required to ensure that lateral transhipments are preferred over 
emergency shipments. The reasonability of this assumption has been discussed with experts 
from ASSET Rail. Next to the travelling time, an emergency shipment requires on average an 
extra hour of response time of Railpro. The shipment time (consisting of both the response 
time and the travelling time) of an emergency shipment is longer than for a lateral 
transhipment. Besides the shipment time, the cost of a lateral transhipment is also lower, 
because time is a dominant factor in the shipment cost. 
 
The lead-time for a regular shipment is greater or equal than an emergency shipment 
Normal inventory replenishments only take place two times a week, i.e., on Tuesday and 
Thursday and orders can be ordered until Monday 10:00 and Wednesday 10:00 respectively. 
Railpro offers a 24/7 service for emergency shipments. Therefore, this assumption holds as 
emergency shipments are always faster.  
 



27 

The central warehouse has infinite stock 
We assume that Railpro has infinite stock available for emergency shipments or normal 
replenishments. This assumption involves the reliability of the lead times for these 
shipments, i.e., these lead times are more reliable when the central warehouse has an 
infinite stock. This assumption is reasonable, because Railpro offers a considerable high 
service level of 95% on normal stock replenishments. From historical information we know 
that Railpro always meet their service level. Hence, 95% of the inventory replenishments are 
supplied on time. Next to this, we also verified the reasonability of this assumption with the 
experience of experts from ASSET Rail. However, this also means that 5% of the inventory 
replenishments may take longer than expected. We cannot calculate the lead time of these 
other replenishments with quantifiable data, since there is no reliable historical information 
available on the order fulfilment date of the inventory replenishments. Because of this 
uncertainty,  we apply a sensitivity test on the order lead-time in Section 6.3.2. Since 95% of 
the inventory replenishments are supplied on time, we conclude that it is justifiable to 
assume that Railpro has a stock that can be considered as infinite. 
 
The replenishment lead-time is exponentially distributed and equal for all locations and 
items 
For the evaluation of our system, we assume that replenishment lead times are 
exponentially distributed. A sensitivity analysis is performed on this assumption by Reijnen, 
Tan, and Van Houtum, (2009) and by Alfredsson and Verrijdt (1999). Reijnen, et al. (2009) as 
well as Alfredsson and Verrijdt (1999) illustrate with a simulation of their model that the 
system’s performance is to a large extent insensitive to the lead-time distribution. This 
assumption is also reasonable for our model, since the model of Kranenburg and Van 
Houtum (2009) is similar to Alfredsson and Verrijdt (1999) (Van Wijk, Adan, & Van Houtum, 
2012; Kranenburg & Van Houtum, 2009). All parts in the inventory are replenished by 
Railpro with the same lead-time, i.e., lead times are not SKU specific. 
 
Fixed costs are excluded for all locations 
Fixed costs are not subject to change when inventories increase or decrease. Therefore, 
these costs are not relevant for the decisions on base stock levels. 
 
Inventory holding costs are equal for all locations 
A fixed percentage is paid over the consignment stock value. These percentages are the 
same for every stocking location. As can be seen in Section 6.1, there are different inventory 
holding cost factors, but these factors are approximately the same for every stocking 
location. Therefore, out of simplicity reasons we assume that the inventory holding costs 
are equal for all locations. 
 
Inventory holding costs are also incurred for parts in replenishment 
In the agreement with Railpro, a fixed percentage over the stock value is paid to Railpro for 
the inventory that is kept on stock in the warehouses of ASSET Rail. In this agreement there 
is no adjustment for stock that is on order. It is relatively easy to exclude parts that are in 
replenishment from the inventory holding cost (Kranenburg & Van Houtum, 2009). Since we 
do not require such an adjustment, we do not make any adjustments for stock that is on 
order.  
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Transportation costs are the same for every SKU 
The distance and transportation time between warehouses are the dominant factors in the 
transportation costs. Therefore, we assume that all transportation costs are the same for 
every SKU. 
 
There are no capacity constraints on storage 
Warehouses of ASSET Rail have sufficient space available for extra inventory. Therefore, it is 
reasonable to assume that there is no capacity constraint on the storage space. 

5.2.2. Parameters and sets 

The objective of our model is to reduce the system costs while for each contract area a 
target average waiting time is met. In this section, we describe the general multi-item multi-
location model of Kranenburg and Van Houtum (2009). Our model is, apart from some 
changes for the waiting time objective in Section 5.3 and the omission of machine groups, 
similar to Kranenburg and Van Houtum (2009). In Section 5.7 we adjust this model to 
simulate different inventory control models. 

We first formulate the model sets and parameters. The set of warehouses 𝐽 is 
defined by 𝑗 = 1,2, … , |𝐽|. A subset or equal set of all main warehouses is defined by 
𝐾 (⊆ 𝐽). Subsequently, all other warehouses remaining in set 𝐽 are defined as a regular 
warehouse 𝑗 (∈ 𝐽\𝐾). A main warehouse 𝑘 can supply multiple regular warehouses 𝑗. A 
regular warehouse is assigned to an unique main warehouse by 𝑘𝑗. No inventory pooling 

exists when there are zero warehouses in the set of main warehouses. Each regular 
warehouse can be optimized independently from the other regular warehouses when this is 
the case. 

In case of multiple main warehouses, a main warehouse requests a part at another 
main warehouse when it faces a demand and it does not have the part on stock. A specified 
sequence is used in which all other mains are checked for the part when main 𝑘 is out of 

stock. This sequence is defined by the vector 𝜎(𝑘) ≔ (𝜎1(𝑘), … , 𝜎|𝐾|−1(𝑘)), 𝐾\{𝑘} which is 

the requesting order for main warehouse 𝑘. Each other main warehouse is represented 
exactly once in this order (Kranenburg & Van Houtum, 2009). 𝜎1(𝑘) denotes the warehouse 

that is considered the first. Furthermore, we define 𝐾(𝑘, �̃�)(⊂ 𝐾) as a subset of main 

warehouses that precedes main �̃� in the sequence for main warehouse 𝑘 or 𝜎(𝑘). Thus, it 

can be noticed that 𝐾(𝑘, 𝜎1(𝑘)) = ∅.  

𝐼 defines the set of SKU’s, and a single SKU is identified with 𝑖 = 1,2, … , |𝐼|. The 
demand rate of SKU’s is assumed to be Poisson distributed with a constant rate of 𝑀𝑖,𝑗 for 

SKU 𝑖 at location 𝑗. The total demand rate of all SKU’s for a location is obtained by 
𝑀𝑗 = ∑ 𝑀𝑖,𝑗

 
𝑖∈𝐼 . Every stocking location uses an (𝑆 − 1, 𝑆) base stock policy for the inventory 

control. The base stock level of an SKU 𝑖 in a warehouse 𝑗 is denoted by 𝑆𝑖,𝑗 (∈ ℕ0, 𝑖 ∈ 𝐼, 𝑗 ∈

𝐽), and the base stock vector of SKU 𝑖 is defined as 𝑆𝑖 ≔ (𝑆𝑖,𝑗, … , 𝑆𝑖,|𝐽|), (𝑖 ∈ 𝐼). The base 

stock policy for the system is denoted by the matrix: 
 

𝑆 = (

𝑆1,1 ⋯ 𝑆1,|𝐽|

⋮ ⋱ ⋮
𝑆|𝐼|,1 ⋯ 𝑆|𝐼|,|𝐽|

) (5.1) 
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A new part 𝑖 with a mean transportation time of 𝑡 
𝑟𝑒𝑔 is requested immediately from the 

central warehouse when a part has been used in a warehouse. The mean transportation 
time is identical for all the warehouses. Next to this, it is assumed that for all inventory 
locations the replenishment lead-time is exponentially distributed. 

Some notation is introduced in order to distinguish the different types of 
replenishments. The fraction of the demand of SKU 𝑖 that is immediately supplied by the 
stock 𝑆𝑖 of warehouse 𝑗 is defined as 𝛽𝑖,𝑗(𝑆𝑖). This is also called the “(item) fill rate” 

(Kranenburg & Van Houtum, 2009). Secondly, the fraction of the demand of SKU 𝑖 that is 
supplied by a lateral transhipment from main warehouse 𝑘 at warehouse 𝑗 is defined as 
𝛼𝑖,𝑗,𝑘(𝑆𝑖), 𝑘 ∈ 𝐾, 𝑘 ≠ 𝑗. The fraction of demand of SKU 𝑖 that is supplied by lateral 

transhipments at warehouse 𝑗 is obtained with 𝛼𝑖,𝑗(𝑆𝑖) = ∑ 𝛼𝑖,𝑗,𝑘(𝑆𝑖)
 
𝑘∈𝐾,𝑘≠𝑗 . The fraction of 

the demand of SKU 𝑖 that is supplied by an emergency shipment from the central 
warehouse at warehouse 𝑗 is defined as 𝜃𝑖,𝑗(𝑆𝑖). It can be observed that for each warehouse 

𝑗 and each item 𝑖 𝛽𝑖,𝑗(𝑆𝑖) + α𝑖,𝑗(𝑆𝑖) + 𝜃𝑖,𝑗(𝑆𝑖) = 1. 

Inventory costs are equal to 𝑐𝑖
ℎ which is paid for every SKU 𝑖 on stock for each unit of 

time. A part is immediately supplied with zero extra costs by a warehouse when it is 
requested and on stock at this warehouse. When this warehouse does not have the part on 
stock, it requests the part at the main warehouse to which it is assigned to. Main warehouse 

𝑘 supplies the part to warehouse 𝑗 when it is on stock with a lead-time of 𝑡𝑗,𝑘
𝑙𝑎𝑡  (≥ 0). The 

additional lateral transhipment costs from main warehouse 𝑘 to warehouse 𝑗 are defined by 

𝑐𝑗,𝑘
𝑙𝑎𝑡 (≥ 0). When none of the main warehouses have the part on stock, an emergency 

shipment is requested with a transportation time of 𝑡𝑗
𝑒𝑚. Additional shipment costs of 𝑐𝑗

𝑒𝑚 

occur when an emergency shipment is requested. In section 5.2.1, We assumed that the 
central warehouse has an endless supply of SKU’s on stock, and it was assumed that the 
costs and time for an emergency shipment are larger than for a lateral. When this is not the 
case it does not make sense to pool inventory or use lateral transhipments, since an 
emergency shipment from the central warehouse would be faster and cheaper. 

5.2.3. Approximate evaluation algorithm 

It is possible to exactly evaluate the performance of the system. However, an exact 
evaluation can be very time consuming due to the number of SKUs and the number of 
warehouses. Therefore, we use an approximate evaluation method that is described by 
Kranenburg and Van Houtum (2009). The approximate evaluation obtains accurate results 
of the system’s performance (Kranenburg & Van Houtum, 2009). For the approximate 
evaluation of the system we decouple the regulars from the mains. Next, we decouple the 
mains from one another. Both processes are described more elaborately in Appendix H and 
are exactly the same as Kranenburg and Van Houtum (2009). With the decoupling process 
we decouple the network into individual warehouses (Kranenburg & Van Houtum, 2009). 

In the decoupling process we use the loss probability of the Erlang loss model ( i.e.,  
the M|G|c|c queue). The demand loss probability is calculated by applying the recursion of 
the Erlang loss model, which is formulated by Harine, et al. (2001) as: 
 
                                                          𝐿(𝑧, 𝜌) = 1,               𝑧 = 0 (5.2) 

𝐿(𝑧, 𝜌) =

𝑧
𝜌 𝐿(𝑧 − 1, 𝜌)

1 +
𝑧
𝜌 𝐿(𝑧 − 1, 𝜌)

, 𝑧 = 1,2, … , 𝑐 (5.3) 
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in which 𝑐 is the number of servers and 𝜌 the offered load (Kranenburg & Van Houtum, 
2009). When translating this to the system’s parameters, it can be seen that 𝑆𝑖,𝑗 functions as 

the number of servers 𝑐, 𝑀𝑖,𝑗 as the arrival rate and 𝑡𝑟𝑒𝑔 as the mean service time. Then, 

𝑀𝑖,𝑗𝑡𝑟𝑒𝑔 expresses the offered load 𝜌 in the system. With equations (5.2) and (5.3) we are 

able to calculate 𝛽𝑖,𝑗(𝑆𝑖), α𝑖,𝑗(𝑆𝑖) and 𝜃𝑖,𝑗(𝑆𝑖) for each of the warehouses and SKUs in the 

decoupling process. 
 In the decoupling process of the mains, an iterative procedure is required to 

determine �̂�𝑖,𝑘, i.e., the total demand rate for SKU 𝑖 at main 𝑘. We require such a 

procedure, because �̂�𝑖,𝑘 and 𝛽𝑖,𝑘 are dependent on each other. The iterative procedure is 

repeated until for every main �̂�𝑖,𝑘 does not change more than 𝜀, where 𝜀 is a small positive 

number, i.e., 1 ∗ 10−14. We have chosen for the value 1 ∗ 10−14 here, because preliminary 
tests with our software model demonstrated that a lower value for 𝜀 obtains similar results 
and only lead to a longer computation time. For this reason, we decided that 1 ∗ 10−14 is 
sufficiently low. Kranenburg and Van Houtum (2009) provide a stepwise formal description 
of the evaluation method, which is described below.  
 
Formal description of the approximate evaluation method 
Algorithm 1 

1. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑠 𝑗 ∈ 𝐽\𝐾, 𝛽𝑖,𝑗(𝑆𝑖) = 1 − 𝐿(𝑆𝑖,𝑗 , 𝑀𝑖,𝑗𝑡 
𝑟𝑒𝑔). 

2. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾, �̃�𝑖,𝑘 ≔ 𝑀𝑖,𝑘 + ∑ (1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝑀𝑖,𝑗
 
𝑗∈𝐽|𝑘𝑗=𝑘 . 

3. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾, 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒 𝛽𝑖,𝑘(𝑆𝑖), 𝛼𝑖,�̃�,𝑘(𝑆𝑖), �̃� ∈ 𝐾, �̃� ≠ 𝑘, 

𝑎𝑛𝑑 𝜃𝑖,𝑘(𝑆𝑖), 𝑢𝑠𝑖𝑛𝑔 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 2. 

4. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑠 𝑗 ∈ 𝐽\𝐾, 𝑖𝑓 𝐾 = ∅, 𝑡ℎ𝑒𝑛 𝜃𝑖,𝑗(𝑆𝑖) ≔ (1 − 𝛽𝑖,𝑗(𝑆𝑖)) . 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,   

𝛼𝑖,𝑗,𝑘(𝑆𝑖) ≔ {
(1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝛽𝑖,𝑘𝑗

(𝑆𝑖),   𝑘 = 𝑘𝑗 ,            

(1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝛼𝑖,𝑘𝑗,𝑘(𝑆𝑖), 𝑘 ∈ 𝐾, 𝑘 ≠ 𝑘𝑗 ,
 

𝑎𝑛𝑑 𝜃𝑖,𝑗(𝑆𝑖) ≔ (1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝜃𝑖,𝑘𝑗
(𝑆𝑖). 

Algorithm 2 

1. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾, 𝜃𝑖,𝑘(𝑆𝑖) ≔ 𝐿(∑ 𝑆𝑖,𝑘, ∑ �̃�𝑖,𝑘𝑡 
𝑟𝑒𝑔

𝑘∈𝐾𝑘∈𝐾 ). 

2. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾, 𝛽𝑖,𝑘(𝑆𝑖) ≔ 1 − 𝐿(𝑆𝑖,𝑘, �̂�𝑖,𝑘𝑡 
𝑟𝑒𝑔), 𝑎𝑛𝑑  

𝛼𝑖,𝑘(𝑆𝑖) ≔ 1 − (𝛽𝑖,𝑘(𝑆𝑖) + 𝜃𝑖,𝑘(𝑆𝑖)). 

3. 𝐹𝑜𝑟 𝑜𝑛𝑒 𝑚𝑎𝑖𝑛 𝑘 ∈ 𝐾:  
a. 𝐷𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒 �̂�𝑖,�̃�,𝑘 = 

{

𝛼𝑖,�̃�(𝑆𝑖)�̃�𝑖,�̃�

1 − ∏ (1 − 𝛽𝑖,ℓ(𝑆𝑖)) 
ℓ∈𝐾,ℓ≠�̃� 

∏ (1 − 𝛽𝑖,ℓ(𝑆𝑖)) ,
 

ℓ∈𝐾,(�̃�,𝑘) 

𝑆𝑖,ℓ > 0 𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 

 𝑜𝑛𝑒 ℓ 𝜖 𝐾\{�̃�}
,                           

0                                                                                                   , 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,                                               

 

𝑎𝑛𝑑 �̂�𝑖,𝑘 ≔ �̃�𝑖,𝑘 + ∑ �̂�𝑖,�̃�,𝑘
 
�̃�∈𝐾,�̃�≠𝑘 . 

b. 𝛽𝑖,𝑘(𝑆𝑖) ≔ 1 − 𝐿(𝑆𝑖,𝑘, �̂�𝑖,𝑘𝑡 
𝑟𝑒𝑔), 𝑎𝑛𝑑 𝛼𝑖,𝑘(𝑆𝑖) ≔ 1 − (𝛽𝑖,𝑘(𝑆𝑖) + 𝜃𝑖,𝑘(𝑆𝑖)) 

4. 𝑅𝑒𝑝𝑒𝑎𝑡 𝑆𝑡𝑒𝑝 3 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾. 
5. 𝑅𝑒𝑝𝑒𝑎𝑡 𝑆𝑡𝑒𝑝𝑠 3 𝑎𝑛𝑑 4 𝑢𝑛𝑡𝑖𝑙 �̂�𝑖,𝑘 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 𝑚𝑜𝑟𝑒 𝑡ℎ𝑎𝑛 𝜀 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘 𝜖 𝐾,  

𝑤𝑖𝑡ℎ 𝜀 𝑠𝑚𝑎𝑙𝑙. 
6. 𝐹𝑜𝑟 𝑎𝑙𝑙 𝑚𝑎𝑖𝑛𝑠 𝑘 ∈ 𝐾, 𝛼𝑖,�̃�,𝑘(𝑆𝑖) ≔ 𝛽𝑖,�̃�(𝑆𝑖)�̂�𝑖,�̃�,𝑘/�̃�𝑖,𝑘, �̃� ∈ 𝐾, �̃� ≠ 𝑘.  
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5.2.4. Performance indicators 

After defining all the parameters, sets and the evaluation of the system, it is possible to 
express the performance of the system in both the average waiting and the total relevant 
system cost. This section describes these performance indicators. 
 
