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Abstract
Evaluating the performance of an inventory system in different scenarios is a challenging problem
because of the complexity and uniqueness of such systems. Therefore, in Multi-Echelon Inventory
Optimization research, simulation has become mainstream for the modeling of a real-world
supply chain; however, a simulation model is time-consuming to develop and hard to reuse, share
and maintain. Research of Wagner (2017) introduced a conceptual model based on both data
& process models to express simulation models. Using this conceptual model highly increases
the shareability and maintainability, but process & data models are still hard to reuse and
time-consuming to model. This master thesis develops a method to efficiently develop simulation
models for a set of inventory systems with different characteristics. The method adapts and
extends the research of Wagner (2017) by carefully considering the characteristics of an inventory
system. With the introduction of existing concepts from both Software Product Line Engineering
(SPLE), and Multi-Echelon Inventory Optimization (MEIO) a method is created that enables
practitioners to efficiently create a simulation model that is understandable, maintainable and
easy to share with stakeholders of different expertise.

Keywords – inventory system, simulation, conceptual model, variability, case study, process
modeling, data modeling, classification, model-driven engineering
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Executive Summary
Motivation
This master thesis project was conducted at the supply chain consultancy department of ORTEC.
A lot of clients of ORTEC are lacking performance in their inventory system, mainly due to old
sub-optimal inventory management techniques. ORTEC wants to consult on these problems, but
evaluating the performance of an inventory system in different scenarios is a challenging problem
because of the complexity and uniqueness of such systems. Therefore, simulation has become
mainstream for the modeling of a real-world inventory systems. However, creating a simulation
model is time-consuming and hard to reuse, share and maintain. Therefore, efficiently creating
simulation models for variant inventory systems was the motivation of this research.

We based our research on a method introduced by Wagner (2017). He creates a conceptual model
based on both data & process models, adapted from the Information System (IS) research area
to express simulation models. This research is focused on general simulations and is not specified
for inventory systems. By doing research in the field of inventory management, it was concluded
that most inventory systems have many similar characteristics. Therefore, it would be beneficial
if (parts of) the simulation models can be reused. The following research question was defined.

RQ: “How can an inventory simulation model efficiently be expressed using a conceptual
model, such that both models can be reused for different inventory systems?”

Analysis
In order to be able to reuse parts of a simulation model, we defined two concepts that need to be
introduced. First, we need to be able to define the commonalities (i.e. similar characteristics)
between and within an inventory system in order to determine which parts of the simulation
model can be reused and which parts need to be developed. Next, in order to efficiently model
this diversity, we need to introduce a way to model both the commonalities and variabilities.

To adapt concepts that account for these problems, we performed research in two directions.
First, we researched the direction of Multi-Echelon Inventory Optimization (MEIO) and adapted
a classification method that enables easy comparison between inventory systems. Furthermore,
we adapted a concept to easily model an inventory network based on multiple stockpoints. This
enables to assign process & data models to the respective stockpoints, which will help to define
diversity within an inventory system. Next, research in the direction of IS led to the concept of
variability modeling from the field of Software Product Line Engineering (SPLE). Adapting this
model helps to reuse process & data models even for stockpoints with different characteristics.

Introducing existing concepts from both research fields allowed us to extend the method of
Wagner (2017) in order to increase efficiency, maintainability, and understandability with a focus
on inventory systems. After these different concepts were extensively researched, we performed
multiple case studies. The case studies were extracted from literature and selected based on
increasing complexity and availability of information. By performing these case studies in an
iterative manner, we were able to test the reusability of previous models. The evaluation through
multiple case studies proved that the concepts were applicable, and helped by designing a



vi

comprehensive method that effectively combines all the concepts.

Design
As a result of this research, we developed a method that helps one to efficiently develop a
simulation model used for the performance evaluation of inventory systems. The method is
built upon research of Wagner (2017) and extended by multiple existing concepts. From MEIO
literature, a classification concept and a graph model are adapted, whereas a variability model is
introduced from the field of SPLE. The method distinguishes four steps that guide practitioners
towards a simulation model.

In the first step, one classifies the system based on a classification concept from key researchers
in the field of MEIO. The concept is extended in this research in order to capture all aspects of
an inventory system that influence their performance. The classification concept can be used
to compare the inventory system of interest with both literature, to search for optimization
heuristics and field studies, or with previous simulations, to define the parts that can be reused.
In the second step, the supply chain of the inventory system is modeled based on a graph model.
In this model different stockpoints are defined, and the variability between stockpoints within a
system can be noted by mathematical expressions. The latter is input for the process and data
models which will be developed in the third step. This step is mainly based upon research of
Wagner (2017) and distinguishes two levels according to the MDE-paradigm. The different levels
help to easily share the simulation with both business and software experts. By introducing a
variability model, we were able to express different design options for stockpoints into a single
process & data model. It is concluded that this is an important efficiency improvement over the
method of Wagner (2017) since developing process & data models can be very time-consuming.
In the last step, the simulation model is created. In performing the case studies we used the C#
programming language to develop the simulation model. It is assumed that this method can be
used in combination with other simulation techniques; however, testing this ability was outside
the scope of this research.

The designed method is validated through a real-world case study and evaluated by interviews
with three business stakeholders of ORTEC. It is proven that this method enables practitioners
to efficiently create a simulation model that is understandable, maintainable and easy to share
with stakeholders of different expertise.

Conclusion
By means of this method, one is able to efficiently create a simulation model for different inventory
systems. We expect that this will help ORTEC to accelerate future inventory assessments. During
the validation of this method, the classification method, and the expression of the conceptual
model in both a process & data model as well as a domain & design level, were acknowledged as
two advantages that are very important to the company, they are believed to increase the quality
and decrease the modeling time of an inventory performance evaluation.

At last, we believe that this research will contribute to related academic research with a focus
on both efficiently modeling simulations and inventory optimization using simulation. The
introduction of variability to the conceptual model of Wagner (2017) proved to be very useful
and can be used in fields other than inventory systems as well.
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1 Introduction
Managing inventory is a challenging task for many companies. This master thesis project is
conducted at ORTEC to develop a method to analyze and optimize the inventory systems of
their clients. In this chapter, first, the background is discussed followed by an introduction to
the problem. Later, the research questions will be stated, based on the defined problem. At last,
the applied methodology to solve the problem is introduced.

1.1 Context & Motivation

1.1.1 ORTEC

ORTEC is a provider of optimization software and consulting services with broad experience in
Big Data, Supply Chain, Demand Forecasting, etc. The company tries to make the business of
their clients more efficient and more predictable by using mathematical models, optimization
software and analytical skills. The company offers optimization software as well as consultancy.
The consultancy department has domain experience in, amongst other things, Supply Chain
Management & Optimization, Demand Forecasting and Capacity & Resource Planning.

1.1.2 Center of Excellence Supply Chain

ORTEC Center of Excellence (CoE) is a department within ORTEC Consulting (OC) and its
objective is to assist ORTEC Consulting with additional expertise, skills, and support. The
department is divided into multiple teams with their own field of expertise. One of these
teams focuses on Supply Chain, which initiated this Master Thesis Project. They aim to build
knowledge on focus areas, which include, amongst others, inventory management and Multi-
Echelon Inventory Optimization (MEIO). This Master Thesis Project will contribute to the
development of knowledge in these project areas.

1.1.3 Information Systems

This Master Thesis Project is the finalizing part of the master Operations Management & Logistics
at the Eindhoven University of Technology. This master distinguishes multiple research areas,
whereas this project will be in both the Information Systems (IS) and the Operation, Planning,
Accounting, and Control area. The latter is more related to the focus areas of ORTEC; however,
the introduction of the Information System area to this project will be of significant value. With
its focus on design, optimization and computer-aided support of operational processes, research
in this area will contribute to the development of the artifact in this Master Thesis Project.

1.2 Problem Definition

In short, ORTEC wants to be able to evaluate the performance of inventory management systems
because many of their customers lack performance due to old – suboptimal - techniques or
unnecessarily high service levels. Although several reasons underlie this suboptimality, they all
mainly relate to the many aspects that are subject to an inventory system, which increases the
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complexity of the inventory models. To capture these aspects, a simulation is the best option to
realize ORTEC’s want. Therefore, ORTEC wants to have a simulation tool (i.e. an executable
low-level computer program that combines multiple simulation models) that is able to simulate
variant real-world inventory systems. This tool can be used to evaluate and demonstrate the
performance of an inventory system for various scenarios. In order to analyze different systems,
the simulation models present in this tool must allow to change or add dimensions. Therefore, a
high-level1 conceptual model will be used as a basis for the low-level simulation model, which
is proposed by work of Wagner (2017). The conceptual model from Wagner (2017) is based on
process & data models that are used to express simulation models. However, his research is
focused on general simulations and is not specified for inventory systems. By doing research in
the direction of inventory management, it was concluded that most inventory systems have a lot
of similar characteristics. Therefore, it would be beneficial if (parts of) the simulation models
can be reused. This Master Thesis Project will be aimed at extending the research of Wagner
(2017) to efficiently create simulation models for a set of inventory systems that have different
characteristics.

Whereas the paragraph above gave a short and concise description of the problem definition,
below the problem definition will be introduced more extensively to provide more context.

1.2.1 Inventory Management

Inventory in a supply chain is held to act as a buffer between supply and demand. To control
these stockpoints (i.e. physical locations where inventory is stored), one has to deal with the
trade-off between service level and inventory costs. The stockpoints that can be controlled and
optimized, which are in the interest of this research, are defined as an inventory system. An
inventory system is defined as a system encompassing the inventory-related processes of one or
more predefined stockpoints forming a supply chain that supplies one or more products. This
indirectly means that these systems will highly differ since real-world supply chains are barely
equally designed. Next to the structure of the supply chain network, other aspects can influence
an inventory system as well, such as the active market, resources within an inventory system, and
the way of controlling the system. Note that an inventory system most likely exists of multiple
stockpoints (e.g. a central warehouse and multiple retail shops); therefore, all these aspects can
differ between or even within an inventory system.

Practical example
To get an idea of the dynamics and the choices within such an inventory system a short example
is discussed. The system used, is simplified to be understandable at this point in the report. A
more extensive description of the system is discussed in Section 5.1.3, for a complete description
we refer to the paper of Gallego et al. (2007). We consider a company that owns two physical
bookshops only selling a single booktype. To restore the inventory of the bookshops, the company
owns a central warehouse that is located at a strategical location. The inventory of the central
warehouse is restored by an external supplier that is assumed to have ample stock. Every day on
average eight customers enter the store to buy one book. Therefore, the demand at each retailer

1 This is a matter of viewpoint. In fact, model design is hierarchical. Each level of design sees itself as
high-level design. For this definition, the viewpoint of the software architect is taken.



1.2 Problem Definition 3

follows a Poisson distribution with rate 8 (� = 8). A graphical notation is shown in Figure 1.1.

Figure 1.1: Example inventory system

If customers enter the store and no books are available, the sale is lost. Therefore, we want to
have sufficient inventory in the stores to provide a high service to our customers. However, since
the stores are located in prime locations, keeping inventory is costly, whereas keeping inventory
in the warehouse is much cheaper. Two situations are considered, (A) the warehouse is closely
located to the supplier, or (B) the warehouse is closely located to the shops. The two situations
are presented in Figure 1.2, whereas the leadtime (i.e. time from placing an order to delivery of
ordered items) between the stockpoints is denoted in red. In situation A, the leadtime to the
warehouse is 2 hours; whereas the leadtime to the shops is 2 days. In situation B it is the other
way around. The optimal inventory positions (IP) for both systems are derived from research of
Gallego et al. (2007). The optimal inventory positions differ per situation and are denoted in the
respective node of Figure 1.2.

Figure 1.2: Optimal inventory position in two situations

As can be seen from this small example, the leadtime between stockpoints highly influences
the optimal inventory position per stockpoint. There are many other factors that influence
the performance of an inventory system as well. Examples are, the maximal capacity of each
stockpoint, the replenishment policy, and the possibility of backordering (i.e. fulfill an order later
if there is insufficient inventory available at the moment the order is placed).

Multi-Echelon Inventory Optimization
Often, the stocking points in such inventory systems are controlled and optimized from a single-
echelon point of view, meaning that the stockpoints are managed more or less in isolation.
Typically, in such a situation, there is a service target specified for the isolated stockpoint, and
often the inventory is only managed based on local information. In general, a stockpoint has a
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function in the supply chain network, and the overall network has a service target. Moreover,
information from other stockpoints in the network may be very valuable to manage stockpoints
efficiently and effectively. IT development enabled companies to control the stockpoints along their
entire supply chain by using global information. This opened the field of Multi-Echelon Inventory
Optimization (MEIO), which produces results that dominate single-echelon policies (Hausman
and Erkip, 2008). The academic research resulted in algorithms that can be implemented by
companies to optimize their inventories throughout the supply chain. However, MEIO is complex
to understand and implement. The intuition of the impact and added value of MEIO is not easy
and often not understood by business managers. As a result, in practice, these methods and
opportunities are hardly used.

The fact that companies still use suboptimal inventory policies is noticed by ORTEC as well.
Several clients are struggling with optimizing their inventory and ORTEC wants to be able to
consult on these problems. Therefore, ORTEC has to deal with the complexity of the supply
chain networks of their clients. As a means to tackle the complexity, the simulation method has
become mainstream for the modeling of a real-world supply chain (de Kok et al., 2018) (Ye and
You, 2016). Simulation can be very helpful to create awareness of the opportunities of MEIO
and to analyze the impact of inventory policies in different scenarios.

1.2.2 Modeling & Simulation

Since simulation is accepted as a method to tackle the complexity of real-world supply chains,
ORTEC would like to develop a simulation tool in order to evaluate the performance of inventory
systems. Since the definition of ‘good performance’ can differ per case, the term performance
is used to refer to the trade-off between costs and service levels. Simulation is an approximate
imitation of the operation of a process or system, in this case, the process of managing inventory.
This Master Thesis focuses on a particular form of simulation, discrete-event simulation (DES).
Furthermore, the simulation models will mainly consider the dynamics of the supply chain
related to inventory management. The stockpoint will be considered a black box that can hold
parameters of uncertainty and boundaries, such as lead times and capacity. Therefore, the supply
chain network is the basis of the simulation. Every stockpoint inside the network will be seen
as a (unique) black box that keeps inventory and ships products. Uncertainties like machine
failures, set-up times and maintenance are not simulated and may be modeled as a fraction of
the lead times used.