Average waiting time 
We introduce waiting time 𝑊𝑖,𝑗(𝑆𝑖), (𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽) that can be expected when an SKU 𝑖 is 

requested at warehouse 𝑗 with a base stock policy of 𝑆𝑖. The expected waiting time is equal 

to the chance of having a direct (𝛽𝑖,𝑗(𝑆𝑖)), a lateral (𝛼𝑖,𝑗,𝑘(𝑆𝑖)) or an emergency delivery 

(𝜃𝑖,𝑗(𝑆𝑖)) times the corresponding delivery time (0, 𝑡𝑗,𝑘
𝑙𝑎𝑡  and 𝑡𝑗

𝑒𝑚 respectively). Thus, the 

expected waiting time for a warehouse is obtained through: 
 

𝑊𝑖,𝑗(𝑆𝑖) = 0𝛽𝑖,𝑗(𝑆𝑖) + ∑ 𝑡𝑗,𝑘
𝑙𝑎𝑡

 

𝑘∈𝐾,𝑘≠𝑗
𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑡𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖) (5.4) 

 
Since the waiting time of an immediate supply from a warehouse is equal to zero, this can 
be simplified into: 
 

𝑊𝑖,𝑗(𝑆𝑖) = ∑ 𝑡𝑗,𝑘
𝑙𝑎𝑡

 

𝑘∈𝐾,𝑘≠𝑗
𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑡𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖) (5.5) 

 
Finally, Kranenburg and Van Houtum (2009) specify a minimal performance level that should 
be attained by the model before it is considered as a feasible solution with: 
 

∑
𝑀𝑖,𝑗

𝑀𝑗
𝑖∈𝐼

𝑊𝑖,𝑗(𝑆𝑖) ≤ �̂�𝑗
𝑜𝑏𝑗

, 𝑗 ∈ 𝐽 (5.6) 

 

In which �̂�𝑗
𝑜𝑏𝑗

 is an aggregated waiting time objective for warehouse 𝑗. 

 
System costs 

The costs of the system consist out of holding cost and shipment costs. In our system 𝑐𝑖
ℎ is 

obtained by 𝑐𝑖
ℎ = 𝑉𝑖𝑃, in which 𝑃 is a fixed percentage for holding inventory and 𝑉𝑖 is the 

purchasing value of SKU 𝑖. The total inventory costs per unit time for an SKU 𝑖 at warehouse 

𝑗 are obtained by 𝑐𝑖
ℎ𝑆𝑖,𝑗. 

 Shipment cost consists out of multiple cost factors. Firstly there are cost that 
originate from the shipment itself, and consist out of labour, fuel or fixed emergency 
shipment cost. Secondly as described in Section 4.2, there are costs that originate from a 
delayed function recovery time that is caused by an increase in the average waiting time. In 

our system 𝑐𝑗,𝑘
𝑙𝑎𝑡 and 𝑐𝑗

𝑒𝑚 are obtained by 𝑐𝑗,𝑘
𝑙𝑎𝑡 = (𝑐𝐹𝐻𝑇 + 𝑐𝑙𝑎𝑏+𝑓𝑢𝑒𝑙)𝑡𝑗,𝑘

𝑙𝑎𝑡 and 𝑐𝑗
𝑒𝑚 =

𝑐𝐹𝐻𝑇𝑡𝑗
𝑒𝑚 + 𝑐𝑓𝑖𝑥𝑒𝑑 respectively. 𝑐𝐹𝐻𝑇 is defined as the average cost of one minute delayed 

function recovery time, 𝑐𝑙𝑎𝑏+𝑓𝑢𝑒𝑙 as the labour and fuel cost per minute, and 𝑐𝑓𝑖𝑥𝑒𝑑 as the 
fixed emergency shipment cost that is charged by Railpro. The costs of regular shipments 
are excluded from the model, because the costs of a lateral transhipment and an emergency 
shipment are defined as the additional costs compared to a normal replenishment 
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(Kranenburg & Van Houtum, 2009). The expected transhipment costs for a warehouse are 
equal to the fraction of the transhipment times the transhipment costs and the demand 

rate, and is obtained by 𝑀𝑖,𝑗 (∑ 𝑐𝑗,𝑘
𝑙𝑎𝑡 

𝑘∈𝐾,𝑘≠𝑗 𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑐𝑗
𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖)). The total expected cost 

for an SKU 𝑖 per time unit over all the warehouses 𝑗 is obtained by 𝑐𝑖
 (𝑆𝑖) = ∑ 𝑐𝑖

ℎ𝑆𝑖,𝑗
 
𝑗∈𝐽 +

∑ 𝑀𝑖,𝑗
 
𝑗∈𝐽 (∑ 𝑐𝑗,𝑘

𝑙𝑎𝑡 
𝑘∈𝐾,𝑘≠𝑗 𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑐𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖)), and the total expected cost of all SKU’s 𝑖 

by 𝐶(𝑆) = ∑ 𝑐𝑖
 (𝑆𝑖)

 
𝑖∈𝐼 . Thus, the total system cost 𝐶(𝑆) is obtained with: 

 

5.3. Differences with  model of Kranenburg and Van Houtum (2009) 
Both Kranenburg and Van Houtum (2009) and Wong, et al. (2005) specify an aggregate 
waiting time objectives for demand sources that are connected to a single stocking location 
(equation (5.6)). In their system, a single stocking location contributes to the aggregate 
waiting time of one or multiple demand sources. Contrastingly, we specify an aggregate 
waiting time objective for a contract area. A region of a contract area can be seen as a 
demand source that is connected to a single stocking location ,i.e., a stocking location 
contributes to the aggregate waiting time of a demand source that is part of a contract area. 
Figure 5.1 illustrates the differences between the waiting time objective of Kranenburg and 
Van Houtum (2009) and our system. 

aa bb cc
aa

= Stocking location

= Demand source

= Aggregate waiting time objective

bb

 
Figure 5.1: Difference of waiting time objectives of system of Kranenburg and Van Houtum (2009) and our system 

We require an adjustment, because a common waiting time objective for multiple stocking 
locations provides more flexibility in stock positioning than would be possible if every 
location has their own waiting time objective (Caggiano, et al. 2007). Therefore, we 
introduce a set of contract areas that is denoted by 𝐺. A single contract area is indicated by 
𝑔 ∈ 𝐺. Every warehouse is assigned to a single contract area, and every contract area has at 
least one warehouse assigned to it. We introduce 𝐽𝑔 (⊆ 𝐽) as a non-empty subset of 

warehouses that are assigned to contract area 𝑔. We define 𝑀𝑔 = ∑ ∑ 𝑀𝑖,𝑗
 
𝑖∈𝐼

 
𝑗∈𝐽𝑔

 as the 

total demand rate of all SKU’s and warehouses in contract area 𝑔, and assume that 𝑀𝑔 > 0. 

Then, the average aggregated waiting time of a contract area 𝑔 that is connected to 
warehouses from set 𝐽 by 𝐽𝑔 is equal to: 

 

𝐶(𝑆) = ∑ (∑ 𝑐𝑖
ℎ𝑆𝑖,𝑗

 

𝑗∈𝐽
+ ∑ 𝑀𝑖,𝑗

 

𝑗∈𝐽
(∑ 𝑐𝑗,𝑘

𝑙𝑎𝑡
 

𝑘∈𝐾,𝑘≠𝑗
𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑐𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖)))
 

𝑖∈𝐼
 (5.7) 
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𝑊𝑔(𝑆) = ∑  
𝑗∈𝐽𝑔

∑
𝑀𝑖,𝑗

𝑀𝑔
𝑊𝑖,𝑗(𝑆𝑖)

 

𝑖∈𝐼
, 𝑔 ∈ 𝐺 (5.8) 

 
By defining an aggregate mean waiting time for each contract area 𝑔 it is possible to set a 

mean waiting time objective 𝑊𝑔
𝑜𝑏𝑗

 per contract area that functions as a service constraint. 

We require this service constraint to be able to specify a minimal performance level that 
should be attained by the inventory control model for the inventories of ASSET Rail. Thus, a 

solution should satisfy 𝑊𝑔(𝑆) ≤ 𝑊𝑔
𝑜𝑏𝑗

, ∀ 𝑔 ∈ 𝐺 before it is considered as a feasible solution. 

5.4. Optimization algorithm 
We apply a greedy algorithm that is described by Kranenburg and Van Houtum (2009) to 
obtain feasible solutions with costs as low as possible for our system. In this section, we 
describe a greedy algorithm that is equivalent to Kranenburg and Van Houtum (2009) when 
all contract areas consist out of one warehouse, i.e., |𝐽𝑔| = 1, ∀ 𝑔 ∈ 𝐺.  

We use the approximation method as described in Section 5.2.3 to evaluate the 
costs and waiting times of given policies. The optimization problem for our system is defined 
by: 
 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  

𝐶(𝑆) = ∑ (∑ 𝑐𝑖
ℎ𝑆𝑖,𝑗

 

𝑗∈𝐽
+ ∑ 𝑀𝑖,𝑗

 

𝑗∈𝐽
(∑ 𝑐𝑗,𝑘

𝑙𝑎𝑡
 

𝑘∈𝐾,𝑘≠𝑗
𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑐𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖)))
 

𝑖∈𝐼
 (5.9) 

  
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  

𝑊𝑔(𝑆) ≤ 𝑊𝑔
𝑜𝑏𝑗

, ∀ 𝑔 ∈ 𝐺 (5.10) 

 𝑆𝑖,𝑗 ∈ ℕ0 , ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 (5.11) 
 
When equation (5.6) would be used instead of equation (5.10), the optimization problem for 
our system is the same as Kranenburg and Van Houtum (2009).  
 
Step 1 and step 2 
In the greedy algorithm, we first set all the base stock levels to zero, i.e., 𝑆𝑖,𝑗 ≔ 0, 𝑖 ∈ 𝐼, 𝑗 ∈

𝐽. Next, in each iteration the base stock level is increased by one unit until the total costs of 
the system increase. Meanwhile, the average waiting times also decreases due to the 
increase in the number of SKU’s on stock. This step can be performed independently for 
each SKU, since the system cost of an SKU only depends on its own base stock policy 
(Kranenburg & Van Houtum, 2009). The change in the costs for an extra SKU on stock at a 
warehouse is obtained by: 
 

∆𝑗𝐶𝑖(𝑆𝑖) = 𝐶𝑖(𝑆𝑖 + 𝑒𝑖,𝑗
 ) − 𝐶𝑖(𝑆𝑖) (5.12) 

 
In which 𝑒𝑖,𝑗

  (= 0, … ,0,1,0, … ,0) is a stocking policy with one unit on stock for SKU 𝑖 at 

warehouse 𝑗 and zero units on stock for all other SKU’s and locations (Wong, et al. 2005). 
With this we calculate the change in the total cost by one 𝑖 and one 𝑗 at a time. We keep 
increasing the base stock levels until ∆𝑗𝐶𝑖(𝑆𝑖) ≤ 0 does not hold anymore for any given SKU 

and warehouse combination. 
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It can, however, be observed that multiple warehouses may result in the same cost 
reduction ∆𝑗𝐶𝑖(𝑆𝑖). For every iteration in step 2 we form a subset ℛ with the largest cost 

reductions ℛ𝑖 = {(𝑖, 𝑗)|∆𝑗𝐶𝑖(𝑆𝑖) = 𝑚𝑖𝑛𝑗′∈𝐽{∆𝑗′𝐶𝑖(𝑆𝑖)}}. There are multiple ways to choose 𝑗 

from the subset ℛ. In step 3, we explain why we prefer to select 𝑗 from the subset ℛ based 
on the longest average waiting time. In step 3 we present an example in which multiple 
warehouses result in the same cost reduction and elaborate on the decision to choose 𝑗 
based on the longest average waiting time. 
 
Step 3 
We continue with the following step of the greedy algorithm when the solution is not 
feasible yet. Again, we increase a base stock level 𝑆𝑖,𝑗 by one unit in every iteration, and 

evaluate its performance. Next, we calculate the distance to a feasible solution by 

∑  𝑀𝑔(𝑊𝑔(𝑆) − 𝑊𝑔
𝑜𝑏𝑗

)
+

 
𝑔∈𝐺 . We deviate here from Kranenburg and Van Houtum (2009) by 

adding 𝑀𝑔 and introducing 𝑔. We require 𝑀𝑔 here to ensure that contract areas with a 

higher demand rate are favoured above contract areas with a lower demand rate. As 
explained in Section 5.2.4, 𝑔 is introduced to account for contract area waiting times. We 
obtain the change in the distance to a feasible solution when a base stock level 𝑆𝑖,𝑗 is 

increased by one with: 
 

∆𝑖,𝑗𝑊(𝑆) = ∑ 𝑀𝑔 ([(𝑊𝑔(𝑆 + 𝑒𝑖,𝑗
 ) − 𝑊𝑔

𝑜𝑏𝑗
)

+
−  (𝑊𝑔(𝑆) − 𝑊𝑔

𝑜𝑏𝑗
)

+
])

 

𝑔∈𝐺
 (5.13) 

 
in which (𝑎)+ = max{0, 𝑎}. In the special case that only one warehouse is assigned to a 

contract area (|𝐽𝑔| = 1), equation (5.13) is, apart from 𝑀𝑔, the same as Kranenburg and 

Van Houtum (2009). Note that, increasing 𝑆𝑖,𝑗 only has a decreasing effect on 

𝑊𝑖,𝑗′(𝑆𝑖), ∀ 𝑗′ ∈ 𝐽 and no effect on the waiting time of other SKU’s. Similarly, we calculate 

the change in the total cost of the system when one unit is added to 𝑆𝑖 at a warehouse 𝑗 by 
 

∆𝑖,𝑗𝐶(𝑆) = ∆𝑗𝐶𝑖(𝑆𝑖) = 𝐶𝑖(𝑆𝑖 + 𝑒𝑗
 ) − 𝐶𝑖(𝑆𝑖) (5.14) 

 
Finally, “the biggest bang for the buck” is found with the maximum of the ratio: 
 

𝛤𝑖,𝑗 =
−∆𝑖,𝑗𝑊(𝑆)

∆𝑖,𝑗𝐶(𝑆)
 (5.15) 

 
We increase the base stock level to 𝑆𝑖,𝑗 + 1 for the combination of SKU 𝑖 and warehouse 𝑗 

with the highest ratio 𝛤𝑖,𝑗. We continue to add stock until a feasible solution has been found, 

i.e., as long as max{𝛤𝑖,𝑗} > 0. 

Similar as with step 2, it can be observed that multiple combinations of SKU 𝑖 and 
warehouse 𝑗 may obtain the same highest 𝛤𝑖,𝑗. We demonstrate this statement with an 

example. In this example, we assume a setting with three identical main warehouses that 

have the same objective waiting time, i.e., 𝑊1
𝑜𝑏𝑗

= 𝑊2
𝑜𝑏𝑗

= 𝑊3
𝑜𝑏𝑗

. Each of these 

warehouses has a large distance between the realised and objective waiting time. Then 
when 𝑆𝑖,𝑗 = 0, ∀ 𝑗 ∈ 𝐽, raising the base stock level of SKU 𝑖 at warehouse 𝑗 has the same 
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impact on ∆𝑖,𝑗𝑊(𝑆) and ∆𝑖,𝑗𝐶(𝑆) as at any other warehouse. Therefore, multiple 

warehouses 𝑗 obtain the same highest ratio 𝛤𝑖,𝑗 for SKU 𝑖.  

For every iteration, we form a subset ℛ with the combinations of SKU 𝑖 and 𝑗 with 

the highest ratio 𝛤𝑖,𝑗, i.e., ℛ = {(𝑖, 𝑗)|𝛤𝑖,𝑗 = 𝑚𝑎𝑥𝑖′∈𝐼,𝑗′∈𝐽{𝛤𝑖′,𝑗′}} . There are multiple ways to 

decide which combination 𝑖 and 𝑗 from the subset ℛ should receive an increase in its base 

stock level (𝑆𝑖,𝑗 + 1). For example, we can choose 𝑖 and 𝑗 from ℛ based on the input order, 

i.e., the combination with the lowest value for 𝑖 or 𝑗 is preferred first from the subset ℛ. 
Another possibility is to choose the combination 𝑖 and 𝑗 from ℛ based on the longest 
average waiting time 𝑊𝑔 or 𝑊𝑗. Selecting the combination 𝑖 and 𝑗 differently from ℛ leads to 

other base stock placements for later instances, and thus a different solution from the 
greedy algorithm. Since Kranenburg and Van Houtum (2009) do not describe which decision 
rule they apply, both of these options are tested in Appendix I. Based on the results of 
Appendix I, we prefer to select 𝑗 from the subset ℛ based on the longest average waiting 
time. After choosing warehouse 𝑗, we select SKU 𝑖 with the lowest index from the set of 
efficient (𝑖, 𝑗) combinations. Note that we could also have chosen to select 𝑖 randomly. In 
this project however, we do not favour this since this leads to different model results in 
every model run even if the same input settings are used.  

The procedure as described above is, except for our decision rule, formally described 
in steps by Kranenburg and Van Houtum (2009) by: 
 

1. 𝑆𝑒𝑡 𝑆𝑖,𝑗: = 0, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 

2. 𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝑆𝐾𝑈 𝑖 𝜖 𝐼: 
a. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), 𝑗 ∈ 𝐽  

b. 𝑊ℎ𝑖𝑙𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑗∈𝐽 {∆𝑗𝐶𝑖(𝑆𝑖)} ≤ 0 

i. Form subset ℛ𝑖 of all 𝑗′ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∆𝑗′𝐶𝑖(𝑆𝑖) ≤ ∆𝑗𝐶𝑖(𝑆𝑖), ∀ 𝑗′ ∈ 𝐽   

ii. Determine 𝑗 ̅from 𝒞 by: 
1. 𝑊�̅�(𝑆) ≥ 𝑊𝑔′(𝑆) for all 𝑔 connected to 𝑗′ by 𝐽𝑔 

2. 𝑊�̅�(𝑆) ≥ 𝑊𝑗′(𝑆), 𝑗′ ∈ ℛ, 𝑗′ ∈ 𝐽�̅� 

iii. 𝑆𝑒𝑡 𝑆𝑖,�̅� ≔ 𝑆𝑖,�̅� + 1 

iv. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), 𝑗 ∈ 𝐽    

3.   
a. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑖,𝑗𝐶(𝑆), ∆𝑖,𝑗𝑊(𝑆) 𝑎𝑛𝑑 𝛤𝑖,𝑗, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 

b. 𝑊ℎ𝑖𝑙𝑒 𝑚𝑎𝑥 {𝛤𝑖,𝑗} > 0: 

i. Form subset ℛ of all 𝑖′ 𝑎𝑛𝑑 𝑗′ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝛤𝑖′,𝑗′ ≥ 𝛤𝑖,𝑗, ∀ 𝑖′ ∈ 𝐼, 𝑗′ ∈ 𝐽 

ii. Determine combination (𝑖,̅ 𝑗)̅ from ℛ by: 
1. 𝑊�̅�(𝑆) ≥ 𝑊𝑔′(𝑆) for all 𝑔 connected to 𝑗′ by 𝐽𝑔 

2. 𝑊�̅�(𝑆) ≥ 𝑊𝑗′(𝑆), 𝑗′ ∈ ℛ, 𝑗′ ∈ 𝐽�̅� 

3. 𝑖̅ < 𝑖′ for all (𝑖′, 𝑗)̅ combinations, 𝑖′ ∈ ℛ , 𝑗̅ ∈ ℛ  
iii. 𝑆𝑒𝑡 𝑆𝑖̅,�̅� ≔ 𝑆𝑖̅,�̅� + 1 

iv. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑖,𝑗𝐶(𝑆), ∆𝑖,𝑗𝑊(𝑆) 𝑎𝑛𝑑 𝛤𝑖,𝑗, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 
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5.5. Model implementation 

VBA is used to execute the approximate evaluation and the greedy algorithm of Sections 
5.2.3 and 5.4. Based on the following reasons VBA was chosen as the programming 
language: 

 We have some prior knowledge with VBA. Therefore, the time to fully understand 
the programming language is reduced. 