In the field of MEIO, there are multiple studies that use simulation to optimize or evaluate
inventory performances (de Kok et al., 2018). These studies make a lot of assumptions about
the inventory and supply chain dynamics, to focus on a single type of system. Therefore, the
simulation models used should be adapted or extended to be useful for the cases of ORTEC.
However, the simulation models are barely shared, and more importantly, the way such simulation
models are built is not discussed or disclosed. This means that research on the simulation models
cannot be reused or validated by the reader.

Therefore, a new simulation model has to be built. Because of the uniqueness of most supply
chains, in general, this becomes a prevailing situation. Since the development of a simulation
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model is time-consuming, we want to develop a method that enables to efficiently evaluate different
inventory systems. The typology of de Kok et al. (2018) introduces multiple dimensions to classify
an inventory system. The dimensions are defined as the aspects (e.g. capacity, replenishment
policy, leadtime) that can variate and influence the performance of an inventory system. Since
it seems too ambitious to cover all possible inventory systems, we want to create a model with
a limited scope, that can be extended in the future if needed. This means that the simulation
model must be built such that it can be maintained and that features can be added to change or
add dimensions. Therefore, the simulation must be developed in a well-founded and structured
way, and it must be documented in a way that it can easily be reused, evolved, maintained and
shared. However, current research in the direction of multi-echelon inventory simulation does not
discuss such models. Therefore, the research of this Master Thesis focuses on the Modeling &
Simulation (M&S) field as well. The integration between these two research fields, to properly
document a simulation model in order to easily adapt it to evaluate different inventory systems,
is believed to be unstudied.

In the field of Modeling & Simulation, research focuses on the development of conceptual models
for a simulation model. In MEIO research, on the contrary, typically a researcher directly jumps
from a real-world problem domain to the development of a simulation model. However, the design
of a conceptual model is important since a high-level model would be more comprehensible and
easier to communicate, share, reuse, maintain and evolve (Wagner, 2017). In the field of M&S,
multiple methods and frameworks are introduced that focuses on the development of a conceptual
model. By studying this field of research we concluded that the method of Wagner (2017) is most
suitable in our research. In the next chapter, we elaborate further on this conclusion. Research
of Wagner (2017) introduces a conceptual model based on both data & process models, adapted
from the Information System research area, to expresses a simulation model. This research is
focused on general simulations and is not specified for inventory systems. By doing research in
the direction of inventory management, it was concluded that most inventory systems have a lot
of similar characteristics. Therefore, it would be beneficial if (parts of) the simulation models
can be reused. Current research in the field of M&S nor MEIO seems to focus on this practice.

In conclusion, in both MEIO literature as in practice, typically, one directly jumps from analyzing
the real-world problem domain to the development of a simulation model. In that case, the
focus is on the results of the simulation and not on the approach (i.e. steps taken to develop
the simulation). In that way, a lot of valuable knowledge, which is obtained by developing the
simulation, is lost. In this research, we will research the development of an artifact that focuses
more on the approach. This artifact structures the approach and stores the obtained knowledge
in such a way that it is easily shareable and reusable. Therefore, less knowledge is lost, which
results in increased efficiency of the development of new simulation models. In order to develop
such an artifact, this research focused on extending the research of Wagner (2017) to enable
efficient development of simulation models for variant inventory systems. Efficiency, in this case,
refers to the development of simulation models in less time (i.e. in comparison to not using a
method) that are of equal or higher quality. To decrease the development time we focus on the
reusability of simulation and conceptual models. Next to the efficiency, the simulation model
must be easily understandable, maintainable and shareable in order to retain valuable knowledge.
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1.3 Research Questions

The goal of this project is to obtain a method that is able to efficiently develop a simulation
model for different inventory systems. Current research in the direction of MEIO is lacking the
ability to easily reuse (parts of) the simulation model. Therefore, a conceptual model is used to
express the simulation model. Using this conceptual model highly increases the shareability
and maintainability, but the literature review showed that process & data models are still hard
to reuse and time-consuming to model. This research is aiming to fill this gap; therefore, the
research direction can be formulated by the following research question (RQ):

RQ: “How can an inventory simulation model a efficiently be expressed using a conceptual
model b, such that both models can be reused c for different inventory systems?”

a Defines an executable low-level computer program that is platform-specific and simulates an (real-world)
inventory system.

b The conceptual model will be consisting of both a data model and a process model.
c Another inventory system can differ in their dimensions; with the use of the conceptual model it is
intended to easily classify what needs to be adjusted in the simulation model to reuse it for a new case.

This research question will be the starting point of the Master Thesis. To structure the research
to answer this research question, the following sub-questions are defined:

1. RQ-1: How can an inventory system be described such that it captures all the relevant
aspects that influence the performance of the system?

1.1. Which aspects are relevant to evaluate the performance of an inventory system and
how can they vary between systems?

1.2. In what way are the aspects related to each other?

2. RQ-2: How could the method of Wagner (2017) be extended in order to efficiently model
the variable aspects of an inventory system by smartly using variability and commonalities?

2.1. Background based on research of Wagner: How to express a simulation model using
process and data models?

2.2. How to include different variants of inventory system aspects in a conceptual model?

2.3. How to express process and data commonalities within an inventory system, to enable
reusability?

3. RQ-3: How can the concepts, which enable efficient modeling of simulation models, be
combined in a formal method?

3.1. How are the different introduced modeling concepts related to each other?

3.2. Which steps can be distinguished, what is their purpose, and which modeling concepts
are used?

3.3. Which shortcomings of the Wagner method are resolved by the proposed method?

4. RQ-4: How to evaluate the newly developed method?

4.1. On which factors is the method aiming to improve effectivity?

4.2. How can this method be validated?
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1.4 Methodology

In this section, the methodology used to successfully answer the research questions will be
discussed. This Master Thesis Project can be classified as Design Science research. Design
Science in Information System research creates and evaluates IT artifacts intended to solve
identified organizational problems (Peffers et al., 2007). In our case, the artifact of interest is
a method, which will be developed to solve the problem of simulation models that are time-
consuming to model, and hard to reuse, share and maintain. Therefore, we use the Design Science
Research Methodology presented by Peffers et al. (2007). This methodology exists of a process
model consisting of six activities in a nominal sequence, which are presented below.

1. Problem identification and motivation.

2. Define the objectives for a solution.

3. Design and development.

4. Demonstration.

5. Evaluation.

6. Communication.

Although this process is structured in nominally sequential order, there is no expectation that
researchers would always proceed from activity one to activity six (Peffers et al., 2007). In
our case, an objective-centered solution is triggered by ORTEC’s need for an efficient way of
evaluating inventory performance. This objective will be addressed by the development of an
artifact. Therefore, our research started at the second step, and in the previous part of this
section, the problem is identified and motivated which is captured in the first step.

1.4.1 Research Design

At this point, the problem is identified and the objectives are defined; therefore, the rest of the
research design will be structured according to the remaining steps (3-6). The approach and
contribution per step will be discussed in this section, whereas the scientific relevance is discussed
afterward.

Step 3: Design & Development
In this step, the artifact is created. Since this can be seen as the core of the design science
project, this step is further subdivided into more discrete activities that are related to the research
questions.

Moving from objectives to an artifact design includes knowledge of theory that can be brought
to bear in a solution (Peffers et al., 2007). Therefore, relevant information that is needed to
perform this research is obtained. This is achieved by performing a literature review. In order to
be able to reuse parts of a simulation model, we defined two features that need to be introduced.
First, we need to be able to define commonalities between and within an inventory system in
order to determine which parts of the simulation model can be reused and which parts need
to be developed (RQ-1). Therefore, we researched the direction of Multi-Echelon Inventory
Optimization. Next, in order to efficiently model this diversity (i.e. parts that are similar and
parts that are different), we need to introduce a way to model both the commonalities and
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variabilities (RQ-2). Therefore, research in the direction of Information Systems was performed.
Based on this research multiple concepts from both MEIO and IS literature are adapted that are
complementary to the research of Wagner (2017).

Next, to develop the artifact, the concepts introduced need to be tested and evaluated. To do so,
the development is based on multiple case studies that will give different insights. This allows
us to adapt and evolve the concepts into a comprehensive method. The case studies represent
inventory systems and are selected and performed in increasing complexity. In that order, we are
able to test the reusability of models. The selection of the cases will be further introduced in a
later part of this chapter. To develop the method, an agile development methodology is used in
this project. This means that the simulation models for the respective inventory systems are
developed in an iterative manner instead of the more linear waterfall approach. The iteration
points in this case are the case studies itself. So instead of first developing one concept for all
case studies, all the concepts are applied per case before moving to the next case. There are
several reasons to choose this development methodology; first, the integration of conceptual
modeling in the field of MEIO research has not been studied so far; therefore, the risk of this
project is respectively high. With short iterative development cycles, risks can be identified
on short notice and directly acted upon. Second, with the agile method, one directly starts to
build on the simulation model in the short development cycles. This will be beneficial to get
the support of ORTEC at an early stage since the project will become more tangible within the
company. The deliverables of these case studies will be a summary of the case studies and the
main findings of the evaluation of each of them, which is the basis of the design of the formal
method. Evaluation of the case studies is performed in a qualitative manner by discussing the
cases with potential users of the method at ORTEC. To consider a range of expertise, both a
software engineer and business consultant are selected. These two roles are chosen because it is
believed that both expertises are needed in these projects, which is confirmed by ORTEC. The
business consultant will be more focused on the first parts of the method, where the inventory
system will be turned into a conceptual model. Whereas the software engineer has more focus
on the second part of the method, which includes the transformation from conceptual model
to simulation model. With the evolvement of the different concepts and practical evaluation of
them, at this point in the research both RQ-1 and RQ-2 will be answered.

With the development of the concepts through case studies, we will be able to design a formal
method. The design of this artifact is based on the evaluations of the performed case studies, and
reviewed literature. Furthermore, we build upon the conceptual model introduced by Wagner
(2017). So taking his research as a starting point, the adapted concepts from literature are
combined into a comprehensive artifact. Deliverable of this phase will be a concise and complete
description of the formal method, which will clearly highlight the extensions in comparison to
work of Wagner (2017). With the presentation of this artifact, the third step in the methodology
is finished. Furthermore, at this point the answer to RQ-3 is present.

Step 4: Demonstration
The fourth step includes the demonstration of using the artifact (Peffers et al., 2007). Therefore,
the formal approach is applied to a real-world case. Whereas the cases used in the previous step
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will be extracted from scientific papers, this case will be from a real company and therefore lacks
assumptions and a clear system description. This allows us to test the method in a business
setting. Again, the selection of this case will be discussed in more detail in the next section. The
goal of this step is to test and show the applicability of the method to a real-world business
problem that ORTEC is likely to face in the future. Deliverable of this step is an extensive
elaboration of the case study.

Step 5: Evaluation
The next step includes the evaluation of the designed artifact. The best way to evaluate the
designed artifact is to compare it to a situation in which no method is used, and a situation where
the method of Wagner (2017) is used. In that case, three different users need to develop the same
simulation model which is not feasible for ORTEC in terms of time and costs. Therefore, we
evaluated the method by interviewing potential users of the method at ORTEC. The employees
were selected based on their expertise and knowledge. Therefore, we tended to have at least three
employees with a diversity of business consultant and software engineering expertise. Furthermore,
we selected employees with a basic knowledge (i.e. they are familiar with the existence and are
able to correctly interpret the concepts) of inventory management and process & data modeling.

Deliverable of this step is an extensive evaluation based on the feedback that was provided by the
interviewees. At this point, we were able to answer the last research question (RQ-4). Findings
of the performed case study at the previous step are as well input for answering this question.

Step 6: Communication
In the last step of the methodology, the problem, and the artifact are communicated. In our
research, this is done by presenting the Master Thesis Project to both the university (TU/e) and
ORTEC.

1.4.2 Scientific Relevance

By conducting this Master Thesis Project not only an artifact is created to achieve the objective
of ORTEC. We believe that this research will contribute to scientific research as well. Therefore,
the scientific relevance of this research is discussed in this section, and mainly based on the
performed literature review discussed in the next chapter. Since this research is conducted on
the intersect between MEIO and IS research, we believe that this research can be relevant for
both fields.

At first, it is concluded that simulation is extensively used in MEIO research (de Kok et al.,
2018); however, information about the design is barely shared. Therefore, the relevance of this
research for this field of research is two-folded. By using the developed method, researchers are
better able to validate the simulation model by investigating the conceptual model. This will lead
to an increase in the quality and credibility of the research. Furthermore, by using the artifact,
researchers can share, maintain, and reuse their simulation models more easily. In that sense, a
lot of work and time can be saved since simulation models do not have to be built from scratch.

Designing this artifact, on the other hand, is related to the IS research field. With the development
of the artifact, we try to improve the efficiency of creating both simulation and conceptual models.
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By adapting and extending the work of Wagner (2017) in this field, there is a clear scientific
relevance. To the best of our knowledge, so far the introduction of variability to the conceptual
model of Wagner (2017) was not investigated. This extension, together with the general artifact
is believed to contribute to IS research.

1.4.3 Cases

Multiple cases are used in this research to test, extend, and evaluate the adapted concepts that
help to efficiently develop simulation models. In this section, the cases that are determined to
be suitable for this research are introduced. It should be noted that some of the terms used to
define the cases are not yet introduced. In the case of unknown terms, we refer to Appendix A1,
which extensively describes all the relevant aspects of inventory systems.

Design & Development phase
Three cases will be used in this phase. These cases will be extracted from scientific papers, and
do not represent real inventory systems. The first case is similar to the inventory system used as
an example in research of Wagner (2017). The inventory system that he uses as an example to
validate his conceptual simulation model will be extracted and used as a case. To get familiar
with the concept of a conceptual simulation model, this case is a perfect start because of the
simplicity and the worked-out example provided in the paper. To test the concept of variability,
one of the dimensions of the inventory system will be changed to create a second case.

The purpose of the third case is to further investigate the variability concept of the model;
therefore, the complexity of the inventory system needs to increase by changes in multiple
dimensions. To select an appropriate inventory system the following criteria are determined:

� Multiple echelons.

� A different network structure than serial.

� A base-stock policy.

� Different parameter settings available.

� Optimal numerical results are known and present.

The first three criteria are defined because they differ in their dimension from the first two cases;
therefore, we are able to test the evolvement of previous simulation models on multiple dimensions
in a more complex inventory system. The fourth criterion is used to not only investigate the
variability in dimensions but as well the parameter settings that are related to the features. This
criterion is not directly related to the development of our method. It rather focuses on the
practical usability of the simulation model that will be developed for ORTEC through these
cases since they will perform sensitivity analysis to evaluate the inventory systems. The latter
criterion is set to be able to evaluate the results of the simulation tool that was built. This is
used to deliver a valid and reliable simulation model to ORTEC.