 Data from ASSET Rail is either stored in excel or is easily extracted from the data 
base into an excel file. No translation between different software programs is 
required by adopting VBA as our programming language. 

 There are, although not many, employees of ASSET Rail with VBA knowledge. This 
can be an advantage when the program is used in future research at ASSET Rail. 

 In contrast with some other programming languages, VBA does not require any 
license fee to be used. Therefore, the programmed model can be used for free in 
future research at ASSET Rail. 

 
Figure 5.2 illustrates the process of the software program. It should be noted that step 1, 2 
and 3 resemble the steps of the greedy algorithm. From our own experience we noticed 
that it was not easy to program the algorithm of Kranenburg and Van Houtum (2009) in 
software, and that the programming of this algorithm should not be underestimated.  
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Figure 5.2: Illustration of optimization algorithm 

5.6. Model verification and validation 

This section describes the verification and validation of the model. Verification ensures the 
correctness of the software model. Validation tests whether the software model fits with 
real-life, i.e., the results of the software model are comparable to results that are achieved 
in practice.  

5.6.1. Verification 

The VBA model is verified in different ways during and after its programming. Firstly, we 
programmed a basic model that is identical to the approximate evaluation method and 
greedy algorithm of Kranenburg & Van Houtum (2009). For this basic model, it was possible 
to verify the results of different test instances that are described by Kranenburg & Van 
Houtum (2009). Next, we verify our adjustments to the model of Kranenburg & Van Houtum 
(2009) by logical reasoning. Finally, we further verify these model adjustments by applying 
extreme parameter settings. The output of the model on these extreme parameter settings 
is also checked with logic reasoning. Appendix I describes the different stages of the 
verification process more elaborately. 
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5.6.2. Validation 

Gass (1983) describes several aspects of validation. These aspects and the validation of 
these aspects are explained below: 
 
Model validity 
Model validity is defined by Gass (1983), as the correspondence of the model to the real 
world, and is concerned with identifying all stated and implied assumptions, identification 
and inclusion of all decision variables, and hypothesized relationships between variables.  
In Section 5.2.1, we already assessed the model validity by validating the model 
assumptions with experts from ASSET Rail.  
 
Data validity 
Data validity ensures that the data necessary for the model building, evaluation, testing and 
model experiments is accurate and correct (Sargent, 1996). To avoid incorrect and 
inadequate data, we used input data that is obtained directly from the data base of ASSET 
Rail. In case data was not available in the data base, we discussed the value of the input 
parameter with experts of ASSET Rail (See Section 6.1). 
 
Logical validity 
Logical validity is concerned with translating the model in a computerized process that 
produces solutions. This validity process determines whether mathematical calculations are 
correct and accurate (Gass, 1983). It also analyse the correctness of intermediate results. 
This also defined as verification. Hence, we assessed the logical validity of the model in the 
verification process by verifying the model results with Kranenburg and Van Houtum (2009) 
(see Section 5.6).  
 
Operational validity 
Since models are unable to totally reproduce or predict the real environment (Gass, 1983), 
operation validity concludes whether the model has the accuracy that is required for its 
intended purpose. Unfortunately, we are unable to quantitatively validate the results of the 
model with real life data of ASSET Rail. There is historical data available on the average 
function recovery time. However, we cannot validate our model with this historical data, 
because the function recovery time is dependent on more factors than only the average 
waiting time (see Section 2.2.4). 

5.7. Scenarios 
Several scenarios are defined in this section to examine the effects of different settings on 
the system’s performance. We distinguish five scenarios, namely: the current situation, 
single-item single-location, single-item multi-location, multi-item single-location, and multi-
item multi-location. 

5.7.1. Current situation (CS) 

As described in Section 2.2.2, the base stock level of an SKU is determined by intuition by 
experts of ASSET Rail. The performance of the current situation is evaluated by applying the 
approximate evaluation method of Section 5.2.3 on the current base stock levels 𝑆𝑖,𝑗

′ . We 

compare the performance of the current situation with the other scenario’s to determine 
the improvement potential of these scenarios. As described in Section 3.2, the current 
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situation is best classified as a single-item single-location inventory control model. Hence, 
for the evaluation of the current situation we use a single-item single-location system 
setting. In Sections 5.7.3 and 5.7.4, we explain the adjustments that are required to obtain a 
single-item single-location inventory control model. 

5.7.2. Single-Item Single-location (SI-SL) 

We also perform a stock optimisation with the single-item single-location inventory control 
model. This scenario allows us to demonstrate the cost and service difference of different 
inventory control models. Section 5.7.3 discusses the adjustments that are required to 
obtain a single-item model and Section 5.7.4 discusses the adjustments that are required to 
obtain single-location model. Combining these results in a single-item single-location model. 

5.7.3. Single-Item Multi-Location (SI-ML) 

This scenario examines the effect of multiple locations on the practical case. A single-item 
multi-location model is obtained by defining an average waiting time objective for every 
SKU 𝑖 in a contract area 𝑔. There are multiple ways that can be used to distribute the 
aggregate average waiting time objective over the SKU’s to create a SKU specific average 
waiting time objective. One option would be to set an equal average waiting time objective 
for all the SKU’s that is equal to the aggregate average waiting time objective, i.e., 

𝑊𝑖,𝑔
𝑜𝑏𝑗

= 𝑊𝑔
𝑜𝑏𝑗

. Another option is to apply a ratio that is based on the average demand rate 

of an SKU. Kranenburg and Van Houtum (2015) describe such a demand ratio for a single-
item single-location model with a backorder service objective. However, they do not 
describe a ratio for a single-item multi-location model with an average waiting time 
objective. Therefore, we develop our own ratio that determines the average waiting 
objective for each SKU with: 
 

𝑊𝑖,𝑔
𝑜𝑏𝑗

= {

𝑀𝑔
̅̅ ̅̅

𝑀𝑖,𝑔
𝑊𝑔

𝑜𝑏𝑗
,         𝑀𝑖,𝑔 > 0,

0,                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

 (5.16) 

 
in which 𝑀𝑖,𝑔 = ∑ 𝑀𝑖,𝑗

 
𝑗∈𝐽𝑔

 is defined as the total demand rate of SKU 𝑖 in contract area 𝑔. 

𝑀𝑔
̅̅ ̅̅  is defined as the average of all demands in the contract area, i.e., 𝑀𝑔

̅̅ ̅̅ =
∑ 𝑀𝑖,𝑔

 
𝑖∈𝐼

|𝐼𝑔|
, in which 

|𝐼𝑔| is an indicator for the number of items for which 𝑀𝑖,𝑔 > 0, 𝑖 ∈ 𝐼 holds. We expect that 

this option produces better results than the option with the equal average waiting time 
objectives for all the SKU’s, because it is closer to the idea of a multi-item model. We decide 
to apply both options for our single-item inventory control models, and select the option 
that yields better results. Therefore, we refer to the single-item model with equal average 
waiting time objectives as option 1, and the single-item model with ratio based average 
waiting time objectives as option 2 in the remainder of this report. 

The average waiting time of SKU 𝑖 in contract area 𝑔 is obtained by: 𝑊𝑖,𝑔(𝑆𝑖) =

∑
𝑀𝑖,𝑗

𝑀𝑖,𝑔
𝑊𝑖,𝑗(𝑆𝑖)𝑗∈𝐽𝑔

. Finally, we change constraint (5.10) of Section 5.4 in constraint (5.18) to 

obtain a single-item multi-location optimization problem: 
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  

𝐶(𝑆) = ∑ (∑ 𝑐𝑖
ℎ𝑆𝑖,𝑗

 

𝑗∈𝐽
+ ∑ 𝑀𝑖,𝑗

 

𝑗∈𝐽
(∑ 𝑐𝑗,𝑘

𝑙𝑎𝑡
 

𝑘∈𝐾,𝑘≠𝑗
𝛼𝑖,𝑗,𝑘(𝑆𝑖) + 𝑐𝑗

𝑒𝑚𝜃𝑖,𝑗(𝑆𝑖)))
 

𝑖∈𝐼
 (5.17) 

  
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  

𝑊𝑖,𝑔(𝑆) ≤ 𝑊𝑖,𝑔
𝑜𝑏𝑗

, ∀ 𝑖 ∈ 𝐼, ∀ 𝑔 ∈ 𝐺 (5.18) 

 𝑆𝑖,𝑗 ∈ ℕ0 , ∀ 𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 (5.19) 

 
Since the optimization problem is adjusted, it is also necessary to adjust the optimization 
algorithm. Note that no changes in the evaluation method are required, because the 
evaluation method is simply executed independently for each SKU. Similarly, step 1 and step 
2 of the optimization algorithm are also independently performed for every SKU and do not 
require any adjustments. However, we require to adjust step 3 of the optimization 
algorithm, so that it is carried out independently for each SKU. Hence, this step is modified 
to obtain a single-item optimization algorithm. 
 We introduce ∆𝑗𝑊𝑖(𝑆𝑖) as the distance to a feasible solution for SKU 𝑖 when base 

stock level 𝑆𝑖 is increased by one unit at warehouse 𝑗. ∆𝑗𝑊𝑖(𝑆𝑖) is attained by: 

 

∆𝑗𝑊𝑖(𝑆𝑖) = ∑ 𝑀𝑖,𝑔 ([(𝑊𝑖,𝑔(𝑆 + 𝑒𝑖,𝑗
 ) − 𝑊𝑖,𝑔

𝑜𝑏𝑗
)

+
−  (𝑊𝑖,𝑔(𝑆) − 𝑊𝑖,𝑔

𝑜𝑏𝑗
)

+
])

 

𝑔∈𝐺
 (5.20) 

 
Note that we apply 𝑀𝑖,𝑔 here instead of 𝑀𝑔, because this is more logical for a single-item 

model and will produce better results. Recall that ∆𝑗𝐶𝑖(𝑆𝑖) is the change in cost of an extra 

SKU 𝑖 on stock at warehouse 𝑗. Then, one unit of part 𝑖 is added to the base stock level of 
warehouse 𝑗 when 𝑗 has the largest maximum ratio 𝛤𝑗. 𝛤𝑗 is defined as: 

 

𝛤𝑗 =
−∆𝑗𝑊𝑖(𝑆𝑖)

∆𝑗𝐶𝑖(𝑆𝑖)
 (5.21) 

 

Stock is added to an SKU 𝑖 until a feasible solution has been found, i.e., max{𝛤𝑗} > 0. The 

adjusted optimization algorithm is formally described below. Note that step 1 and 2 are not 
different from the optimization algorithm of Section 5.4, but are presented here for 
convenience reasons. 
 

1. 𝑆𝑒𝑡 𝑆𝑖,𝑗: = 0, 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 

2. 𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝑆𝐾𝑈 𝑖 𝜖 𝐼: 
a. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), 𝑗 ∈ 𝐽  

b. 𝑊ℎ𝑖𝑙𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚𝑗∈𝐽 {∆𝑗𝐶𝑖(𝑆𝑖)} ≤ 0 

i. Form subset ℛ of all 𝑗′ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∆𝑗′𝐶𝑖(𝑆𝑖) ≤ ∆𝑗𝐶𝑖(𝑆𝑖), ∀ 𝑗′ ∈ 𝐽   

ii. Determine 𝑗 ̅from 𝒞 by: 
1. 𝑊�̅�(𝑆) ≥ 𝑊𝑔′(𝑆) for all 𝑔 connected to 𝑗′ by 𝐽𝑔 

2. 𝑊�̅�(𝑆) ≥ 𝑊𝑗′(𝑆), 𝑗′ ∈ ℛ, 𝑗′ ∈ 𝐽�̅� 

iii. 𝑆𝑒𝑡 𝑆𝑖,�̅� ≔ 𝑆𝑖,�̅� + 1 

iv. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), 𝑗 ∈ 𝐽    
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3.  𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝑆𝐾𝑈 𝑖 𝜖 𝐼: 
a. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), ∆𝑗𝑊𝑖(𝑆𝑖) 𝑎𝑛𝑑 𝛤𝑗 , 𝑗 ∈ 𝐽 

b. 𝑊ℎ𝑖𝑙𝑒 𝑚𝑎𝑥 {𝛤𝑗} > 0: 

i. Form subset ℛ of 𝑗′ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝛤𝑖,𝑗′ ≥ 𝛤𝑖,𝑗, ∀  𝑗′ ∈ 𝐽 

ii. Determine 𝑗 ̅from ℛ by: 
1. 𝑊�̅�(𝑆) ≥ 𝑊𝑔′(𝑆) for all 𝑔 connected to 𝑗′ by 𝐽𝑔 

2. 𝑊�̅�(𝑆) ≥ 𝑊𝑗′(𝑆), 𝑗′ ∈ ℛ, 𝑗′ ∈ 𝐽�̅� 

iii. 𝑆𝑒𝑡 𝑆𝑖,�̅� ≔ 𝑆𝑖,�̅� + 1 

iv. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 ∆𝑗𝐶𝑖(𝑆𝑖), ∆𝑗𝑊𝑖(𝑆𝑖) 𝑎𝑛𝑑 𝛤𝑗 , 𝑗 ∈ 𝐽 

5.7.4. Multi-Item Single-Location (MI-SL) 

In this scenario, we examine the effects of a multi-item model on the practical case at ASSET 
Rail. Our model is easily transformed into a multi-item single-location inventory model by 
defining all warehouses as regulars, i.e., 𝐾 = ∅. Hence, no lateral transhipments take place 
when all warehouses are defined as a regular warehouse. For this reason, no adjustments 
are required to simulate this scenario with the model.  

5.7.5. Multi-Item Multi-Location (MI-ML) 

Finally, in the last scenario we apply a multi-item multi-location model. From a theoretical 
point of view, it is expected that this scenario produces the most efficient solutions. No 
adjustments to the model are required, since the model as explained in Sections 5.2 and 5.4 
is already defined as a multi-item multi-location model.  
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6. Case study 
This chapter describes the practical case study of the inventory control model at ASSET Rail. 
In Section 6.1 we describe the data that was used in this case. In Section 6.2 the results are 
presented and discussed. Finally, in Section 6.3 we perform a sensitivity analysis on several 
model parameters. 

6.1. Data collection 
This section describes the data collection for the input parameters. Table 6.1 summarizes 
the different input parameters that are used in the model. 

Table 6.1: Model input parameters 

Input parameter Notation 

Set of SKU’s 𝐼 

Set of warehouses 𝐽 

Set of contract areas 𝐺 

Subset of warehouses in contract area 𝑔 𝐽𝑔 

Main request order 𝜎(𝑘) 

Demand rate 𝑀𝑖,𝑗 

Current base stock levels 𝑆𝑖,𝑗
′  

Order lead time 𝑡𝑟𝑒𝑔 

Holding cost percentage 𝑃 

Cost price 𝑉𝑖 

Emergency shipment time 𝑡𝑗
𝑒𝑚 

Emergency shipment cost 𝑐𝑗
𝑒𝑚 

Lateral transshipment time 𝑡𝑗,𝑘
𝑙𝑎𝑡 

Lateral transshipment cost 𝑐𝑗,𝑘
𝑙𝑎𝑡 

Waiting time objective 𝑊𝑔
𝑜𝑏𝑗

 

6.1.1. Set of SKU’s 

Only spare parts that are assigned as registration inventory at either Amersfoort, Bemmel or 
Doetinchem are included in the data set, because these parts are kept on stock for failure 
based maintenance activities. Moreover, the demand for spare parts in the registration 
inventory is considered as critical. Although the bulk inventory also consists out of parts that 
are considered as critical, these parts are also frequently used in preventive maintenance 
activities. Next to this, in Appendix G we discussed that is questionable that the demand 
pattern of these parts is Poisson distributed. Finally, as explained in Section 4.1 we expect 
that including parts from the bulk inventory only leads to minor cost savings compared to 
the substantial increase of the model complexity. For these reasons, these parts are not 
included in the model.  

For the same reason we also do not include SKU’s that are measured in meters. Due 
to their unit of measurement these items typically have a high demand in one period 
followed by zero or another high demand in the next period. Therefore, these items do not 
fit a Poisson demand rate. It is likely that a stuttering Poisson distribution does fit the 
demand pattern of these SKU’s. However, we expect that including these SKU’s only result 
in minor cost savings compared to the increased model complexity. 
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Table 6.2 describes the number of items as well as the commonality of items in the 
dataset. As can be seen from Table 6.2, most parts are not shared over more than two 
stocking locations. The reason for this is that Doetinchem is a small stocking location that 
does not contain a lot of different parts. Next to this, most parts that are stocked at 
Doetinchem are specifically requested in that contract area. Therefore, most of these are 
only stored in Bemmel and Doetinchem. 

Table 6.2: Commonality of parts 

# Locations # Items Percentage 

≥ 1 385 100,00% 

≥ 2 308 80,00% 

= 3 9 2,34% 

6.1.2. Set of warehouses 

As described before in Section 4.1, we consider three warehouses of ASSET Rail, namely, 
Amersfoort, Bemmel and Doetinchem. These warehouses are labelled respectively as 1, 2 
and 3 in the model and as A, B and D in graphs and tables. 

6.1.3. Set of contract areas and subset of warehouses in contract area 

Currently, ASSET Rail operates in two contract areas, namely Eemland and Gelre that are 
labelled respectively as 1 and 2. Warehouses are assigned to a contract area by 𝐽𝑔 based on 

their geographical location. Hence, Amersfoort is assigned to Eemland and Bemmel and 
Doetinchem are assigned to Gelre. 

6.1.4. Main request order 

The main request order 𝜎(𝑘) of the three mains is based on the shortest travelling distance 
between the main warehouses. This is the most logical ordering of mains, because the 
quickest and cheapest lateral transhipments are considered first in this manner.  

6.1.5. Demand rate 

Parts that are used from the inventory are almost always reordered at Railpro. Therefore, 
historical information on the demand rate of parts has been obtained by extracting all 
orders that were placed at Railpro. We have obtained data from the system of ASSET Rail for 
the periods of 06-2009 till 06-2015 for Bemmel and 07-2013 till 06-2015 for Amersfoort and 
Doetinchem. Several actions were required to prepare the data for the evaluation and 
optimization program. Firstly, to exclude non inventory replenishment orders we filtered 
the demand data on “onttrekking”, “mag”, “magazijn”, “voorraad”, “RVO” and work order 
numbers that started with an 8. We cleaned the remaining data by deleting cancelled orders 
and orders that contained parts of these words by some other reason. By doing so, we 
obtain orders that are either marked as inventory replenishments or orders that are linked 
to an irregularity report (RVO). Next, we link the orders to a contract area based on the 
work order, RVO number or purchasing description. Finally, we requested all the inventory 
replenishment data from Railpro for the stocking location Doetinchem, and changed the 
demand source of the corresponding orders to Doetinchem. The remaining orders are 
assigned to either Amersfoort or Bemmel based on the contract area.  

When doing so, we counted that 42% of the SKU’s are kept on stock at a location 
that has no historical demand for this SKU. Together with experts, we have determined to 
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estimate the demand rate of these SKU’s with the historical demand data of other locations. 
Next to this, in a discussion with experts of ASSET Rail it was stated that the inventories at 
ASSET Rail require an update of its assortment. Multiple SKU’s are kept on stock for which 
no demand is expected anymore, because these SKU’s are no longer used in the Dutch rail 
infrastructure. Hence, we changed the demand rate of these SKU’s to zero. Finally, we 
estimated the daily demand rate of SKU’s that still do not have a demand rate by one unit 
per 5,5 year. This is the time span of the data that is available to us. 