Based on these criteria and the input of the second supervisor, Zümbül Atan, the scientific paper
of Gallego, Ozer, and Zipkin is chosen to use as a second case (Gallego et al., 2007).

Evaluation phase
A single real-world case will be used in this phase. To select a suitable case, again, certain criteria
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are set, which are enumerated below:

� Historical data/information must be available about the inventory system.

– Sales data.

– Order data.

– Network structure.

– Replenishment policy.

� The inventory system must contain a minimum of two echelons (i.e. multi-echelon).

� The inventory system contains a maximum of 10 installations.

� Optimal results are unknown.

The first criterion is chosen to be able to model the real-world case. There is no option to conduct
additional interviews, so all the information needed must be available in the data. The second
criterion ensures that the system is a multi-echelon network, whereas the third criterion bounds
the complexity and size of the case. The last criterion makes sure that the method can add value
to the case.

In collaboration with ORTEC, a case is chosen that meets these criteria. Data about the system
is available within ORTEC and can be obtained for this project. Further details of the case will
be discussed in Chapter 7. It should be noted that information of this company is confidential;
therefore, we ensured anonymity.

It should be noted that none of the selected cases is considering a centrally controlled replenishment
policy type (i.e. multi-echelon control algorithm) using global information. Although the systems
in the second and third case consider multiple echelons, they are controlled in isolation with local
information. ORTEC or other practitioners could add functionality to enable centrally controlled
replenishment policies to the simulation model in the future.

1.5 Outline

The remainder of this report is structured as follows:

In the next chapter, background knowledge related to the research areas is discussed which leads
to the introduction of the conceptual modeling method that is proposed by Wagner (2017). In
Chapter 3 we introduce a concept to describe and classify an inventory system based on their
characteristics, which will be used to provide an answer to RQ-1. Whereas Chapter 4 presents an
answer to RQ-2 by introducing the concepts to efficiently model variability and commonalities in
different inventory systems. In Chapter 5 the main findings from three performed case studies are
presented. Evaluation of these cases is carried out to critical asses the benefits and deficiencies
of the introduced concepts. Based on this evaluation the final method will be designed, which
is described in Chapter 6 and present an answer to RQ-3. Next, this method will be used
and demonstrated in the real-world case study, which is discussed in Chapter 7. Thereafter,
the method will be validated by multiple interviews. The design and results of this validation
are presented in Chapter 8 which works out an answer to RQ-4. Finally, we conclude on the
conducted research, and limitations and further work are discussed in Chapter 9.
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2 Theoretical Background
A literature review is conducted to gain extensive knowledge in the field of research and to ensure
that the intended study is not already investigated. Since this master thesis focuses on the field
of Multi-Echelon Inventory Optimization (MEIO) and Information Systems (IS), both fields are
investigated. This is done to develop a clear understanding of the individual areas and investigate
if there already exists an overlap between the two fields. This chapter will summarize the main
findings of the conducted literature review. The search protocols used in this literature review are
presented in Appendix H1. It starts with the field of MEIO and simulation models within this
research in particular. Review in this field is as well used to investigate how diversity between
inventory systems can be described. The second part focuses on Information Systems, and in
particular, the field of Modeling & Simulation (M&S). Review in this direction will investigate
which frameworks and methods are available to develop simulation models. Eventually, this
will lead to an existing method that is used as a basis in the development of our artifact. This
method is introduced in the latter part of this chapter.

2.1 Multi-Echelon Inventory Optimization

Research in the field of MEIO showed that the evaluation and optimization of inventory systems
is a challenging problem. To capture the dynamics of real-world supply chains, simulation models
have become mainstream for the evaluation of inventory policies (Ye and You, 2016). Therefore,
simulation seems to be an appropriate method to use for the performance evaluation of variant
real-world inventory systems.

Classification
Because of the complexity of real-world inventory systems, researchers in this field make a lot of
assumptions regarding their models. In order to structure research in this field, a typology is
developed by key researchers in this field (de Kok et al., 2018). This typology classified almost
400 reviewed papers in MEIO literature based upon 14 aspects, which they call dimensions.
11 of these dimensions directly relate to the inventory system, whereas the rest relates to the
research methodology. Based on possible features every dimension of an inventory system can
be characterized. The typology is well-established within MEIO literature and is an interesting
concept for our research to define diversity between inventory systems. In the next chapter, this
classification method is further elaborated. For an extensive explanation of the typology, we refer
to the paper of de Kok et al. (2018).

Simulation Model
Although simulation is regularly used, literature in the field of MEIO lacks representation of the
developed simulation model. Therefore, the progress in research cannot be reused or evolved.
Although most of the papers only mention the use of simulation, some papers elaborated more
extensively on their simulation model. Work by Santos & Bispo shares the complete simulation
tool, developed in Matlab (Santos and Bispo, 2017). This can be seen as the most extreme variant
of sharing information about simulation; however, it directly showed the downside of lacking a
conceptual model. Adding functionality, to reuse the tool for other inventory systems, is hard
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because no information about the design or computational choices were present. Furthermore,
work by Hwarng et al. (2005) discusses a conceptual model as the basis of their simulation model
(Hwarng et al., 2005). Ye & You (2016) discuss a conceptual model that is less comprehensive;
however, they discuss the setup of their simulation model as well. The information discussed in
these two papers seems promising; however, they do not mention the particular advantages of
reusing the model, they rather use it as a means to validate the simulation model.

In general, the field of MEIO research seems to see simulation as a means to measure the
performance of different optimization algorithms; however, the field of research does not
communicate any details about the simulation. Therefore, research about the simulation models
cannot be reused or evolved. Furthermore, evaluation or validation of the simulation model
by the reader is not possible. The field of research does not seem to make use of the progress
made in the field of Modeling & Simulation. Although this field of research is relatively young in
comparison to the field of MEIO, different techniques for the development of a conceptual model
for simulation are investigated. Researchers in the field of M&S agree on the fact that conceptual
modeling for simulation is one of the most vital parts of a simulation study (Robinson, 2006).

Conceptual Model
There are several reasons to make a conceptual model before jumping directly into building
a simulation model. First, to simply understand the context of the system and to share this
understanding. Models enable decision-makers to filter out the irrelevant complexities of the real
world so that efforts can be directed toward the most important parts of the system under study
(Giaglis, 2001). Furthermore, it helps to identify and prevent issues when taking the system
as a whole (Dumas et al., 2013). Another important aspect of a conceptual model, is the ease
of sharing, maintaining and communicating the simulation (Wagner, 2017). Such a conceptual
model helps users of different expertise, like software and business experts, to communicate. This
means that the simulation model can be understood and used by multiple users if expressed by a
conceptual model. The use of a conceptual model; therefore, seems to bridge the gap that is
currently present in MEIO research.

2.2 Modeling & Simulation

Research in the M&S field focuses on both frameworks and methods for the conceptual model.
Where a framework describes the process to develop a conceptual model, the method describes
the product that it delivers by a metamodel. Because of a lack of agreement on the definition of
a conceptual model in the field of M&S, different frameworks are introduced. The field is roughly
divided into two sides. The main difference between the two, either the problem domain or the
simulation model is represented by the conceptual model. Until recently this gap still remained
unsolved, which withheld the progress in research in this field (Robinson, 2019).

Conceptual Model Representation
Robinson (2008) is the first that introduces a framework for conceptual modeling. His view is
focused on describing the simulation model with a conceptual model (Robinson, 2008). The
framework only considers a process to develop a conceptual model and lacks a method. With the
introduction of the framework of Wagner (2015) the view that a conceptual model represents the
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real-world problem domain (i.e. the problem and those elements of the real world that relate to
the problem (Robinson et al., 2016)) instead of the simulation model was introduced (Wagner,
2015). His research was mainly focused on a method that represents a conceptual model.

ORTEC needs to develop their simulation models from a real-world inventory system, which
can be seen as a specific type of domain. Therefore, it is argued that a focus on the real-world
problem domain is more intuitive for the users. As a result, we focused on methods that create a
conceptual model that represents the real-world problem domain.

Method
Although research of Wagner (2015) introduced the concept of representing a real-world problem
domain, more research in this direction is performed. Work by Cetinkaya et al. (2011) introduces
a framework in which the BPMN process modeling technique, adapted from the IS field, is used
to develop a conceptual model (Cetinkaya et al., 2011). Whereas research of Arbez & Birta
(2017) focuses on life-cycle diagrams to present the conceptual model (Arbez and Birta, 2017). It
is concluded that the research of Wagner (2017) provides the most complete and suitable method.
His method uses both process & data modeling languages adapted from the IS research field,
whereas the framework of Cetinkaya et al. (2011) lacks a data viewpoint. The adapted languages
from IS are based on a foundational ontology and chosen because of their great expressivity and
wide adoption as modeling standards. Furthermore, he adopted the Model-Driven Engineering
(MDE)-paradigm, which makes a clear distinction between different kinds of modeling levels as
engineer artifacts. The latter is beneficial to separate multiple levels of detail which enables
one to easily share the models with different expertise’s (e.g. business consultants and software
engineers). The method of Arbez & Birta (2017) is lacking this concept and is therefore considered
less suitable. For a more extensive elaboration on the fitness of the method of Wagner (2017) for
our method, we refer to the literature review that was conducted as part of this Master Thesis
Project. Since the research of Wagner (2017) seems promising, his work is used as a basis to
develop the new artifact. Therefore, we will elaborate on his work in the next section.

Reusability
So far, research in this field is mainly focused on a single real-world problem domain. Although
researchers mention the ability and advantage of a conceptual model to reuse and evolve the
simulation model, examples or case studies that investigate these abilities are not present in
literature. A real-world problem domain that differs per case, such as the supply chain context of
inventory management, benefits from an approach that could easily extend or adapt the simulation
model. The development of a conceptual model that is able to capture different variants of a
real-world problem domain is not yet investigated. Here, we identify a relevant research gap. The
MEIO context seems to be perfectly suitable as a problem domain to investigate the development
of a conceptual model for a simulation study that is capable of capturing variable dimensions.

2.3 Modeling Levels

Wagner (2017) applies the Model-Driven Engineering (MDE) paradigm to simulation engineering.
Since it is well-established in software engineering it makes sense to apply MDE, whereby it is
proposed by several authors. MDE makes a distinction between three kinds of models:
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� Domain Models

� Design Models (platform independent)

� Simulation Models (platform specific)

Domain models can be seen as high-level models describing the problem context. They are
solution independent, meaning that they do not include any computational or design choices
(Wagner, 2017). The focus is more on the language and the perspective of the domain expert.
Using the domain model as a basis, the domain expert moves towards a solution design by
developing a general computational solution. Therefore, a domain model can result in several
design models. Once the design model is developed, one can transform the respective model into
a simulation model. A simulation model refers to a low-level computer program, meaning that it
is platform-specific. An overview of the modeling levels is presented in Figure 2.1 below.

Figure 2.1: Modeling levels

2.4 Viewpoints

These models, describing a software system generally, can be modeled from different viewpoints.
Wagner (2017) proposes to not use a single model that takes all the viewpoints into consideration,
but rather uses a set of models considering the different viewpoints (Wagner, 2017). This
distinction in viewpoints is well known in the field of Information Systems/Software Engineering
(SE), but not in simulation engineering. The viewpoints that are considered:

1. Data modeling

2. Process modeling

Whereas process modeling covers the dynamics of the domain, the data modeling viewpoint is
concerned with the state structure of the domain (Wagner, 2017). To model these viewpoints,
different modeling techniques are introduced by Wagner (2017). This distinction in viewpoints is
typically extracted from the information system field, where many techniques are developed to
model information systems (Giaglis, 2001). Wagner (2017) proposes to use the Unified Modeling
(UML) Language technique, in particular, the UML class diagrams, for the data modeling
viewpoint. On the other hand, the Business Process Modeling Notation (BPMN) technique is
selected for the process modeling viewpoint. Although Guizzardi & Wagner (2012) introduced
the use of BPMN with a tutorial (Guizzardi and Wagner, 2012), the use of BPMN for Discrete
Event Simulation (DES) modeling was already proposed by several authors (Wagner et al., 2009),
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(Cetinkaya et al., 2011) and (Onggo and Karpat, 2011). However, as noted by Wagner (2017) and
Giaglis (2001), there is more agreement on the right techniques for information modeling than
for process modeling. Research by Giaglis (2001) reviewed most of the available data and process
modeling techniques based on process perspectives (Giaglis, 2001). Taking the final taxonomy
into consideration, the choice of both a flowchart technique (BPMN) and the UML technique is
sufficient to cover all the different perspectives from both viewpoints.

However, in further research of Wagner (2018b), it is concluded that the BPMN process diagram
language has several semantic issues and is not expressive enough for platform-independent
design models. Later Wagner introduced an extension on the language called Discrete-Event
Process Model & Notation (DPMN) to deal with these issues (Wagner, 2018a). The reasoning for
BPMN being inadequate for design models is sufficient to agree on this statement. However, the
newly developed and proposed DPMN technique by is not yet investigated by other researchers.
Although the suitability of DPMN is unknown, it will be applied in this research to contribute to
the research on DPMN. Below a short introduction of UML and DPMN will be provided. For a
more detailed description, we refer to (Ambler, 2004) and (Wagner, 2018a) respectively.

UML class diagrams
UML class diagrams capture the vocabulary of the system and are mostly targeted to system
modeling, making it perfectly useful in our context. Furthermore, it is heavily based on the
object-oriented paradigm (Giaglis, 2001). This paradigm is as well proposed by Wagner (2017)
and will later be used in the development of the simulation model in the case studies.

The UML class diagrams are used in both the domain and design model. The domain model will
be used to define the entity types of the domain and the relationships between them. The entity
types are visualized as rectangles with one, two or three compartments. The first compartment
describes the name of the entity, whereas the second and third compartments can be used to
define attributes and methods. There are several relationships that can be described by the UML
semantics, which can be divided into instance-level relationships and class-level relationships.
Both distinguish a couple of relationship types, only the most important are introduced below
based on the example UML class diagram shown in Figure 2.2.