6.1.6. Current base stock levels 

ASSET Rail has an agreement with Railpro on the order up to level of SKU’s in the inventories 
that are used in maintenance activities. The current base stock levels of SKU’s are obtained 
from the inventory assortment data of ASSET Rail. This inventory assortment data describes 
the order up to level of all the SKU’s at the warehouses of ASSET Rail. Next, we reduced the 
inventory level to zero for the SKU’s for which experts of ASSET Rail estimated a demand 
rate of zero. Most of these items have been used in the past, but are replaced by new types. 

6.1.7. Order lead-time 

Orders are delivered every Tuesday and Thursday, and can be ordered until 10:00 on the 
day before delivery. This implies that the order lead-time for normal inventory 
replenishments is on average around 3,1 days when every weekday has an equal demand 
rate, and 50% of the orders on Monday and Wednesday are ordered before 10:00. The 
minimum order lead-time is 1 day and the maximum 6 days. As discussed earlier in Section 
5.2.1, we assume that Railpro is always able to deliver the requested parts. Next to this, we 
also discussed in Section 5.2.1 that the system’s performance is to a large extent insensitive 
to distribution of the lead-time.  

We are able to determine the average order lead-time based on the day that orders 
are placed. From Figure 6.1, it can be observed that most of the replenishment orders are 
ordered at the start of the week. Applying this distribution of ordering moments still implies 
an average order lead-time of 3,1 days. However, it should be noted that the stock levels are 
not reviewed during the weekend. Therefore, it is likely that some of the replenishment 
orders that are ordered on Monday, originate from irregularities that occurred during the 
weekend. Moving some of these orders to Saturday will increase the average lead-time to at 
most 3,3 days. Nevertheless, we apply an order lead-time of 3,1 days, since it reasonable to 
assume that fewer irregularities occur during the weekend due to a lower traffic intensity. In 
Section 6.3.2 we perform a sensitivity analysis on the average lead-time to examine its 
impact on the inventory model. 
 

 
Figure 6.1: Distribution of replenishment orders 
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6.1.8. Holding costs 

Holding inventories is costly since this causes tied up capital, interest costs, and storage 
cost. Next to this, holding inventory also carries risk, i.e., inventories can become obsolete 
or shrink over time (Silver, Pyke, and Peterson, 1998). Below we quantify these costs for 
ASSET Rail. For simplicity reasons we do not include equipment or general expenses in the 
inventory holding cost, because these costs are not expected to change substantially when 
the inventory level at a stock point increases or decreases. For the same reason, we also do 
not include fixed SLA agreement costs. 
 
Interest costs 
As discussed earlier, the inventory that is held at ASSET Rail is owned by Railpro. Therefore, 
interest costs do not apply at ASSET Rail. Nonetheless, these costs are paid indirectly in the 
SLA agreement with Railpro at an amount of 6,28% per year over the total storage value. 
 
Storage costs 
The costs of storing spare parts at a location are determined with the rent costs of the 
stocking space. An estimation of these costs is required, since rent is paid for space that is 
used for stocking parts as well as other activities. On average a rent of 4,64% is paid over the 
total stock value per year. 
 
Wage 
Stocking parts in the inventories, also has a relation to the time that is required for the stock 
activities by the warehouse administrators of ASSET Rail. One example of this is the time 
that is needed to count and check the stocking levels. Another example is the time that is 
required for handling inventory replenishments. However, the warehouse administrators 
also have other tasks that are not related to the inventory, such as handling work packages. 
It could be argued whether the wage of the warehouse administrators should be included in 
the inventory holding cost, as these latter activities should still be performed. For this 
reason, it is less likely that there are any direct changes in the cost of wage. We decide to 
include the wage of the warehouse administrators, because working hours can somewhat 
be adjusted or extra personnel can be hired when necessary. However, due to the other 
activities it is difficult to estimate the cost of wage. For this reason, we determine these cost 
based on Richardson (1995). Richardson (1995) describes that a reasonable value for this 
cost parameter is between the range of 2% to 5%. Based on this, we estimate these costs to 
be 3% of the total stock value per year. In the estimation of this percentage we considered: 
the likeliness that there are any changes in the cost of wage, the wage cost in practice, and 
the other activities that are also performed by the warehouse administrators. 
 
Costs caused by inventory obsolescence risk 
Costs that are derived from obsolesce risk are harder to quantify. Therefore, we estimate 
the inventory obsolesce risk from an older SLA agreement between ASSET Rail and Railpro. 
In this older SLA agreement, ASSET Rail paid a percentage of 5% over the total stock value 
per year to Railpro for the inventory obsolescence risk. Currently, this percentage is not paid 
anymore to Railpro due to contractual changes. Therefore, we use a cost percentage of 0% 
for this holding cost factor. 
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Costs caused by inventory shrinkage 
An estimation of the inventory shrinkage costs (damage, pilferage and reduction of stock) 
can be made with orders that originate from stock discrepancies. It should be noted that, at 
ASSET RAIL, stock discrepancies can also originate from unregistered demand. Nevertheless, 
unregistered demand also leads to extra costs, since this increases the chance of an 
emergency shipment due to earlier stock outs. We have demand data for the periods 01-06-
2012 till 17-06-2015 and 01-07-2013 till 17-06-2015 in which stock is counted for Bemmel 
and Amersfoort respectively. In this data we also included the items of Section 6.1.5 that are 
not used anymore. Table 6.3 presents an estimation of the average inventory shrinkage 
cost. No difference is made between Bemmel, Amersfoort or Doetinchem, because no 
considerable differences were found between the stocking locations. Hence, a percentage 
of 2,98% is used for this holding cost factor. 
 

Table 6.3: Estimation of shrinkage costs 

Stock 
location 

Stock 
discrepancies Stock value 

Days in 
period 

Average shrinkage 
cost per year 

Bemmel  € 28.427,99   € 316.759,57  1111 2,95% 

Amersfoort  € 12.428,45   € 210.198,90  716 3,01% 

Average       2,98% 

 
In total we obtain a holding cost percentage of 6,28% + 4,64% + 3% + 0% + 2,98% =
16,90% A sensitivity analysis of the model on the inventory holding cost is performed in 
Section 6.3.1, because it is possible that the inventory holding costs are over- or 
underestimated. 

6.1.9. Unit cost price 

The unit cost price of parts were obtained from price lists of Railpro. Since the price of SKU’s 
are subject to price changes, we used the most recent price lists that were available to us. 

6.1.10. Emergency shipment time and costs 

Emergency shipments are always requested at Railpro. The shipment costs of an emergency 
shipment from Railpro are equal to 257,50 euro when the service level is achieved by 
Railpro in the period. From historical data, we noticed that Railpro always achieves the 
service level. The cost of an increase in the function recovery time by an emergency 
shipment is based on the delivery time of an emergency shipment. The delivery time of an 
emergency shipment is calculated with route planner. We add an extra hour of response 
time on the shipment time that is required by Railpro to send the parts. Table 6.4 illustrates 
the emergency shipment time for the different stocking locations of ASSET Rail. Finally, the 
costs due to a delayed function recovery time are determined with the help of experts from 
ASSET Rail. These costs differ per contract area due to differences in contractual 
requirements, and the performance of ASSET Rail in the contract area. The costs due to a 
delayed function recovery time are estimated at an amount of 46 euro per minute for 
Amersfoort and 50 euro per minute for Bemmel and Doetinchem (see Appendix J). The total 
emergency shipment cost to a stocking locations of ASSET Rail are defined in Table 6.5. 
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Table 6.4: Emergency shipment times Table 6.5: Emergency shipment cost 

𝑡𝑗
𝑐𝑒𝑚 Minutes 

1: A 85 

2: B 119 

3: D 129 
 

𝑐𝑗
𝑒𝑚 euro 

1: A  € 4.198 

2: B  € 6.186  

3: D  € 6.684  
 

6.1.11. Lateral transshipment time and costs 

Similar as with the shipment time for emergency shipments, we calculated the time of 
lateral transhipments between locations with route planner. For lateral transhipments, we 
add 15 minutes of extra time on the shipment time. Table 6.6 illustrates the different lateral 
transhipment times between the stocking locations of ASSET Rail. The costs of a lateral 
transhipment are a bit harder to define, since these consist out of multiple cost factors. 
Firstly there are costs that caused by the shipment itself, i.e., fuel and labour costs. Similar 
as with emergency shipment cost, there are costs that originate from a delayed function 
recovery time that is caused by the lateral transhipment time. The delayed FHT cost per 
minute is exactly the same as is used in the emergency shipment cost calculation. These cost 
factors are determined with the help of experts from ASSET Rail (see Appendix J). The total 
lateral transhipment costs between the stocking locations of ASSET Rail are illustrated by 
Table 6.7. 

Table 6.6: Lateral transhipment times Table 6.7: Lateral transhipment costs 

𝑡𝑗,𝑘
𝑙𝑎𝑡 minutes 

From 𝑘 

1: A 2: B 3: D 

To 𝑗 

1: A - 65 75 

2: B 65 - 50 

3: D 75 50 - 
 

𝑐𝑗,𝑘
𝑙𝑎𝑡 euro 

From 𝑘 

1: A 2: B 3: D 

To 𝑗 

1: A - € 3.078 € 3.552 

2: B € 3.303 - € 2.541 

3: D € 3.811 € 2.541 - 
 

6.1.12. Waiting time objective 

The waiting time objectives are determined with the evaluation of the current situation. 
Hence, we first calculate the expected average waiting time for the contract areas that 
follows from the evaluation of the system. Next, these expected average waiting times are 
set as the objective waiting times for the optimization algorithm. This ensures us that the 
optimization algorithm obtains a result on the average waiting time that performs at least as 
good as the current situation. In Section 6.3.3 we discuss the impact of the waiting time 
constraint on the results with iterations of the model. 

6.2. Results 

This section describes the results of the different inventory control models of Section 5.7 
with the input data of Section 6.1. In line with Section 4.2, to prevent any loss of reputation 
at ProRail we apply a waiting time objective that is equal to the expected average waiting 
time of the current situation. The evaluation of the current situation resulted in an expected 
average waiting time of 0,0003072 and 0,0002048 days for the contract areas Eemland and 
Gelre respectively. Hence, these values are applied as the objective waiting time in the 
inventory control models. 
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Table 6.8: Summary of model results 

Scenario Average waiting time Total relevant costs Savings compared to CS 

CS 0,0002560 days € 117.249,20     
SI-SL  (option 1) 0,0000159 days  € 100.826,70    14% 
SI-ML (option 1) 0,0000164 days € 96.443,05  18% 
SI-SL (option 2) 0,0000330 days € 91.127,65 22% 

SI-ML (option 2) 0,0000367 days € 85.040,49 27% 

MI-SL 0,0000975 days € 78.543,95 33% 

MI-ML 0,0000830 days € 74.909,19 36% 

 
Table 6.8 summarizes the results of the different inventory control models. From this table 
we can observe several interesting points. Firstly and most importantly, it can be seen that 
there are potential savings ranging from 14% to 36% that can be made compared with the 
current situation. Secondly, it can also be observed that the potential savings of a multi-item 
inventory model are twice as much as a single-item inventory model under option 1, while 
the average waiting time objective is met. It can also be observed that the average waiting 
time is much lower in the inventory control models compared to the current situation. In 
Section 6.3.3, we elaborate on this issue. Thirdly, we can observe that the single-item 
inventory model performs better under the average waiting time objectives of option 2 than 
option 1. Hence, we have proven our prediction from Section 5.7.3. It can also be observed 
that half of the extra savings of a multi-item model are obtained by setting average waiting 
objectives based on a demand ratio (option 2) in the single-item model. We will not further 
analyse option 1 in the sensitivity analyses as it is outperformed by option 2. Fourthly, we 
can also observe that a multi-location inventory model only has minor cost savings 
compared to a multi-item inventory control model. When comparing the stocking levels of 
the single-location inventory models with the multi-location inventory models we can 
observe that there are some differences. These differences are mainly caused by somewhat 
expensive items that are stored over multiple locations with an average demand of around 
3 items per 2 years. In some cases, the single-location inventory model stocks two units of 
such an SKU at a location, whereas in the multi-location inventory model there is only one 
unit stocked at this location (see Table 6.9). In these cases, lateral transhipments are more 
cost efficient than stocking an extra part in the inventory. 

Table 6.9: Example of SL and ML stock placement 

 Demand per year MI-SL MI-ML 

Article Definition Value A B D A B D A B D 

PE69402 Top,boom € 426,80 1,57 2,26 1,13 2 2 2 1 2 1 

 
Finally, it can also be seen that in the current situation the average waiting time is very low. 
This does seem reasonable to us as resolving irregularities as quickly as possible is a top 
priority of ASSET Rail: every minute truly counts. Next to this, a long average waiting time 
results in high contractual costs due to missed bonuses and extra penalties. Hence, a short 
average waiting time is also financially attractive. 

Table 6.10 illustrates the average waiting time of the scenarios for the different 
contract areas and stocking locations of ASSET Rail. The most important observation from 
this table is that all inventory models result in a lower average waiting time than the current 
situation with lower total relevant costs. Furthermore, the result of the MI-SL scenario 
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demonstrates that the inventory models utilize our extension to the model of Kranenburg 
and Van Houtum (2009), as it compensates the higher average waiting time at Doetinchem 
with a lower average waiting time at Bemmel. Finally, it can be seen that the single-item 
inventory models obtain a lower average waiting time compared to the multi-item inventory 
model. This however, is at the expense of the total relevant costs that are higher in the 
single-item models. 

Table 6.10: Average waiting times days 

Scenario Eemland Gelre 

Amersfoort Bemmel Doetinchem Average 

CS 0,0003072 0,0001816 0,0006999 0,0002048 

SI-SL (option 1) 0,0000152 0,0000120 0,0001141 0,0000166 

SI-ML (option 1) 0,0000137 0,0000138 0,0001318 0,0000191 

SI-SL (option 2) 0,0000256 0,0000375 0,0001037 0,0000405 

SI-ML (option 2) 0,0000286 0,0000402 0,0001442 0,0000448 

MI-SL 0,0000492 0,0001169 0,0007629 0,0001459 

MI-ML 0,0000515 0,0000984 0,0004595 0,0001146 

6.3. Sensitivity of parameters 

This section discusses the sensitivity analyses of several model parameters. We first discuss 
which parameters are tested, the reasoning behind this and why some parameters are not 
tested. It should be noted that no sensitivity analysis is performed over the CS scenario, 
since this scenario cannot be reflected with our VBA code. Next to this, we also do not 
perform a sensitivity analysis on option 1 of the single-item model, since it is outperformed 
by option 2. 

A sensitivity analysis is performed on the holding cost percentage 𝑃, the order lead 
time 𝑡𝑟𝑒𝑔, the cost of one minute delayed FHT 𝑐𝐹𝐻𝑇, and the demand rate 𝑀𝑖,𝑗, because 

there is a high uncertainty in the estimation of these parameters. No analysis is performed 
on the current base stock levels 𝑆𝑖,𝑗

′ , the unit cost price 𝑉𝑖, the fixed emergency shipment 

cost 𝑐𝑓𝑖𝑥𝑒𝑑 and emergency shipment time 𝑡𝑗
𝑒𝑚, because there is zero, or little uncertainty in 

these parameters. In all the sensitivity analyses we apply an objective waiting time of 
0,0003072 for Eemland and 0,0002048 for Gelre. The impact of the average waiting time 

objective 𝑊𝑔
𝑜𝑏𝑗

 is tested by iterations of the model. The remainder of this section discusses 

the results of the performed sensitivity analyses. A note should be made that in this section 
we only present the sensitivity analysis of the holding cost and the order lead time, as these 
are considered to be the most interesting. The sensitivity analysis of the cost of one minute 
delayed FHT and the demand rate are described in Appendix K, since these illustrate similar 
results as the holding cost and the order lead-time parameters and are considered to be less 
interesting. 

6.3.1. Holding cost 

In Section 6.1 an estimation was made on the inventory holding cost at ASSET Rail. Section 
6.1 also describes the different factors that are taken into account in the inventory holding 
cost. Only one of these factors, the interest cost paid to Railpro, is certain. For this reason, 
we performed a sensitivity analysis on the inventory holding cost that starts at 6,5% to 
resemble a setting in which only the interest cost paid to Railpro are taken into account. 
Note that this percentage is a round off, since this cost is actually 6,28% over the total 
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inventory value. Next to this, we also tested settings in which we underestimated the 
inventory holding cost by performing an analysis with 31,5% inventory holding cost. 
 Figure 6.2, demonstrates the relation between different holding cost percentages 
and the total relevant cost. As can be seen from this figure, the saving potential of a multi-
item inventory control model increases with a higher inventory holding cost percentage. 
Furthermore, the results of the different scenarios do not differ from the original case, i.e., a 
SI-SL is the most costly inventory control model and MI-ML is the cheapest control model. 
The MI-ML model results in 12% less total relevant cost compared to a SI-SL model when a 
holding cost percentage of 6,50% is applied. With a holding cost percentage of 31,50%,this 
difference is increased to 22%. Naturally, an increase in the holding cost leads to an increase 
in the total relevant cost and to a reduction in the total number of parts that are kept on 
stock. The relation between the total relevant cost and the holding cost percentage is close 
to linear. 
 

 
Figure 6.2: Total relevant cost for different holding cost percentages 

We also analysed the cost difference when holding costs are under- or overestimated. We 
explain the procedure of this with an example. In this example we want to calculate the cost 
of underestimating actual holding cost of 31,50%, by optimizing the inventory with a holding 
cost percentage of 16,90%. We first perform an optimization of the stock with a holding cost 
percentage of 16,90%. Next in this example, we evaluate this stocking level with a holding 
cost percentage of 31,50% and save its results. Then, we perform an optimization of the 
stock with a holding cost percentage of 31,50% and compare it with the saved results. From 
this we obtain the difference in total relevant cost when 16,90% is used in the optimization 
program, while in reality the holding costs would be 31,50%. Figure 6.3 illustrates the  
procedure of this example. 

Optimize 
base-stock 
levels with 
P’=16,90%

Evaluate  
optimized 
base-stock 
levels with 
P=31,50%

Optimize and 
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base-stock 
levels with 
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Model input

Calculate 
cost 
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Figure 6.3: over- or underestimating holding cost procedure 
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Figure 6.4 demonstrates the cost of under- or overestimating the inventory holding cost. 
When examining Figure 6.4, we can observe that the single-item inventory control models 
are insensitive to incorrectly estimated holding cost percentages. It can also be observed 
that the multi-item inventory control models are more sensitive to incorrectly estimated 
holding cost. Furthermore, it can be seen that overestimating the inventory holding cost 
leads to more extra costs than underestimating these costs. However, even when the 
holding cost would actually be 6,5%, the multi-item models still results in less total cost than 
the single-items models. Therefore, we conclude that this sensitivity test does not harm our 
results, and that estimating the inventory holding cost incorrectly may result in to a minor 
cost increase. 
 

 
Figure 6.4: Difference from optimal relevant cost by over- or underestimating holding cost 

6.3.2. Lead time 

In Section 6.1 we estimated a replenishment lead-time of 3,1 days from the weekdays of 
order placements, because no accurate information is available on the order fulfilment 
dates. As a result of this, it is possible that this estimation is an over- or underestimate of 
the actual average replenishment lead-time. Furthermore, an assumption was made that 
the central warehouse of Railpro has an infinite supply of parts. Hence, performing a 
sensitivity analysis on the average lead-time also demonstrates the sensitivity to this 
assumption. We test different settings of lead times ranging from 1 day to 6 days, because 
this is the minimum and maximum lead time that can be expected under the assumption 
that Railpro always has the requested parts on stock. Naturally, increasing the ordering 
lead-time leads to an increase in the number of parts on stock. 
 Figure 6.5 demonstrates the effect of different ordering lead times on the inventory 
control models. As can be observed, the saving potential of a multi-item inventory control 
model increases when the ordering lead-time is increased. Next to this, alternating the 
ordering lead-time does not harm our results.  
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Figure 6.5: Total relevant cost for different ordering lead times 

Similarly as in Section 6.3.1, we estimate the cost of under- or overestimating the ordering 
lead-time by evaluating the stock levels with different values for the order lead-time. Figure 
6.6 clearly demonstrates that the single-item inventory control models are more sensitive to 
an incorrectly estimated ordering lead-time. Contrastingly, the total relevant cost of the 
multi-item inventory control models are hardly influenced by the use of an incorrect lead-
time. Furthermore, in Figure 6.6 it can be seen that underestimating the order lead-time can 
actually result in lower total relevant cost for the single-item models. This however, is at the 
expense of the average waiting time (see Figure 6.7). As we will see later in Section 6.3.3, 
this is caused by the average waiting time objective which is already met by the multi-item 
models in the second step of the greedy algorithm, and is not yet met by the single-item 
models in this same step. 
 

 
Figure 6.6: Difference from optimal relevant cost by over- or underestimating order lead-time 
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Figure 6.7: Difference in average waiting time by over- or underestimating the demand rate 

From this sensitivity test, we can conclude that an alteration in the lead-time does not alter 
our results. Next to this, we emphasize that extra attention should be paid in estimating the 
order lead-time when one of the single-item inventory models is applied. In contrast with 
the multi-item models, in the single-item inventory models the average waiting time 
objective is not yet met in the second step of the greedy algorithm (see Section 6.3.3). For 
this reason, the single-item inventory control models are more sensitive to changes in the 
order lead time. The order lead time influences the average waiting time, which in its turn, 
also has an influence on meeting the average waiting time objective. In Section 6.3.3 we 
elaborate more on this. 

6.3.3. Model iterations 

In this section, we examine the iterations of model in the different scenarios. Figure 6.8 to 
Figure 6.11 illustrate the intermediate results of the model iterations. These figures also 
demonstrate the intermediate results of stock placements, because in each iteration a part 
is added to the stock. In these figures we plot the results of the different cost components 
(left axis) and the total average waiting time (right axis) for all the model iterations.  

When examining the model iterations of the different scenarios, Figure 6.8 to Figure 
6.11, we can observe several interesting facts. Firstly, we are able to observe that the total 
cost of the system decreases together with the average waiting time. This is what we 
expected as a long average waiting time increases system costs substantially. Furthermore, 
we are able to observe that the holding cost begin to dominate as more and more stock is 
added. Next to this, Figure 6.8 and Figure 6.9 demonstrate that both the SI-SL and the SI-ML 
scenarios have not reached their objective waiting when system costs are minimized, 
because there is an increase in the total cost in the tail of these graphs. Figure 6.10 and 
Figure 6.11 on the other hand demonstrate that the scenarios MI-SL and MI-ML have 
already reached the objective waiting by minimizing the system cost. Hence, step 3 of the 
greedy algorithm is not applied in these scenarios as the system’s objective is met in step 2.  

As described in Section 4.2, a long average waiting time leads to higher costs as this 
increases the function recovery time. Therefore, a lower average waiting time is financially 
attractive. There is a limit to this, since at some point it is no longer financially attractive to 
reduce the average waiting. At this point the holding cost of the system become larger than 
the benefits of a reduced average waiting time. When a stricter average waiting time 
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objective would have been used it is expected that step 3 of the greedy algorithm is also 
applied in the multi-item model. We, however, did not apply a stricter average waiting time 
objective in the models, because the current performance of the inventories is considered 
to be sufficient. 
 

 
 

 
Figure 6.8: Model iterations of SI-SL scenario 

 

 
Figure 6.9: Model iterations of SI-ML scenario 

 
 

 
Figure 6.10: Model iterations of MI-SL scenario  

Figure 6.11: Model iterations of MI-ML scenario 

6.3.4. Conclusion of sensitivity analysis 

This section summarizes and illustrates the main findings of the sensitivity analysis in Figure 
6.12 and Figure 6.13. Figure 6.12 illustrates the impact of the parameters on the model 
costs when these are increased or decreased by 20%. Figure 6.13 illustrates, in percentages, 
the cost of over- and underestimating the different parameters when these are increased or 
decreased by 20%. 

From Figure 6.12, we observe that the inventory holding costs have the most impact 
on the system’s cost. It can also be observed that a small deviation of 20% in the delayed 
FHT cost only has a minor impact on the total relevant cost. This can be explained by the 
expected average waiting time, which is very low in all the scenarios. Hence, delayed FHT 
costs do not have a great impact on the system’s cost, since there are few lateral and 
emergency shipments. 

In Figure 6.13 we observe that the multi-item inventory models are to a large extent 
insensitive to small deviations (up to 20%) in the input parameters. Next to this, it can be 
observed that the single-item inventory models are to some extent sensitive to changes in 
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the lead-time or demand rate. It should be noted that this is due to the average waiting time 
objective which is reached in step 2 of the greedy algorithm for the multi-item models and 
in step 3 for the single-items models. For this reason, input parameters that have an impact 
on the average waiting time, such as the lead time and demand, have more influence in the 
results of the single-item models. In our system there is a large uncertainty in the correct 
estimation of the holding cost and the delayed FHT cost parameters. However, Figure 6.13 
illustrates that all the inventory models are not sensitive to these parameters, and that 
when these parameters are estimated incorrectly this only result in a minor cost increase. 
Therefore, an exact and correct estimation of these parameters for the use of the model is 
less important, as such an estimation may be costly and time expensive. Figure 6.13 also 
demonstrates that an incorrectly estimated  lead-time or demand rate results in a higher 
cost increase than  the holding cost or delayed FHT cost. Therefore, the value of these 
parameters should more carefully be determined or estimated before the use of the model. 
This especially applies in the case that a single-item model is used. 
 

 
Figure 6.12: Parameter impact on costs 

 
Figure 6.13: Over- and underestimating parameter 
cost 

  



55 

7. Conclusions and recommendations 
This chapter describes the main conclusions and recommendations that can be drawn from 
this research project. In this chapter, we discuss the answer to the research question of 
Section 3.4: 
 
Main research question: 
What is the most advisable manner to structure a multi-item and/or multi-location inventory 
model(s) for the inventories of ASSET Rail, and what is the improvement potential both in 
costs and in average waiting time of applying this model at ASSET Rail? 
 
We discuss the main conclusions of this project in Section 7.1. For the conclusions, we will 
follow the order of the sub questions of Section 3.4. Next in Section 7.2.1, we describe 
several recommendations for ASSET Rail that are based on these conclusions. Finally, we 
discuss the model extensions (Section 7.2.2) that should be researched and denote areas of 
interest for further research (Section 7.2.3). 

7.1. Conclusions 

Currently, the stocking levels of the inventories at ASSET Rail are based on intuition of 
experts from ASSET Rail. This observation resulted in the belief that potential improvements 
in the inventories of ASSET Rail can be reached by the application of a multi-item and/or 
multi-location inventory model. 

In the supply chain, several important key parties have to be considered when 
reorganising the inventories of ASSET Rail. Upstream, the most important party is Railpro, 
the owner of the inventories at ASSET Rail. Downstream the most important key party is 
ProRail, the customer of the maintenance service that is provided by ASSET Rail. 

The performance of ASSET Rail is measured in multiple ways by ProRail. However, 
not all of these performance measures apply to the registration inventory of ASSET Rail. For 
example, the number of irregularities on the rail is not influenced by the number of items on 
stock, but is influenced by the execution of preventive maintenance activities. The recovery 
time of unexpected irregularities on the other hand, is influenced by the availability of items 
on stock. For this reason, we measured the performance of the inventory in terms of time. 
More specifically, the average time it takes before a demand of an item is met at a stocking 
location, i.e., the average waiting time. Increasing the number of items on stock has a 
decreasing effect on the average waiting time. Consequently, the average waiting time has 
direct impact on missed bonuses and penalty cost. Next to this, the average waiting also has 
an impact on the service performance of ASSET Rail. Maintaining a high performance is 
important to ASSET Rail, since this has a positive influence on future tender processes. 
However, increasing inventory also causes more inventory holding cost. Like in many spare 
parts inventory situations, there is a trade-off in terms of costs and service level. 

In this project, we designed multiple inventory control models that are based on 
Kranenburg and Van Houtum (2009) to research this trade-off and to determine the optimal 
stocking levels in various scenarios. More specifically, we developed models to examine the 
effect of four different dimensions of inventory control, i.e., single-item single-location, 
single-item multi-location, multi-item single-location and multi-item multi-location  

We demonstrated that a multi-item model is better than a single-item model in both 
a single-location and multi-location situation. Similarly, a multi-location model is better than 
a single-location model in both a single-item and multi-item situation. Furthermore, we 
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demonstrated that incorporating a multi-item inventory model contributes to more cost 
savings (savings up to 19%) than a multi-location inventory model (savings up to 5%. 

From the sensitivity analyses we made several important observations. Most 
importantly, we observed that the multi-item inventory control models are not sensitive for 
small changes in the input parameters, i.e., deviations in the input parameters of 20% or 
less. We also observed that, compared to the single-item inventory models, the multi-item 
inventory control models are more sensitive to changes in the cost parameters. Especially 
for very low values of the inventory holding cost (see Section 6.3.1) and delayed FHT cost 
(see Appendix K), attention should be paid to a correct estimation of these parameters. 
Contrastingly, the single-item inventory control models are more sensitive to changes that 
affect the average waiting time, i.e., the order lead-time (see Section 6.3.2) and the demand 
rate (see Appendix K). An incorrectly estimated order lead-time or demand rate results in 
extra costs or infeasible solutions, as the objective average waiting time is not met. 

In an illustration of the model iterations we observed that the sensitivity differences 
between the models can be explained by the average waiting time objective. When 
examining the model iterations, we concluded that in the multi-item models the average 
waiting time objective is met solely by a reduction of the costs. Contrastingly, this is not the 
case for the single-item models in which extra costs need to be made before the average 
waiting time objectives are met. It is for this reason that the single-item models are more 
sensitive to changes in the input parameters that affect the average waiting time of the 
system, i.e., the lead time and the demand rate. 

With a savings potential of 33%, we conclude that the multi-item single-location 
model is preferred over the other models. We prefer the application of this model over the 
multi-item multi-location inventory control (with a savings potential of 36%), because there 
is little difference in the savings potential of these models. A multi-item single-location 
model is easier implemented in practice. Next to this, implementing a multi-location model 
on a tactical planning level is more costly than a single-location model, as this requires more 
organizational changes. However, the savings potential of a multi-location model may 
increase when more warehouses from new contract areas or other players are included in 
the model. 

7.2. Recommendations 

This section describes the recommendations for ASSET Rail, extensions for the model and 
recommendations for further scientific research. 

7.2.1. Main recommendations for ASSET Rail 

Inventory control model 
The most important recommendation to ASSET Rail is that it should consider the adoption of 
an inventory control model. Based on the savings potential of 33% we recommend the use 
of a multi-item single-location inventory control model. One drawback of the models is that 
it is currently impossible to discriminate in the criticality of items, i.e., the delayed FHT costs 
𝑐 

𝐹𝐻𝑇are the same for all the items.  In Section 7.2.2 we describe the manner in which the 
models may be extended to incorporate different criticalities when this is desired. Naturally, 
to overcome this problem, ASSET Rail can also choose to apply a single-item inventory 
control model, with potential savings ranging from 22% to 27%. In a single-item model the 
criticality of SKU’s can easily be defined by SKU specific average waiting time objectives. 
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However, when the criticality has an impact on the delayed FHT cost of an item, we still 
require the same extension as the multi-item model. 
 
New contract areas 
The inventory control models are easily adjusted to include new inventory locations and 
new items. When ASSET Rail expands to a new contract area, we suggest to consider one of 
the models as a tool in determining the stock level of new stocking locations. We stress, 
however, that prior to the use of one of the inventory control models, it is important that a 
sufficient accurate forecast should be made by ASSET Rail on the demand rate of spare parts 
in a new contract area by its experts, and/or historical information.  
 
Lateral transhipments 
When comparing the single-location inventory models with the multi-location inventory 
models, we can conclude that for ASSET Rail it is to some extent worthwhile to consider 
lateral transhipments. In this research, it was found that this is particularly relevant for 
expensive SKU’s with a demand of around 3 items per 2 years that would otherwise be 
stocked twice at a single location. When lateral transhipments are applied at ASSET Rail it is 
important that data concerning the shipment; the location from which the part was shipped 
and the original demand location, are stored in a correct manner. We emphasize however, 
that the option of lateral transhipments should be addressed later than the application of a 
multi-item inventory model, as the latter looks more promising in its improvement 
potential. 
 
Input data 
When using one of the inventory control models it is important that the input data is 
accurate and up-to-data, since it determines the output of the model. At the moment it is 
time consuming to determine the demand rate per item with all the relevant historical 
information. Therefore, order data should be stored in a complete and standardized 
manner, so that accurate information is easily extracted from the system. Registration of 
the demand location, the stock point that fulfilled the demand, the demand source 
(preventive maintenance, project or corrective maintenance), the installed base etc. can 
increase the accuracy of the demand rate and the performance of the model. 
 
Additional recommendations 
Regardless of whether ASSET Rail will or will not use one of the inventory models that are 
described in this project, we would like to recommend to ASSET Rail to update its 
inventories more frequently. During this research, it was observed that there were some 
SKU’s on stock that were not used anymore in the Dutch rail infrastructure. Updating the 
inventories should especially be done both during and after projects in which new rail 
infrastructure items are introduced in the Dutch rail infrastructure, or were old item types 
are replaced by newer item types. This prevents unnecessary stocking costs of outdated 
SKU’s and reduces the function recovery time that may be caused by new items that are not 
stocked yet. 
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7.2.2. Model extensions 

Due to the complex nature of this project we did not consider some model extensions. In 
order to improve the performance of the inventory control models we recommend 
considering or further researching the following model extensions. 

 In this research project, we applied a Poisson distribution to reflect the demand 
process of items. A Poisson demand process implies that demands arrive with an 
exponential inter arrival time with a size of one unit. Not all items in the registration 
inventory fit to a Poisson distribution, as some items are required more than once in 
the same corrective maintenance activity, and varies in the number of times that it is 
required in a activity. The use of a compound Poisson distribution can improve the fit 
of these items, and will improve the performance of the model. Based on the results 
of Syntetos, Babai, & Altay (2012), especially a stuttering Poisson distribution looks 
most promising to improve the fit of items that do not fit to a normal Poisson 
distribution. This compound Poisson distribution combines a Poisson distribution for 
the demand occurrences and a geometric distribution for the demand size. 

 The inventory control models assume that all SKU’s are delivered with the same 
average lead-time. As described by Kranenburg and Van Houtum (2009), this 

assumption is easily relaxed by changing 𝑡𝑟𝑒𝑔 into 𝑡𝑖
𝑟𝑒𝑔

 to create item specific lead 

times.  

 The multi-item inventory models do not differentiate in the degree of criticality of 
spare part items. Further research is required to extend the model with item specific 

delayed FHT costs 𝑐𝑖
𝐹𝐻𝑇. This enables the user to differentiate in the criticality of 

items with the unavailability cost of an item. The criticality level of an item should be 
determined by experts of ASSET Rail. 

7.2.3. Further research 

This section describes some areas of interest for further research. 

 The system costs in the model are an approximation of the real costs. For example, 
we estimated the inventory holding cost and delayed FHT cost from different cost 
factors. These approximated costs may deviate from the actual costs. More research 
on these costs will produce more accurate model results. 

 It is likely that the improvement potential of incorporating lateral transhipments in 
the system increases when ASSET Rail expands to more contract areas. This may 
especially be interesting for new stocking locations that are more distant from the 
central warehouse of Railpro. It is also possible that the improvement potential of 
lateral transhipments increase when stocking locations of other players/companies 
are also utilized. An extra experiment or simulation with more stocking locations can 
demonstrate this. 

 The inventory model of Kranenburg and Van Houtum (2009) that is used in this 
project operates with a predetermined number and position of stocking locations. It 
may be interesting to research the trade-off in the number and position of the 
stocking locations. This however, will substantially increase the complexity and 
computation time of the inventory model or requires an entirely different model. 
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9. Appendices 
A. List of abbreviations 

This appendix provides summarizes all the abbreviations and their definitions that are used 
in the report. 
 

Abbreviation Definition 
BN Executing division Baan 
CS Current situation scenario 
EV Executing division Energievoorziening 
DOT Irregularity with a binding time agreement 
FHT Function recovery time 
FMECA Failure mode effect and criticality analysis 
KPI Key performance indicator 
KW Executing division Kunstwerken 
MI-ML Multi-item multi-location scenario 
MI-SL Multi-item single-location scenario 
NUO Not urgent irregularity 
ON Contractor (ASSET Rail) 
OG Client (ProRail) 
OPC Output process contract 
PCA Process contract constructor 
PGO Performance based contract 
Railpro Voestalpine Railpro B.V. 
RVO Report of irregularity 
SI-ML Single-item multi-location scenario 
SI-SL Single-item single-location scenario 
SKU Stock keeping unit (article) 
SLA Service level agreement 
SW Executing division Seinwezen 
TEL Executing division Telecom 
UO Urgent irregularity 
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B. List of concepts 

In this appendix, we briefly summarize and define the concepts that are used in this report.  
 
Criticality of a part is defined as the consequences that are caused by the failure of a part on 
the process in case a replacement is not immediately available. 
 
Echelon describes the number of levels that are considered in a supply chain. Single-echelon 
only considers one level of the supply chain, whereas multiple-echelon considers multiple 
levels of the supply chain. 
 
Emergency transhipment is defined as a shipment by the central source (Railpro) when 
there is a demand for an item that is out of stock at all the considered inventory points. 
 
Goodness of fit test describes how well a statistical model fits a set of observation. 
Goodness of fit tests can be used to test whether observations or residuals follow a 
specified distribution. 
 
Lateral transhipment is defined as a shipment that takes when a stocking point that is out 
of stock is facing a demand and another stocking point supplies the part to fulfil this 
demand. 
 
Multi-item inventory model is defined as an inventory model in which stocking levels of 
SKU’s are determined jointly with each other. 
 
Multi-location inventory model is an inventory model that considers coordination of stocks 
between two or more stocking locations. Multiple locations are considered in the 
determination of the inventory levels. 
 