Figure 2.2: UML class diagrams example
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The association relation can be described as a "has a" relationship and is denoted with an
undirected line. In the example, the shop has an inventory and has a customer. This type of
relationship is on an instance-level, on a class-level the inheritance relationship is introduced.
Inheritance means that multiple subclasses are derived from a superclass. The superclass can be
considered as a generalization of the subclasses. In the example, both the Customer and the
Shop are subclasses of the superclass Module. An inheritance is denoted with a directed line
with a hollow arrow pointing to the superclass. Furthermore, associations are annotated with
multiplicity expressions. Multiplicity describes the ratio in which instances can be related to each
other. The ratio is described by a number on each side of the association line. For example, a
shop has 1 or more inventories. However, an inventory is only related to a single shop. So an
inventory will never be shared with multiple shops. If a single number is presented, the number
is fixed, whereas an m..n notation denotes the minimum (m) to maximum (n) number. In the
case of a *, the number is unbounded.

Discrete Event Process Modeling Notation (DPMN)
DPMN is derived from Business Process Model and Notation (BPMN) by Wagner in 2018.
BPMN is an activity-based graphical modeling language for defining business processes following
the flow-chart metaphor (Wagner, 2018b). The BPMN process language is adapted for the
purpose of simulation design modeling, but still large parts of the vocabulary, visual syntax, and
informal semantics are used. Therefore, the basic elements of BPMN are described in Appendix
C1. Furthermore, the main elements of DPMN extracted from Wagner (2018a) can be found
in Appendix C2. To give a short introduction to the DPMN technique, the example shown in
Figure 2.3 is used.

Figure 2.3: DPMN design model example
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A part of an inventory system is modeled in the example. It includes Roman numerals to denote
the different semantic objects. Based on these numbers an explanation is given below.

I Denotes the start event, namely daily demand is coming in.

II Denotes an end event, the inventory is checked for a replenishment. It should be noted
that the latter can be an intermediate event if the whole system is modeled since this event
can trigger a delivery event for example.

III Denotes a sequence flow, in this case, annotated with an occurrence time assignment,
namely 1. Meaning that this event triggers a new DailyDemand event at time t+1.

IV Denotes a sequence flow, in this case without an assignment, meaning that it will occur
directly after the DailyDemand event at time t.

V Denotes a data object attachment between the DailyDemand event and the installation
Data Object (discussed in VII). This attachment is bi-directed, meaning that the event
can both read and write data from the data object. If the arrow is directed to the event,
the information can only be read from the data object.

VI Denotes a text annotation. If attached to an event it declares the event rule variables. They
can be attached to a sequence flow as well, for state change statements or event attribute
assignments.

VII Denotes a data object consisting of two compartments. The first compartment shows
the object variable name (in) and the object variable type (installation). The second
compartment describes the state change statements.

2.5 Conclusion

In conclusion, simulation studies evaluating or optimizing inventory systems are already
extensively discussed in MEIO literature; however, the way simulation models are built is
not. Therefore, research about the simulation cannot be reused or evolved, nor validated or
evaluated. The field of M&S seems to bridge this gap by introducing a conceptual model for
simulation. However, research in this field only focuses on a single real-world problem domain.
Therefore, to the best of our knowledge, the applicability of reusing these models for variants of
the real-world problem domain is not investigated. In this Master Thesis research, this gap in
literature will be investigated by developing an artifact that enables one to efficiently create a
simulation model for variant inventory systems. The method of Wagner (2017) seems to give us
the best basis to create this artifact. His research will be extended to enable reusing both the
conceptual and simulation model for different inventory systems. In order to define the diversity
of an inventory system, the typology of de Kok et al. (2018) seems promising and can be used
as a basis to classify inventory systems. In the next chapter this concept will be adopted and
extended to use as a classification method.
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3 Inventory System Classification
The intent of this Master Thesis Project is to create an artifact that is able to evaluate the
performance of different inventory systems. Therefore, we need to be able to define diversity
between and within an inventory system in order to determine which parts of the simulation
model can be reused and which parts need to be developed. In this chapter, we will introduce
a classification concept for inventory systems. This concept is aimed to improve the quality of
the simulation model by forcing a practitioner to investigate all the important aspects of an
inventory system. Furthermore, the concept will help to define diversity with other inventory
systems, which is needed to determine which parts of a simulation model can be reused. First,
background information on inventory systems is discussed, followed by the MEIO typology of de
Kok et al. (2018). Thereafter, we will introduce the complete classification concept and discuss
all its components. Taking the previous chapter as background, this chapter will work out the
answer on RQ-1 as a result.

3.1 Inventory Systems

An inventory system is defined as a system encompassing the inventory-related processes of one
or more predefined stockpoints forming a supply chain that supplies one or more products. This
indirectly means that these systems will highly differ since real-world supply chains are barely
equally designed. Next to the structure of the supply chain network, other aspects can influence
an inventory system as well. The active market, resources of an inventory system, and the way of
controlling the system influence the performance of an inventory system. Note that an inventory
system most likely exists of multiple stockpoints; therefore, all these aspects can differ between
or even within an inventory system.

This inequality can be described by defining different dimensions within an inventory system.
The term dimension defines the different aspects within an inventory system that can variate.
The dimensions are based on the typology of de Kok et al. (2018) which is developed by leading
experts in the field of MEIO. The typology is developed to classify research in the field of MEIO;
therefore, it captures all important dimensions of modeling assumptions so that methods can be
compared appropriately (de Kok et al., 2018). With that, it does not include all the dimensions
that can be active in a real-world inventory system. To simulate such a system, more dimensions
can be relevant for this research.

Whereas the current dimensions are based on more general inventory systems used in MEIO
literature, we intend to create an artifact that will be used for real-world inventory systems.
Therefore, the typology needs to be extended in order to use it in our artifact. This extension
is based on the performed literature review, and knowledge gained from the Retail Operations
course offered by the TU/e. The extended dimensions are discussed with a supply chain expert
of ORTEC. Although it was not possible to ensure that all important aspects of an inventory
system are captured by these dimensions, we are confident that the extensions are valuable.
Furthermore, the conducted case studies showed that the dimensions were able to capture all the
relevant information. Later in this report, the validation method and results will be discussed.



20 3.2 Classification Concept

It is assumed that readers of this Master Thesis are familiar with the terminology and dynamics
of inventory systems. Therefore, the dimensions will be introduced in the next section, but are
not extensively discussed in this chapter. For those who are interested in the description of these
dimensions, all the relevant dimensions for this report are discussed in the Inventory System
Description chapter which can be found in Appendix A1.

3.2 Classification Concept

With the discussed extension we are able to present the classification concept. Before the
different dimensions are enumerated, first, we will discuss the terminology used to define diversity.
Thereafter, the classification string is introduced. At last, we define if, and how different
dimensions are related to each other.

3.2.1 Diversity

To define the differences and similarities per dimension, the following terminology is introduced.
An inventory system can be described by classifying different dimensions. These dimensions can
vary between systems; therefore, a dimension has different optional values. For example, the
dimension Capacity can have the values bounded or infinite. In this research, the term features
is used to define the possible values of a dimension. If a feature is present in a dimension, the
feature is active; on the contrary, if the feature is not present, the feature is inactive. If dimensions
are compared between two systems, they can have the same or a different active feature. This is
called diversity and consists of both commonalities and variability (van der Linden, 2013).
Whereas commonality defines similar active features, variability defines different active features.