Poisson distribution is a discrete probability distribution that expresses the probability of a 
given number of events occurring in a fixed interval of time and/or space. These events 
occur with a known average rate and are independent of the time since the last event. In 
other words, the arrival time of future events are not affected by earlier events.  
 
Sensitivity tests relate to tests that describe the robustness of the results from a model 
when uncertainty in its inputs exists. These tests test the impact on the output of a model 
when the input values of a model deviate. 
 
Single-item inventory model is defined as an inventory model in which stocking levels are 
determined separately for each SKU. 
 
Single-location inventory model is an inventory model that determines the inventory level 
of one location independently from other locations. 
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C. List of variables 

This appendix summarizes the notation that is used throughout this report. A distinguish is 
made here in sets, parameters and decision variables. 
 
Sets 
𝐽 = 𝑆𝑒𝑡 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 (𝑗 = 1, … , |𝐽|) 
𝐾 ⊆ 𝐽 = 𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑚𝑎𝑖𝑛 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 
𝐽\𝐾 = 𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑟𝑒𝑔𝑢𝑙𝑎𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 
𝐺 = 𝑆𝑒𝑡 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 𝑎𝑟𝑒𝑎𝑠 (𝑔 = 1, … , |𝐺|) 
𝐼 = 𝑆𝑒𝑡 𝑜𝑓 𝑆𝐾𝑈′𝑠 (𝑖 = 1, … , |𝐼|) 
𝐽𝑔 = 𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 𝑡ℎ𝑎𝑡 𝑎𝑟𝑒 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 𝑔 (⊆ 𝐽) 

𝒞 = 𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 𝑗 𝑤𝑖𝑡ℎ 𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑐𝑜𝑠𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑠 ∆𝑗𝐶𝑖(𝑆𝑖) 

ℛ = 𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑎𝑛𝑑 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑟𝑎𝑡𝑖𝑜 𝑟𝑖,𝑗 

 
Parameters 
𝑘𝑗 = 𝑀𝑎𝑖𝑛 𝑘 𝑡𝑜 𝑤ℎ𝑖𝑐ℎ 𝑟𝑒𝑔𝑢𝑙𝑎𝑟 𝑗 𝑖𝑠 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 

𝜎(𝑘) = 𝑂𝑟𝑑𝑒𝑟 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑚𝑎𝑖𝑛 𝑙𝑜𝑐𝑎𝑙 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 𝑡ℎ𝑎𝑡 𝑎𝑟𝑒 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑤ℎ𝑒𝑛 𝑚𝑎𝑖𝑛 

𝑙𝑜𝑐𝑎𝑙 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑘 𝑖𝑠 𝑜𝑢𝑡 𝑜𝑓 𝑠𝑡𝑜𝑐𝑘 (𝜎1(𝑘), … , 𝜎|𝑘|−1(𝑘)) 

𝑀𝑖,𝑗 = 𝐷𝑒𝑚𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑎𝑡 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗  

𝑀𝑔 = 𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 (> 0)  

𝑡 
𝑟𝑒𝑔 = 𝑀𝑒𝑎𝑛 𝑟𝑒𝑝𝑙𝑖𝑛𝑠ℎ𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑜𝑐𝑎𝑙 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 𝑖𝑛 𝑐𝑎𝑠𝑒 𝑜𝑓 𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 

𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑟𝑑𝑒𝑟 
𝑡𝑗,𝑘

𝑙𝑎𝑡  = 𝑀𝑒𝑎𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑡𝑟𝑎𝑛𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑚𝑎𝑖𝑛 𝑘 𝑡𝑜 𝑗  
(≥ 0, 𝑘 𝜖 𝐾, 𝑘 ≠ 𝑗) 

𝑐𝑗,𝑘
𝑙𝑎𝑡 = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑡𝑟𝑎𝑛𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑚𝑎𝑖𝑛 𝑘 𝑡𝑜 𝑗  

(≥ 0, 𝑘 𝜖 𝐾, 𝑘 ≠ 𝑗) 
𝑡𝑗

𝑒𝑚 = 𝑀𝑒𝑎𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑎𝑛 𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦 𝑡𝑟𝑎𝑛𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑡𝑜 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 (> 𝑡𝑗,𝑘
𝑙𝑎𝑡) 

𝑐𝑗
𝑒𝑚 = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑎𝑛 𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑡𝑜 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 (> 𝑐𝑗,𝑘

𝑙𝑎𝑡) 

𝑐𝐹𝐻𝑇 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑚𝑖𝑛𝑢𝑡𝑒 𝑑𝑒𝑙𝑎𝑦𝑒𝑑 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑡𝑖𝑚𝑒 (𝐹𝐻𝑇) 

𝑐𝑙𝑎𝑏+𝑓𝑢𝑒𝑙 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑎𝑏𝑜𝑢𝑟 𝑎𝑛𝑑 𝑓𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑚𝑖𝑛𝑢𝑡𝑒 

𝑐𝑓𝑖𝑥𝑒𝑑 = 𝐹𝑖𝑥𝑒𝑑 𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 
𝑆𝑖 = 𝐵𝑎𝑠𝑒𝑠𝑡𝑜𝑐𝑘 𝑣𝑒𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑆𝐾𝑈 𝑖 (= 𝑆𝑖,1, 𝑆𝑖,2, … , 𝑆𝑖,|𝐽|)  

𝑆  = 𝑀𝑎𝑡𝑟𝑖𝑥 𝑤𝑖𝑡ℎ 𝑎𝑙𝑙 𝑏𝑎𝑠𝑒𝑠𝑡𝑜𝑐𝑘 𝑙𝑒𝑣𝑒𝑙𝑠 
𝛽𝑖,𝑗(𝑆𝑖) = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑠𝑎𝑡𝑖𝑠𝑓𝑖𝑒𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑙𝑦 𝑓𝑟𝑜𝑚 𝑗 

𝛼𝑖,𝑗,𝑘(𝑆𝑖) = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑠𝑎𝑡𝑖𝑠𝑓𝑖𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑎 𝑙𝑎𝑡𝑒𝑟𝑎𝑙  
𝑡𝑟𝑎𝑛𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑎𝑡 𝑗 𝑓𝑟𝑜𝑚 𝑚𝑎𝑖𝑛 𝑘 (𝑘 ∈ 𝐾, 𝑘 ≠ 𝑗) 

𝜃𝑖,𝑗(𝑆𝑖) = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑠𝑎𝑡𝑖𝑠𝑓𝑖𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑎𝑛 
𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦 𝑡𝑟𝑎𝑛𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑎𝑡 𝑗 

𝑐𝑖
ℎ = 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑆𝐾𝑈 𝑖 (≥ 0) 

𝑃 = 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 
𝑉𝑖 = 𝐶𝑜𝑠𝑡 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑆𝐾𝑈 𝑖 
𝑊𝑖,𝑗(𝑆𝑖) = 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑎𝑡 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 𝑤𝑖𝑡ℎ 𝑏𝑎𝑠𝑒 𝑠𝑡𝑜𝑐𝑘 𝑆𝑖 

𝑊𝑔(𝑆) = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑑 𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 𝑔 

𝐶(𝑆) = 𝑇𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑐𝑜𝑠𝑡 
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Decision variables 
𝑆𝑖,𝑗 = 𝐵𝑎𝑠𝑒𝑠𝑡𝑜𝑐𝑘 𝑙𝑒𝑣𝑒𝑙 𝑓𝑜𝑟 𝑆𝐾𝑈 𝑖 𝑎𝑡 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 (𝑆𝑖,𝑗 ∈ {0,1, … }) 

𝑊𝑔
𝑜𝑏𝑗

 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑑 𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 𝑔 
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D. Concessions of infrastructure users in 2013 

This appendix illustrates the concession of the Dutch rail by infrastructure users that are 
involved in passenger transport. 
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E. Overview of PGO and OPC contracts 

This figure illustrates the distribution and the type of maintenance contract areas over the 
PCAs.  
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F. Classification of failures 

This figure illustrates the decision tree for classifying rail track failures. Note that failures are 
classified into four different priorities, since priority 3 does not exist anymore. 
 

Does one or more of the following three rules 
apply?
 There is serious personal injury
 There is a large damage on the infrastructure or 

environment
 There is a large impact on the train schedule

Is it a failure on the equipment for which special 
arrangements apply as described in the failure 
management handbook?

Is there at this time risk of:
 Personal injury and/or
 Damage on the infrastructure and/or
 Environmental damage?

Is the irregularity currently affecting the 
punctuality of the train? (e.g. driving with 
manual instructions)

Is there a reason why the failure 
does not require immediately 
action, but should be resolved 
within a day (some days)? (e.g. 
clearing cadavers) 

Is it a recurrent failure? (more 
than 3x disturbed in the last 30 
days)

Priority 2
(UO)

Priority 1
(UO)

Determine priority 
on the basis of the 

contract- or the 
failure 

management 
handbook

Priority 5
(DOT)

Priority 4
(NUO)

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

No

Yes
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G. Poisson distribution goodness of fit test 

It is well known that a Poisson distribution performs well in situations in which demands 
occur infrequently and where order sizes are low (Thonemann, Brown, & Hausman, 2002). 
Moreover, the lifetime of parts from machines often follow an exponential distribution. An 
exponential distribution results in a Poisson demand process. Therefore, it is reasonable to 
assume that the demand process for spare parts follow a Poisson distribution. However, it 
should also be noted that parts from the railroad infrastructure often fail due to different 
circumstance than the lifetime, e.g., by persons, animals or weather conditions. For this 
reason, we conduct a goodness of fit test on the demand process of spare parts to test the 
validity of a Poisson distributed demand process. 
 
Goodness of fit test 
Syntetos, Babai, & Altay (2012) describes that the chi-square test and the Kolmogorov-
Smirnov (K-S) test are the most commonly used test statistics in the literature for checking 
statistically significant fit. Both tests measure the degree of fit between observed and 
expected frequencies. In the chi-square test, observations are placed in categories to test 
the fit of a distribution. Green & Salkind (2004) describes that the chi-square test yields 
accurate results when the expected frequencies are greater than or equal to five for 80% or 
more of the categories. Problems arise due to this requirement, since there is typically no 
demand for spare parts in most periods. This means that for most parts the number of 
categories would need to be reduced to two categories to meet the requirement for the 
expected number of frequencies. This in its turn leads to a considerable amount of 
information loss (Syntetos, Babai, & Altay, 2012; Lengu, Syntetos, & Babai, n.d.).  

The K-S test however, does not require any grouping and therefore no information is 
lost in the process (Syntetos, Babai, & Altay, 2012). For this reason, we use the K-S test to 
assess the validity of the Poisson demand distribution. The K-S test compares the 
distribution of a SKU with a theoretical distribution. For our case, the hypothesis of the K-S 
test is defined as: 

 
𝐻0: 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑑𝑎𝑡𝑎 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑓𝑜𝑙𝑙𝑜𝑤 𝑎 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
𝐻1: 𝑡ℎ𝑒 𝑑𝑒𝑚𝑎𝑛𝑑 𝑑𝑎𝑡𝑎 𝑜𝑓 𝑆𝐾𝑈 𝑖 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑓𝑜𝑙𝑙𝑜𝑤 𝑎 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

 
We apply a significance level of 5% to test whether monthly demands of SKUs at ASSET Rail 
follow a Poisson distribution. This test is performed on historical demand data from 01-01-
2013 till 31-05-2015 for SKU’s from the registration inventory of the contract area Gelre as 
well as Eemland. Despite that we only focus on the registration inventory, we also perform 
the K-S test on SKU’s from the bulk inventory to demonstrate the difference in fit of the 
Poisson distribution for fast and slow moving items. In Table G.1 the results from these tests 
are presented. 
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Table G.1: Results K-S goodness of fit test for the Poisson distribution 

SKU’s from 
inventory  

Contract 
area 

SKU’s 
tested 

Hypothesis 
rejects 

Poisson 
distribution fit 

Bulk Eemland 137 87 36,50% 

Registration Eemland 140 11 92,14% 

Total Eemland 277 98 64,62% 

Bulk Gelre 145 89 37,24% 

Registration Gelre 183 18 92,35% 

Total Gelre 328 107 67,38% 

 
It can be observed that the goodness of fit test results for the contract area Eemland and 
Gelre are similar to each other. As we expected, the Poisson distribution does not fit well on 
SKU’s from the bulk inventory compared to SKU’s from the registration inventory. This can 
be explained by the ordering nature of SKU’s from the bulk inventory. These SKU’s are more 
frequently ordered in batches compared to the SKU’s from the registration inventory. SKU’s 
from the registration inventory are rarely ordered in quantities that are much larger than 
one. 

It is interesting to note that our goodness of fit test of the Poisson distribution on the 
total inventory obtains more or less similar results as Syntetos, Babai, & Altay (2012) that 
obtained a fit of 59,84% for the demand of spare parts of the Royal Air Force (RAF). 
Syntetos, Babai, & Altay (2012) demonstrate in their empirical study that the demand 
distribution of spare parts is best fitted by a stuttering Poisson distribution (with an average 
fit of 88,66%). A stuttering Poisson distribution is a compound Poisson distribution that 
combines a Poisson distribution for the demand occurrence and a geometric distribution for 
the demand size. The stuttering Poisson distribution is also called Pòlya-Aeppli (Lengu, 
Syntetos, & Babai, n.d.). We however, do not fit a stuttering Poisson distribution, since we 
focus our self on the registration inventory. In addition, the complexity of our model would 
increase substantially when we apply a stuttering Poisson distribution. We conclude that the 
Poisson distribution is a reasonable reflection of the demand distribution for the spare parts 
in the registration inventory at ASSET Rail. 
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H. Explanation of optimization algorithm 

This appendix explains the formal approximate evaluation algorithm of Kranenburg and Van 
Houtum (2009) from Section 5.2.3 in more detail. This algorithm is used in the greedy 
algorithm to determine the performance of specific settings. We first describe the 
decoupling process of the regulars from the mains. Next, we describe the process that 
decouples the mains from one another. Both processes are described by Kranenburg and 
Van Houtum (2009). 
 
Decoupling the regulars from the mains 
The difference between regular and main warehouses is that the latter can provide lateral 
transhipments to other warehouses. Lateral transhipments to regular warehouses occur 
when there is a demand at the regular warehouse that cannot be met from its inventory. 
These extra demand flows at a main warehouse are called the “overflow demand” and are 
assumed by Kranenburg and Van Houtum (2009) to be Poisson distributed. This assumption 
is required since this demand process only occurs when warehouse 𝑗 is out of stock. 
Kranenburg and Van Houtum (2009) describe that this assumption is reasonable for low 
demand rates. Besides, when 𝑆𝑖,𝑗 = 0 the overflow demand rate actually follows a Poisson 

demand process, since all demands are forwarded to the main. 
When putting the system in a queuing theory perspective, it can be observed that 

the number of SKU’s 𝑖 on stock at a regular warehouse 𝑗 can be seen as the number of idle 
servers. Similarly, the number of spare parts that are in repair for regular warehouse 𝑗 can 
be seen as the number of busy servers. Furthermore, it can be observed that demands that 
occur during a stock out are lost for the regular warehouse 𝑗, since it will be supplied by 
either a lateral transhipment or an emergency transhipment. For these reasons, it is 
possible to describe the steady state behaviour of the on-hand stock of a regular warehouse 
for SKU 𝑖 as an Erlang loss model (M|G|c|c queue). The demand loss probability in an Erlang 
loss model is obtained by 
 

𝐿(𝑐, 𝜌) =
𝜌𝑐/𝑐!

∑ 𝜌𝑥/𝑥!𝑐
𝑥=0

 (H.1) 

 
in which 𝑐 is the number of servers and 𝜌 the offered load (Kranenburg & Van Houtum, 
2009). When translating this to the system’s parameters, it can be seen that 𝑆𝑖,𝑗 functions as 

the number of servers 𝑐, 𝑀𝑖,𝑗 as the arrival rate and 𝑡𝑟𝑒𝑔 as the mean service time. Then, 

𝑀𝑖,𝑗𝑡𝑟𝑒𝑔 expresses the offered load 𝜌 in the system. However, as described by Harine, et al. 

(2001), Formula (H.1) may cause overflow problems when it is programmed in software with 
high parameter values for 𝑐 or 𝜌. A more stable and faster computation can be achieved by 
applying the recursion of the Erlang loss model, which is formulated by Harine, et al. (2001) 
as: 
 
                                                          𝐿(𝑧, 𝜌) = 1,               𝑧 = 0 (H.2) 

𝐿(𝑧, 𝜌) =

𝑧
𝜌 𝐿(𝑧 − 1, 𝜌)

1 +
𝑧
𝜌 𝐿(𝑧 − 1, 𝜌)

, 𝑧 = 1,2, … , 𝑐 (H.3) 
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Even though we do not expect high parameter values for 𝑐 or 𝜌, we apply Formula (H.2) and 
(H.2) instead of Formula (H.1) for its stability and computation time. The demand that can 
be met by the regular warehouse 𝑗 itself is equal to one minus the lost sales, which is equal 
to: 
 

𝛽𝑖,𝑗(𝑆𝑖) = 1 − 𝐿(𝑆𝑖,𝑗 , 𝑀𝑖,𝑗𝑡𝑟𝑒𝑔) (H.4) 

 
Following from this, the overflow demand rate from a regular warehouse 𝑗 to main 
warehouse 𝑘 is equal to the demand that cannot be met by regular warehouse j, i.e., 

(1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝑀𝑖,𝑗. An extra parameter, �̃�𝑖,𝑘, is defined as the demand rate at main 

warehouse 𝑘 for SKU 𝑖, which also includes the overflow demand rates from all the regular 

warehouses linked to this main. �̃�𝑖,𝑘 is calculated by: 

 

�̃�𝑖,𝑘 ≔ 𝑀𝑖,𝑘 + ∑ (1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝑀𝑖,𝑗

 

𝑗𝜖𝐽|𝑘𝑗=𝑘
 (H.5) 

 
Demand that is met by a lateral transhipment at regular warehouse 𝑗 from a main 
warehouse 𝑘 can occur in two different ways. Firstly, the main warehouse 𝑘 to which 
regular warehouse 𝑗 is assigned (𝑘𝑗) provides the lateral transhipment directly when 𝑘 has 

the part on stock. The chance of such a transhipment is equal to the chance that warehouse 
𝑗 does not have the part on stock (1 − 𝛽𝑖,𝑗(𝑆𝑖)) times the chance that main 𝑘 to which 𝑗 is 

assigned to supplies the part directly (𝛽𝑖,𝑘𝑗
(𝑆𝑖)) . Secondly, the part is shipped indirectly 

when this main warehouse 𝑘 does not have the part on stock, but another main warehouse 
𝑘 ≠ 𝑘𝑗  does have the part on stock. The chance of such a lateral transhipment is equal to 

the chance that warehouse 𝑗 does not have the part on stock (1 − 𝛽𝑖,𝑗(𝑆𝑖)) times the 

chance that main 𝑘 supplies the part indirectly through main 𝑘𝑗(𝛼𝑖,𝑘𝑗,𝑘(𝑆𝑖)). Thus, the 

fraction of the demand that is satisfied at warehouse 𝑗 by a lateral transhipment from main 
warehouse 𝑘 is found by:  
 

𝛼𝑖,𝑗,𝑘(𝑆𝑖) ≔ {
(1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝛽𝑖,𝑘𝑗

(𝑆𝑖),   𝑘 = 𝑘𝑗              

(1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝛼𝑖,𝑘𝑗,𝑘(𝑆𝑖), 𝑘 ∈ 𝐾, 𝑘 ≠ 𝑘𝑗

 (H.6) 

 
An emergency shipment to warehouse 𝑗 occurs when there is a demand that cannot be 
supplied by the warehouse itself, and all of the main warehouses are out of stock. Thus, the 
fraction of emergency shipments for a regular warehouse is obtained by: 
 

𝜃𝑖,𝑗(𝑆𝑖) ≔ (1 − 𝛽𝑖,𝑗(𝑆𝑖)) 𝜃𝑖,𝑘𝑗
(𝑆𝑖) (H.7) 

 
Both 𝛼𝑖,𝑘𝑗,𝑘(𝑆𝑖) and 𝜃𝑖,𝑘𝑗

(𝑆𝑖) are determined in the next section. 

 
Decoupling the mains 
This section describes the manner in which every main warehouse is decoupled. Kranenburg 
and Van Houtum (2009) decouple the main warehouses from one another to be able to 
analyse every main warehouse separately. This is necessary to analyse the system, since 
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each of the mains can provide a lateral transhipment to another main. Similarly as with the 
regular warehouses, a transhipment takes place when a main warehouse 𝑘 is out of stock of 
SKU 𝑖. We again assume that this extra overflow demand rate for main warehouse 𝑘 is 
Poisson distributed. This assumption is required since this demand process only occurs 
when main 𝑘 is out of stock. When assuming this, it is possible to decouple the mains from 
each other (Kranenburg & Van Houtum, 2009). Since full pooling exists between the mains, 
it can be observed that an emergency shipment is only requested by a main when all the 
other mains are also out of stock for an SKU. Again, we can use the Erlang loss model, 
because demands are assumed to arrive according to a Poisson distribution. Therefore, the 
fraction of the demand that is satisfied by an emergency shipment at a main warehouse 𝑘 is 
equal to the aggregated demand loss probability of all the mains together. This loss is 
calculated by: 
 

𝜃𝑖,𝑘(𝑆𝑖) ≔ 𝐿 (∑ 𝑆𝑖,𝑘′, ∑ �̃�𝑖,𝑘′𝑡𝑟𝑒𝑔

𝑘∈𝐾𝑘′∈𝐾
) , 𝑘 ∈ 𝐾 (H.8) 

 

Similar as in the previous section, an extra parameter �̂�𝑖,�̃�,𝑘, 𝑘, �̃� ∈ 𝐾, �̃� ≠ 𝑘 is defined as 

the overflow demand rate originating from main �̃� towards main 𝑘. Next to this, �̂�𝑖,𝑘 is 
introduced as the total demand rate that occurs at main 𝑘 for SKU 𝑖, which also includes all 

the demands originating from lateral transshipments. Thus, �̂�𝑖,𝑘 is obtained by: 

 

�̂�𝑖,𝑘 ≔ �̃�𝑖,𝑘 + ∑ �̂�𝑖,�̃�,𝑘

 

�̃�∈𝐾,�̃�≠𝑘
, 𝑘 ∈ 𝐾 (H.9) 

 

An elaboration on the calculation of �̂�𝑖,𝑘 is described later in this section. The fraction of 

orders fulfilled by a main warehouse itself is obtained by using the Erlang loss model: 
 

𝛽𝑖,𝑘(𝑆𝑖) ≔ 1 − 𝐿(𝑆𝑖,𝑘, �̂�𝑖,𝑘𝑡𝑟𝑒𝑔) (H.10) 

  
Following from this, the fraction of demand that is satisfied by a lateral transhipment at 
main warehouse 𝑘 can easily be found since 𝛽𝑖,𝑗(𝑆𝑖) + α𝑖,𝑗(𝑆𝑖) + 𝜃𝑖,𝑗(𝑆𝑖) = 1 should always 

hold. Hence, 𝛼𝑖,𝑘(𝑆𝑖) is obtained with: 
 

𝛼𝑖,𝑘(𝑆𝑖) ≔ 1 − (𝛽𝑖,𝑘(𝑆𝑖) + 𝜃𝑖,𝑘(𝑆𝑖)) (H.11) 

 

As can be seen from above, both 𝛼𝑖,𝑘(𝑆𝑖) and 𝛽𝑖,𝑘(𝑆𝑖) are dependent on �̂�𝑖,𝑘. Next to this, 

�̂�𝑖,𝑘 is dependent on �̂�𝑖,�̃�,𝑘. We explain the calculation of �̂�𝑖,�̃�,𝑘 with an example. For this, 

we consider a system with four mains, numbered as 1, 2, 3, and 4. The order of mains that 
are considered when main warehouse 1 is out of stock is defined as 𝜎(1) = (2,3,4). We 

derive the overflow demand originating from main 1 (�̂�𝑖,�̃�,𝑘) for the case that 𝑆𝑖,2 >

0, 𝑆𝑖,3 > 0 or 𝑆𝑖,4 > 0. When main 2 has on hand stock, the overflow demand rate at main 2 

originating from main 1 (�̂�𝑖,1,2) is met by a lateral transhipment from main 2. Recall that 

the fraction of the demand that is supplied directly from the stock of main 2 is defined as 
𝛽𝑖,2(𝑆𝑖). Following from this, we can calculate the overflow demand rate to main 3 from 

main 1 when main 2 is out of stock with: �̂�𝑖,1,3 = (1 − 𝛽𝑖,2(𝑆𝑖)) �̂�𝑖,1,2. Similarly, the 
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overflow demand rate to main 4 originating from main 1 when both main 2 and main 3 are 

out of stock is obtained by: �̂�𝑖,1,4 = (1 − 𝛽𝑖,3(𝑆𝑖)) �̂�𝑖,1,3 = (1 − 𝛽𝑖,2(𝑆𝑖)) (1 −

𝛽𝑖,3(𝑆𝑖)) �̂�𝑖,1,2. Under the assumption that the stocks of mains 2, 3 and 4 are independent 

and overflow demand rates are Poisson distributed, the amount that is satisfied by a lateral 
transhipment is equal to: 
 

𝛼𝑖,1(𝑆𝑖)�̃�𝑖,1 = 𝛽𝑖,2(𝑆𝑖)�̂�𝑖,1,2 + 𝛽𝑖,3(𝑆𝑖)�̂�𝑖,1,3 + 𝛽𝑖,4(𝑆𝑖)�̂�𝑖,1,4 

= 𝛽𝑖,2(𝑆𝑖)�̂�𝑖,1,2 + 𝛽𝑖,3(𝑆𝑖)�̂�𝑖,1,3 + 𝛽𝑖,4(𝑆𝑖) (1 − 𝛽𝑖,3(𝑆𝑖)) �̂�𝑖,1,3 

= 𝛽𝑖,2(𝑆𝑖)�̂�𝑖,1,2 + 𝛽𝑖,3(𝑆𝑖) (1 − 𝛽𝑖,2(𝑆𝑖)) �̂�𝑖,1,2 + 𝛽𝑖,4(𝑆𝑖) (1 − 𝛽𝑖,3(𝑆𝑖)) (1 − 𝛽𝑖,2(𝑆𝑖)) �̂�𝑖,1,2 

= [
𝛽𝑖,2(𝑆𝑖) + 𝛽𝑖,3(𝑆𝑖) − 𝛽𝑖,2(𝑆𝑖)𝛽𝑖,3(𝑆𝑖) + 𝛽𝑖,4(𝑆𝑖)

−𝛽𝑖,2(𝑆𝑖)𝛽𝑖,4(𝑆𝑖) − 𝛽𝑖,3(𝑆𝑖)𝛽𝑖,4(𝑆𝑖) + 𝛽𝑖,2(𝑆𝑖)𝛽𝑖,3(𝑆𝑖)𝛽𝑖,4(𝑆𝑖)
] �̂�𝑖,1,2 

= [1 − (1 − 𝛽𝑖,2(𝑆𝑖)) (1 − 𝛽𝑖,3(𝑆𝑖)) (1 − 𝛽𝑖,4(𝑆𝑖))] �̂�𝑖,1,2 

 
Since only a fraction of the demand of main 1 will be supplied by a lateral transhipment 
from mains 2, 3 and 4, the overflow demand rate to main 2 is equal to:  
 

�̂�𝑖,1,2 =
𝛼𝑖,1(𝑆𝑖)�̃�𝑖,1

[1 − (1 − 𝛽𝑖,2(𝑆𝑖)) (1 − 𝛽𝑖,3(𝑆𝑖)) (1 − 𝛽𝑖,4(𝑆𝑖))]
 

 
And thus,  
 

�̂�𝑖,1,3 =
𝛼𝑖,1(𝑆𝑖)�̃�𝑖,1

[1 − (1 − 𝛽𝑖,2(𝑆𝑖)) (1 − 𝛽𝑖,3(𝑆𝑖)) (1 − 𝛽𝑖,4(𝑆𝑖))]
(1 − 𝛽𝑖,2(𝑆𝑖)) 

 
And, 
 

�̂�𝑖,1,4 =
𝛼𝑖,1(𝑆𝑖)�̃�𝑖,1

[1 − (1 − 𝛽𝑖,2(𝑆𝑖)) (1 − 𝛽𝑖,3(𝑆𝑖)) (1 − 𝛽𝑖,4(𝑆𝑖))]
(1 − 𝛽𝑖,2(𝑆𝑖)) (1 − 𝛽𝑖,3(𝑆𝑖)) 

 
Finally, ℓ is introduced as any other main warehouse that can supply the overflow demand 

rate that is originating from �̃� by means of a lateral transhipment (ℓ ∈ 𝐾\�̃�). Since 

�̂�𝑖,�̃�,𝑘 = 0 when 𝑆𝑖,ℓ = 0 for all ℓ, we can describe the equations above more generally for 

�̂�𝑖,�̃�,𝑘 as: 

 

�̂�𝑖,�̃�,𝑘 ≔ {

𝛼𝑖,�̃�(𝑆𝑖)�̃�𝑖,�̃�

1−∏ (1−𝛽𝑖,ℓ(𝑆𝑖)) 
ℓ∈𝐾,ℓ≠�̃� 

∏ (1 − 𝛽𝑖,ℓ(𝑆𝑖)) , 
ℓ∈𝐾,(�̃�,𝑘) 

𝑆𝑖,ℓ > 0 𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 

𝑜𝑛𝑒 ℓ 𝜖 𝐾\{�̃�}
,

0,                                                                                𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,                    

  (H.12) 

 

When examining this formula it can be observed that it is troublesome to solve, since �̂�𝑖,�̃�,𝑘 

is dependent on 𝛽𝑖,ℓ, and 𝛽𝑖,ℓ in its turn is dependent on �̂�𝑖,�̃�,𝑘. Therefore, Kranenburg and 

Van Houtum (2009) describe an “iterative procedure” to determine �̂�𝑖,𝑘, 𝑘 ∈ 𝐾, �̂�𝑖,�̃�,𝑘, 𝑘, �̃� ∈

𝐾, �̃� ≠ 𝑘, 𝛽𝑖,𝑘(𝑆𝑖), 𝑘 ∈ 𝐾, and 𝛼𝑖,𝑘(𝑆𝑖), 𝑘 ∈ 𝐾. This procedure starts with assuming that no 
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lateral transhipments take place between the main warehouses (�̂�𝑖,𝑘 = �̃�𝑖,𝑘). Next, the 

erlang loss model is applied to determine 𝛽𝑖,𝑘(𝑆𝑖) and 𝛼𝑖,𝑘(𝑆𝑖). Then, for one main 𝑘′ the 

overflow demand rate (�̂�𝑖,�̃�,𝑘) is determined by using the equation above. Following from 

this, �̂�𝑖,𝑘′ , 𝛽𝑖,𝑘′(𝑆𝑖) and 𝛼𝑖,𝑘′(𝑆𝑖) are again determined for main 𝑘′. This step is repeated for 

all other mains 𝑘 ∈ 𝐾. Next, 𝑘′ is reconsidered and the procedure is repeated until for every 

main �̂�𝑖,𝑘 does not change more than 𝜀, where 𝜀 is a small positive number, i.e., 1 ∗ 10−14. 

We have chosen for the value 1 ∗ 10−14 here, because preliminary tests with our software 
model demonstrated that a lower value for 𝜀 obtains similar results and only lead to a 
longer computation time. For this reason, we decided that 1 ∗ 10−14 is sufficiently low. 
 Finally 𝛼𝑖,�̃�,𝑘(𝑆𝑖) is determined by: 

 

𝛼𝑖,�̃�,𝑘(𝑆𝑖) ≔ 𝛽𝑖,�̃�(𝑆𝑖)�̂�𝑖,�̃�,𝑘/�̃�𝑖,𝑘 (H.13) 
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I. Verification of VBA model 

This appendix describes the verification process more elaborately. First, a description on the 
verification of the basic VBA model is given. Next, we illustrate the verification of the 
extended VBA model with contract area waiting time objectives.  
 
Verification of the basic VBA model 
We verify the basic VBA model with instances of Kranenburg and Van Houtum (2009) to test 
the correctness of the software model. First, we verified the approximate evaluation with 
the various test instances of Kranenburg and Van Houtum (2009). From this verification, we 
conclude that the approximate evaluation is programmed correctly, since we obtain the 
exact same results as Kranenburg and Van Houtum (2009). The greedy algorithm is verified 
with a data set that is used by Kranenburg and Van Houtum (2009) to test the performance 
of their model. 
 For the verification of the greedy algorithm, we use the same data set that consists 
out of 50 SKUs and 5 warehouses. Cost prices of SKU 1,2,…,50 are 2000, 4000,…,100.000 

euro, respectively. The holding cost 𝑐𝑖
ℎ of one unit on stock is obtained by 0,25/365 times 

the cost price of the SKU. Demand rates per day for SKU 1,2,…,50 are equal for all locations 

and are 0,01;0,098;…;0,002, respectively. Lateral transhipment cost 𝑐𝑗,𝑘
𝑙𝑎𝑡 and time 𝑡𝑗,𝑘

𝑙𝑎𝑡  are 

equal for all locations and are equal to 500 euro and 0,5 days. Emergency shipment cost 𝑐𝑗
𝑒𝑚 

and time 𝑡𝑗
𝑒𝑚 are also equal for all locations and are 1000 euro and 2 days. The shipment 

time of a normal stock replenishment 𝑡𝑟𝑒𝑔 is equal to 14 days, which is the same for all 

locations. Finally, the target waiting time objective 𝑊𝑗
𝑜𝑏𝑗

 is equal for all locations and is set 

at 0,1. 
 The number of main warehouses |𝐾| varies from 0 to 5, and the number of regular 
warehouses is defined by 5 – |𝐾|. A cyclic lateral transhipment pattern is followed and 
regulars are assigned to mains in an as equal possible manner. As described in Section 5.4, 
we both test the ordered and waiting time based decision rule. In Table I.1 we demonstrate 
the differences in the results of the basic VBA model with Kranenburg and Van Houtum 
(2009). 

Table I.1: Verification of basic VBA model with Kranenburg and Van Houtum (2009) 

|𝑲| 

Kranenburg 
and Van 
Houtum 
(2009) 

Based on input sequence Based on priority to highest 
waiting time Calculation 

time 
(seconds) System cost 

Difference 
with article 

System cost 
Difference 
with article 

0 € 2.800.766,21 €  2.800.766,21 0,000% €  2.800.766,21 0,000% 56,492 

1 € 2.188.490,43 €  2.188.490,43 0,000% €  2.188.490,43 0,000% 43,664 

2 € 1.929.074,21 €  1.931.445,43 0,123% €  1.926.245,78 -0,147% 54,934 

3 € 1.886.028,17 €  1.862.375,88 -1,254% €  1.844.490,26 -2,202% 72,344 

4 € 1.819.068,70 €  1.833.701,68 0,804% €  1.809.734,28 -0,513% 101,793 

5 € 1.818.257,93 €  1.819.745,30 0,082% €  1.794.189,58 -1,324% 146,391 

 
As can be seen from Table I.1, the results from our programmed VBA model do not differ 
greatly from the results that are obtained by Kranenburg and Van Houtum (2009). 
Furthermore, it can be seen that most of the results of Kranenburg and Van Houtum (2009) 
are between our model results with the input sequence and waiting time based decision 
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rule. For this reason, it can be concluded that these deviations can be explained by the 
decision rule that is used. 

Figure I.1 illustrates the efficient frontier for the test instance |𝐾| = 5. This figure 
demonstrates logical model output, i.e., emergency shipment cost decrease as inventory 
holding cost increase. Moreover, from Figure I.1 it can also be seen that the total waiting 
time is best described by an exponential decay. This also matches our expectation, because 
as more and more parts are added to the stock, it becomes increasingly difficult to lower the 
waiting time of the system. From the comparison and the illustration of the efficient 
frontier, we conclude that the basic VBA model is programmed correctly.  

 

 
Figure I.1: Efficient frontier of test instance |𝑲| = 𝟓 

Verification of extended VBA model 
The extension of the model with contract area waiting times is verified by logical reasoning. 
As described by Caggiano, et al. (2007), a common waiting time objective for multiple 
stocking locations provides more flexibility in stock positioning. Then, it can be expected 
that lower costs are obtained when waiting time objectives are set for contract areas 
instead of a waiting time objective for every warehouse. We apply the same data set as 
used in the verification of the basic VBA model to verify if the results of our model fit this 
logical reasoning. It can be easily observed that the extended VBA model with contract area 
waiting time objectives should yield the same result as the basic VBA model for the special 

case of |𝐽𝑔| = 1 warehouse, ∀𝑔 ∈ 𝐺. From Tables I.2, I.3 and I.4 it can be concluded that 

this is indeed the case. Furthermore, it can be observed that for most test instance the total 
system cost reduces when multiple warehouses are assigned to a single contract area. Only 
for the third instance of Table I.2 we observe a negative impact on the system’s cost. We 
expect that this is caused by the illogical order of mains 3 and 5 in this test instance, i.e., a 
lateral transhipment is first requested at another warehouse before the warehouse in the 
same contract area is checked. 

However, Tables I.2, I.3 and I.4 also demonstrate that only a limited reduction in cost 
(of at most 1,5%) is reached by incorporating contract area waiting times. We suspect that 
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this is caused by the symmetric nature of the data set. Therefore, several test instances with 

an asymmetric data set have been performed. In this data set, we set 𝑀𝑖,5 = 𝑀𝑖,1/2, 𝑡1,5
𝑙𝑎𝑡 =

𝑡5,1
𝑙𝑎𝑡 = 0,25 and 𝑐1,5

𝑙𝑎𝑡 = 𝑐5,1
𝑙𝑎𝑡 = 250. Next to this, we set σ(1) as σ(1) = (5,2,3,4) for cases 

in which warehouse 5 is also a main. Hence, when main warehouse 1 does not have the part 
on stock it requests the part at main warehouse 5. When main warehouse 5 also does not 
have the part on stock, the part is requested at main warehouse 2, and so on and so forth. 
These adjustments simulate for the case that warehouse 1 and 5 are near each other, and 
warehouse 5 has less demand than any other warehouse. We have chosen for this set up, 
because we feel that it may resemble a more practical situation in which two warehouses 
are near each other and share the same contract area. Nonetheless, several different 
contract area distributions have been tested. When comparing the results of the 
asymmetric data set in Tables I.5, I.6 and I.7 with the results of the symmetric data set we 
can indeed conclude that the cost reduction is increased in an asymmetric data set. We also 
tested several test instances with 𝑀𝑖,5 = 𝑀𝑖,1 ∗ 2, which led to similar results. 

Next, we consider a setting with two identical main warehouses with the same input 
parameters as were used in the verification process of the basic model. We further verify 
our extension to the basic model by splitting one of these mains into one main warehouse 
and multiple regular warehouses with the same total demand rate, e.g., 𝐺 = {1,2}, 𝐽1 = {1}, 
𝐽2 = {2,3,4} and 𝑀𝑖,2 = 𝑀𝑖,3 = 𝑀𝑖,4 = 𝑀𝑖,1/3 (see Figure I.2 for a visualisation of these 

settings). 
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Figure I.2: Settings for extended model verification 

 
Furthermore, we define that all of the lateral transshipments within contract area 2 are 
costless and do not require any shipment time. Then, it is expected that both settings 
produce the same results. However, in Table I.8 it can be observed that this is not the case. 
As explained in Section 5.4, this inconsistency can be explained by small deviations in the 𝑟𝑖,𝑗 

and ∆𝑗𝐶𝑖(𝑆𝑖) ratios. For this reason, we programmed a roundup of the 𝑟𝑖,𝑗 and 

∆𝑗𝐶𝑖(𝑆𝑖) ratios 10 digits after the decimal point. In Table I.8, it can be observed that this 

adjustment produces the same results for all the different settings. 
Finally, we apply extreme parameter settings to further verify our model. Some 

examples of extreme parameter settings are zero demand of SKU 𝑖 at warehouse 𝑗, 
extremely high shipment cost to a warehouse 𝑗, and extremely high holding cost of an SKU 𝑖. 
The output of the model on these extreme parameter settings is checked by logic reasoning. 
Since none illogical output was observed, we conclude that the model performs correctly. 
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Table I.2: Results for symmetric data set with 𝑲 = {𝟏, 𝟐, 𝟑, 𝟒, 𝟓} 

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,0994 0,0999 0,0987 0,1000 0,1000 0,0994 0,0999 0,0987 0,1000 0,1000 € 1.794.189,58 - 

1,5 2 3 4 - 0,0995 0,0995 0,0995 0,0998 - 0,0801 0,0995 0,0995 0,0998 0,1189 € 1.794.140,54 -0,003% 

1 2 3,5 4 - 0,0996 0,0995 0,0982 0,1000 - 0,0996 0,0995 0,0834 0,1000 0,1131 € 1.800.962,35 0,377% 

1,2,5 3 4 - - 0,0998 0,0991 0,0999 - - 0,0883 0,0825 0,0991 0,0999 0,1285 € 1.793.168,58 -0,057% 

1,2,3,4,5 - - - - 0,1000 - - - - 0,1054 0,0780 0,1100 0,1042 0,1021 € 1.785.823,41 -0,466% 
 
Table I.3: Results for symmetric data set with 𝑲 = {𝟏, 𝟐, 𝟑, 𝟒} 𝒂𝒏𝒅 𝒌𝟓 = 𝟏 

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,1000 0,0980 0,0994 0,0984 0,0996 0,1000 0,0980 0,0994 0,0984 0,0996 € 1.809.734,28 - 

1,5 2 3 4 - 0,0999 0,1000 0,0999 0,0982 - 0,0785 0,1000 0,0999 0,0982 0,1213 € 1.798.062,47 -0,651% 

1 2 3,5 4 - 0,0989 0,0944 0,0999 0,0994 - 0,0989 0,0944 0,0815 0,0994 0,1184 € 1.804.897,86 -0,270% 

1,2,5 3 4 - - 0,0999 0,0990 0,0994 - - 0,0890 0,0831 0,0990 0,0994 0,1276 € 1.795.058,65 -0,818% 

1,2,3,4,5 - - - - 0,1000 - - - - 0,0913 0,0977 0,0873 0,0927 0,1309 € 1.787.758,01 -1,225% 
 
Table I.4: Results for symmetric data set with 𝑲 = ∅   

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,1000 0,1000 0,1000 0,1000 0,1000 0,1000 0,1000 0,1000 0,1000 0,1000 € 2.800.766,21 - 

1,2 3,4 5 - - 0,0998 0,0998 0,1000 - - 0,0995 0,1001 0,1001 0,0995 0,1000 € 2.792.731,96 -0,448% 

1,2,3,4,5 - - - - 0,1000 - - - - 0,1001 0,1001 0,1001 0,0995 0,1001 € 2.787.760,77 -0,725% 
 
Table I.5: Results for asymmetric data set with 𝑲 = {𝟏, 𝟐, 𝟑, 𝟒, 𝟓} 𝒂𝒏𝒅 𝝈(𝟏) = (𝟓, 𝟐, 𝟑, 𝟒) 

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,0513 0,0942 0,0995 0,0989 0,1000 0,0513 0,0942 0,0995 0,0989 0,1000 € 1.721.787,88 - 

1,5 2 3 4 - 0,0961 0,0999 0,0991 0,0929 - 0,0582 0,0999 0,0991 0,0929 0,1719 € 1.636.782,73 -4,937% 

1 2 3,5 4 - 0,0564 0,0960 0,1000 0,0999 - 0,0564 0,0960 0,0787 0,0999 0,1426 € 1.689.742,28 -1,861% 

1,2,5 3 4 - - 0,0995 0,0999 0,0940 - - 0,0538 0,1198 0,0999 0,0940 0,1501 € 1.610.296,86 -6,475% 

1,2,3,4,5 - - - - 0,1000 - - - - 0,0499 0,1324 0,1165 0,0751 0,1521 € 1.588.736,38 -7,728% 
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Table I.6: Results for asymmetric data set with 𝐊 = {𝟏, 𝟐, 𝟑, 𝟒} 𝐚𝐧𝐝 𝐤𝟓 = 𝟏 

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,0372 0,0951 0,0999 0,1000 0,1000 0,0372 0,0951 0,0999 0,1000 0,1000 € 1.717.712,04 - 

1,5 2 3 4 - 0,0909 0,0999 0,0996 0,0931 - 0,0511 0,0999 0,0996 0,0931 0,1705 € 1.630.593,36 -4,856% 

1 2 3,5 4 - 0,0454 0,0954 0,1000 0,1000 - 0,0454 0,0954 0,0804 0,1000 0,1391 € 1.696.123,44 -1,203% 

1,2,5 3 4 - - 0,0989 0,0990 0,0907 - - 0,0459 0,1272 0,0990 0,0907 0,1482 € 1.602.312,73 -6,432% 

1,2,3,4,5 - - - - 0,1000 - - - - 0,0394 0,1190 0,1410 0,0825 0,1361 € 1.570.660,47 -8,196% 

 
Table I.7: Results for asymmetric data set with 𝑲 = ∅ 

𝐽𝑔 𝑊𝑔 𝑊𝑗 Total cost Cost 
difference 𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 

1 2 3 4 5 0,1000 0,1000 0,1000 0,1000 0,0999 0,1000 0,1000 0,1000 0,1000 0,0999 € 2.737.937,56 - 

1,2 3,4 5 - - 0,0998 0,0998 0,0999 - - 0,0995 0,1001 0,1001 0,0995 0,0999 € 2.729.903,31 -0,448% 

1,5 3,4 2 - - 0,1000 0,0998 0,1000 - - 0,0817 0,1000 0,1001 0,0995 0,1365 € 2.709.422,03 -1,589% 

1,2,3,4,5 - - - - 0,0999 - - - - 0,0893 0,0899 0,0899 0,1001 0,1609 € 2.698.422,56 -2,202% 

 
Table I.8: Verification of extended model 

System setting Total system cost 𝑊𝑔 

𝐽𝑔 𝐾 𝐽/𝐾 𝑘𝑗 𝑀𝑖,𝑗 Without 
roundup 

With roundup Without 
roundup 

With 
roundup 𝐽1 𝐽2 𝑘3 𝑘4 𝑀𝑖,1 𝑀𝑖,2 𝑀𝑖,3 𝑀𝑖,4 

1 2 1,2 ∅ - - 100% 100% - - € 855.779,63 € 862.110,75 𝑊1 = 0,0996894 
𝑊2 = 0,0989031 

𝑊1 = 0,0965460 
𝑊2 = 0,0992888 

1 2,3 1,2 3 2 - 100% 50% 50% - € 855.779,63 € 862.110,75 𝑊1 = 0,0996894 
𝑊2 = 0,0989031 

𝑊1 = 0,0965460 
𝑊2 = 0,0992888 

1 2,3,4 1,2 3,4 2 2 100% 34% 33% 33% € 855.294,53 € 862.110,75 𝑊1 = 0,0988393 
𝑊2 = 0,0999140 

𝑊1 = 0,0965460 
𝑊2 = 0,0992888 

1 2,3,4 1,2 3,4 2 2 100% 50% 25% 25% € 858.621,60 € 862.110,75 𝑊1 = 0,0999627 
𝑊2 = 0,0969300 

𝑊1 = 0,0965460 
𝑊2 = 0,0992888 
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J. Transport cost calculation 

Lateral and emergency shipment costs consist out of several different cost components. This 
section defines the costs for these shipments. A major cost component of these shipments 
is the costs due to a delayed function recovery time. Therefore, we first define the average 
cost of one minute delayed function recovery time.  
  
Function recovery time (FHT) 
Defining the cost of one minute delayed function recovery time is complicated, since there 
are many factors that have an influence on this. For this reason, we estimate the cost of one 
minute delayed function recovery time with the performance indicators that are defined by 
ProRail. In this estimation we assume that all parts are critical parts and cause the same 
average cost. 

The cost of one minute delayed function recovery time is dependent on the 
performance of ASSET Rail in a contract area. Therefore, a distinction is made in these costs 
for the contract areas Gelre and Eemland. Four performance indicators relate to the 
function recovery time. These performance indicators measure the performance of ASSET 
Rail on urgent irregularities (UO) that are marked as in profile or out profile, i.e., 
irregularities that are for the contractor (ON) or for the client (OG). Tables J.1 and J.2 
describe these four performance measures, their corresponding costs and an estimation on 
the realisation of ASSET Rail on these performance measures. This estimation is based on 
the performance of ASSET Rail in the period 07-2014 till 07-2015 for Gelre and 09-2014 till 
07-2015 for Eemland. 

Table J.1: Summary of penalties and bonuses for the contract area Gelre 

Indi-
cator 

Bonus Penalty Service measure Maximum 
amount 

Estimation of 
Realization 

1. (ON) 18,- 24,- For every minute less 
or more than the total 
FHT of … for UOs and 
DOTs in which a fixed 
FHT of … minutes is 
used for each DOT 

Penalty 
corresponding 

with a total FHT 
of … 

… minutes 

2. (ON) 14.400,- 19.200,- For every minute less 
or more than the 

average FHT of 73 per 
UO on average per year 

Penalty 
corresponding 
with a FHT of … 

… minutes 

3. (ON) - +125,- For every minute more 
than … FHT for a single 

UO 

- … minutes 

4. (OG) 65,- 65,- For every minute less 
or more than the total 

FHT of … for UOs 
outside the risk sphere 

- Bonus or penalty 
… per year 
- … FHT per 
irregularity 

… minutes 
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Table J.2: Summary of penalties and bonuses for the contract area Eemland 

Indi-
cator 

Bonus Penalty Service measure Maximum 
amount 

Estimation of 
Realization 

1. (ON) 18,- 24,- For every minute less 
or more than the total 
FHT of … for UOs and 
DOTs in which a fixed 
FHT of … minutes is 
used for each DOT 

Penalty 
corresponding 

with a total FHT 
of … 

… minutes 

2. (ON) 14.400,- 19.200,- For every minute less 
or more than the 

average FHT of … per 
UO on average per year 

Penalty 
corresponding 
with a FHT of … 

… minutes 

3. (ON) - +125,- For every minute more 
than … FHT for a single 

UO 

- … minutes 

4. (OG) 65,- 65,- For every minute less 
or more than the total 

FHT of … for UOs 
outside the risk sphere 

- Bonus or penalty 
… per year 
- … FHT per 
irregularity 

… minutes 

 
From Tables J.1 and J.2, we can conclude that there are some similarities of the 
performance of ASSET Rail between Gelre and Eemland. For instance, it can be observed 
that performance indictor 3 is never reached, and that the maximum amount of 
performance indicator 4 is realized. For these reasons, we assume a cost of zero for these 
performance indicators, since we expect that this will not change. For performance indictor 
1 it can be observed that this indicator is met both at Gelre and at Eemland. Therefore, for 
this indicator we use a cost of 18 euro per minute delayed FHT in both Gelre and Eemland.  

It can be observed that indicator 2 is currently not met at Gelre. Next to this, this 
indicator is only just met at Eemland. It may, however, be the case that the inventory model 
leads to a reduction in the average FHT. Therefore, we will apply a cost fact of 
14.000+19.2000

2
= 16.000 for this indicator that resembles the penalty cost or missed bonus. 

Because performance indicator 2 is an average FHT of UOs over a year, we determine the 
share of one minute delayed FHT for a single UO. For this reason, we divide the cost of 
16.000 euro by the number of UOs in the contract area. Following this reasoning, we obtain 

a cost factor for performance indicator 2 of 
16.000

196
= 82 euro and 

16.000

258
= 57 euro for one 

minute delayed FHT at Gelre and Eemland respectively. 
However, not every UO is classified as in profile (ON). Therefore, we use a ratio to 

determine the percentage of UOs that are marked with ON or OG. From historical data of 
the contract areas Gelre and Eemland we observed that on average respectively 50% and 
62% of the UOs is marked with ON. Then, it is estimated that on average one minute of 

delayed FHT cost 0,5 ∗ (18 +
16.000

196
) + 0,5 ∗ 0 = 50 euro for Gelre, and 0,62 ∗

(18 +
16.000

258
) + 0,38 ∗ 0 = 46 euro for Eemland. 

 
  



83 

Shipment cost 
Railpro charges a fixed cost of 257,50 euro for using their emergency service. For the labour 
and fuel cost of lateral transhipments we apply a cost of 1,- euro per minute. Table J.3 
summarizes the cost components of lateral and emergency shipments. In Table J.4, we 
determine the lateral and emergency shipments cost with the cost components of Table J.3 
for the stocking locations of ASSET Rail. 

Table J.3: Shipment cost factors 

Location 
Delayed FHT cost 

per minute 
Labour + fuel cost 

per minute 
Fixed emergency 

shipment cost  

1: Amersfoort € 46 € 1,00 € 257,50 

2: Bemmel € 50 € 1,00 € 257,50 

3: Doetinchem € 50 € 1,00 € 257,50 

 
Table J.4: Lateral and emergency shipment cost 

𝑐𝑗,𝑘
𝑙𝑎𝑡 euro 

From 𝑘 
   1: A 2: B 3: D 
 

𝑐𝑗
𝑒𝑚 euro 

To 𝑗 

1: A - € 3.078  € 3.552  
 

1: A € 4.198 

2: B € 3.303  - € 2.541  
 

2: B € 6.186 

3: D € 3.811  € 2.541  - 
 

3: D € 6.684 
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K. Sensitivity analysis 

This appendix discusses the other parameters from the sensitivity analysis that were 
considered to be uninteresting for the main text. 

Average cost of one minute delayed FHT (shipment cost) 

This section discusses the sensitivity analysis on the average cost of one minute delayed 
FHT. In Appendix J we estimated this cost parameter based on the performance of ASSET 
Rail and the contractual penalties or bonuses given by ProRail. We perform a sensitivity 
analysis on this parameter, because this cost parameter is hard to estimate since it is 
dependent on a large number of factors. Note that this parameter has a large impact on the 
lateral transhipment and emergency shipment cost. Hence, by performing a sensitivity 
analysis on the average cost of one minute delayed FHT we also execute a sensitivity 
analysis on the lateral transhipment and emergency shipment cost. We expect that for 
critical items the cost of one minute delayed FHT is between 50% and 150% of the values 
from Section 6.1. However, out of interest we tested this parameter on a scale of 0% to 
200% to examine the output of the scenario’s for less critical SKU’s. 
 Figure K.1 demonstrates the impact of the delayed FHT cost on the model’s output. 
In this figure, it can be observed that especially for low values of delayed FHT cost the multi-
item models are performing better than the single-item models. When observing the graph 
of the total stock (see Figure K.8), we can clearly see that the single-item models stocks less 
items than the multi-item models for the case of zero delayed FHT cost. From this we can 
conclude that the single-item models stocks more expensive items than the multi-item 
models. 
 

 
Figure K.1: Total relevant cost for different delayed FHT cost 

Figure K.2 demonstrate the differences in the optimal relevant cost when the delayed FHT 
cost are under- or overestimated. We can observe that the single-item inventory control 
models are insensitive to changes in the delayed FHT cost. In Section 6.3.3 we can observe 
that this is caused by the average waiting time objective which is already met by the multi-
items models in step 2 of the greedy algorithm. In Section 6.3.3 we elaborate more on this 
point. Contrastingly, the multi-item models demonstrate a strong deviation in the optimal 
relevant cost when the delayed FHT costs are greatly overestimated. Hence, from this 
sensitivity analysis we conclude that especially low values of delayed FHT cost should 
accurately be estimated for the multi-item models.  
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Figure K.2: Difference from optimal relevant cost by over- or underestimating the delayed FHT cost 

Demand rate 

A sensitivity analysis is performed on the demand rate in which all demand rates deviate 
from 70% to 130% of the normal demand rate, while base stock levels are optimized and 
evaluated. Figure K.3 illustrates the results of this analysis. From this figure we can conclude 
that a lower or higher demand rate does not harm our results, i.e., the MI-ML scenario 
results in the lowest total relevant cost and the SI-SL scenario in the highest. 
 

 
Figure K.3: Total relevant cost for different demand rates 

Similarly as in the previous sensitivity analyses, we also compared the difference in cost with 
and without deviation in the demand rate, while base stock levels are kept at a constant 
level. Figure K.4 demonstrates the deviation from the optimal costs when demand rates are 
under- or overestimated. From this figure, we can conclude that the single-item inventory 
models are more sensitive to incorrectly estimated demand rates. When examining the 
difference in the average waiting time (see Figure K.5), we can observe that the single-item 
inventory controls models are more sensitive to an underestimated demand rate. 
Contrastingly, the multi-item inventory control models are more sensitive to an 
overestimated demand rate. The latter seems less problematic to us, as the objective 
waiting times are still reached when the demand rate is overestimated. 
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Figure K.4: Difference from optimal relevant cost by over- or underestimating the demand rate 

 
Figure K.5: Difference in average waiting time by over- or underestimating the demand rate 

Other graphs from the sensitivity analysis 

This section illustrates the other graphs from the sensitivity analysis that were considered to 
be uninteresting. 
 

 
Figure K.6: Changes in total stock for different holding cost percentages 
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Figure K.7: Changes in total stock for different order lead-times 

 
Figure K.8: Changes in total stock for different delayed FHT cost 

 
Figure K.9: Changes in total stock for different demand rates 

 