3.2.2 Features

The different features are extensively discussed in Appendix A1. But to get a concise overview,
the considered dimensions and their related features are enumerated below in Table 3.1. Note
that this table is split over three pages, because of its length. Per dimension, a short explanation
is provided, followed by the optional features. Some of the dimensions are fixed because their
features cannot vary in this research; Time is assumed to be discrete, Information is global,
Methodology is limited to simulation, and the Research Goal is considered performance evaluation.
For ease of comparison with literature, and to use a widely accepted classification structure, the
typology of de Kok et al. (2018) is used in its original form. Therefore, these dimensions are still
included but the active features are bold to denote that they are fixed in this research. For ease
of reference, both the dimensions and features are enumerated. N dimensions are considered
denoted with (Dn) and J features are considered denoted with (fj). Furthermore, the table is
partially extracted from de Kok et al. (2018); however, as proposed in the previous chapter, more
dimensions are considered in this research and therefore included in the table. Dimensions that
are additional to those considered by de Kok et al. (2018) are denoted with a *. At last, a (S)
denotes a feature or dimension that needs specific specification to simulate the system properly.
For example, if bounded capacity is considered, the unity of measure (e.g. kilogram, m3) needs
to be specified.



3.2 Classification Concept 21

Table 3.1: Classification concept (1/3), partly extracted from de Kok et al. (2018)

Typology
Dimension Values Feature Explanation
Network specification:
Echelons Number of Echelons: a rank within the supply chain network.
(D1) 1 (f1) Single echelon

2 (f2) Two echelons
3 (f3) Three echelons
4 (f4) Four echelons
n (f5) General number of echelons (S)

Structure (S) Relationship between installations.
(D2) S (f6) Serial Network, (1 predecessor, 1 successor)

D (f7) Divergent Network, (1 predecessor, n successors)
C (f8) Convergent Network, (n predecessors, 1 successor)
G (f9) General Network, (n predecessors, n successors)

Time Moments in time where relevant events occur.
(D3) D (f10) Discrete

C (f11) Continuous

Information Level of information needed to perform the computations.
(D4) G (f12) Global

L (f13) Local
E (f14) Echelon

*Products Number of products considered in the inventory system.
(D5) 1 (f15) Single Product(-categories)

n (f16) Multiple Product(-categories) (S)

Resource specification:
Capacity Restrictions on availability of resources on a single point in time.
(D6) F (f17) Bounded storage and/or processing capacity (S)

I (f18) Infinite capacity

Transportation Delay Time it takes to deliver an available item.
(D7) (S) C (f19) Constant

E (f20) Exponential
G (f21) General stochastic
O (f22) Other

Market specification:
Demand (S) Exogenous demand distribution for an item.
(D8) C (f23) Deterministic

B (f24) Compound "batch" Poisson
D (f25) Discrete stochastic
G (f26) General stochastic
M (f27) Markovian
N (f28) Normal
P (f29) Poisson
R (f30) Compound Renewal
U (f31) Upper-bounded

Customer Reactions if demand cannot be (completely) fulfilled. (Disservice)
(D9) B (f32) Backordering

G (f33) Guaranteed Service
L (f34) Lost Sales
V (f35) Differs per customer (S)

*Intermediate
Demand

Defines the echelons that receive exogenous demand.

(D10) D (f36) Downstream Echelon
M (f37) Multiple Echelons (S)
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Table 3.2: Classification concept (2/3), partly extracted from de Kok et al. (2018)

Part Two Typology, header repeated for readability.
Dimension Values Feature Explanation
*Fulfillment Acceptance of partial fulfillment in case of disservice.
(D11) P (f38) Partial Fulfillment

C (f39) Complete Fulfillment
V (f40) Differs per customer (S)

*Substitution Acceptance of a substitute product in case of disservice.
(D12) N (f41) None

I (f42) Accepts substitution more expensive product
D (f43) Accepts substitution cheaper product
V (f44) Differs per product (S)

Control specification:
Policy (S) Prescribed type of replenishment policy.
(D13) N (f45) None

B (f46) Echelon base stock
b (f47) Installation base stock
S (f48) Echelon (s, S)
s (f49) Installation (s, S)
Q (f50) Echelon (s, nQ)
q (f51) Installation (s, nQ)
O (f52) Other

*Review Period Moments the inventory is checked.
(D14) C (f53) Continuously

P (f54) Periodically (S)

Lot-Sizing Constraint on replenishment quantity.
(D15) F (f55) Flexible: no restriction

Q (f56) Fixed Order Quantity (S)
O (f57) Other (S)

Operational Capability to use other means of satisfying unexpected
Flexibility (S) requirements than originally foreseen.
(D16) N (f58) None

O (f59) Outsourcing
F (f60) Fulfillment Flexibility
R (f61) Routing Flexibility
U (f62) Unspecified (S)

*Inventory Rationing Order in which backlog is fulfilled.
(D17) N (f63) None

F (f64) First-Come-First-Served
M (f65) Maximum Fulfillment (S)
P (f66) Prioritized Customers (S)
O (f67) Other (S)

*Replenishment Order in which replenished items are divided
Rationing (S) (echelon replenishment).
(D18) N (f68) None

D (f69) Depends on current inventory position per installation
I (f70) Independent of current inventory position per installation

Performance specification:
Performance Objective to be achieved as a result of selection of control
Indicator (S) policy and its parameters.
(D19) E (f71) Equilibrium

S (f72) Meeting operational service requirements
C (f73) Minimization of costs
M (f74) Multi-Objective
U (f75) Unspecified
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Table 3.3: Classification concept (3/3), partly extracted from de Kok et al. (2018)

Part Three Typology, header repeated for readability.
Dimension Values Feature Explanation
*Costs (S) Costs present in the inventory system.
(D20) N (f76) None

H (f77) Holding costs
R (f78) Replenishment costs
B (f79) Backordering costs

*Service Level (S) Performance measures used in the inventory system.
(D21) N (f80) None

A (f81) The �-SL / ready rate
B (f82) The �-SL / fill rate
G (f83) The 
-SL

Scientific Aspects:
Methodology Techniques applied to achieve the results.
(D22) A (f84) Approximative

C (f85) Computational experiments
E (f86) Exact
F (f87) Field study
S (f88) Simulation

Research Goal Goal of the investigations.
(D23) C (f89) Comparison

F (f90) Formulae
O (f91) Optimization
P (f92) Performance Evaluation

3.2.3 Classification String

Through the use of dimensions, an inventory system can be described. However, with a description
per dimension, the inventory systems are not easily comparable. Such a comparison is desirable
to efficiently evaluate the differences in dimensions between systems, as well as the similarities.
Therefore a classification string is introduced, which is discussed in this section.

The classification string is based on the work of de Kok et al. (2018). The original string extracted
from de Kok et al. (2018) has the following structure:

< No. of Echelons > , < Structure > , < Time > , < Information > | < Capacity
> , < Delay > | < Demand > , < Customer > | < Policy > , < Lotsize > , <
Flexibility > | < Performance Indicator > || < Methodology > , < Research Goal >

The value of the active feature(s) per dimension, which are shown in the second column of Table
3.1, specifies each dimension. Note that an inventory system can have multiple active features
per dimension, resulting in multiple values. An example of the typology string is shown below:

n,G,D,G|F,G|G,B|b,F,R|C||CS,O

The string is divided into two main parts separated by a ||. The first part is concerned with the
dimensions related to the inventory system and is divided into five sections (separated by a |).
These sections are used as well in the table above. The second part captures the scientific aspects
as the methodology and the research goal and is not directly related to the inventory system.

However, this string does not include the added dimensions. For ease of comparison with
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literature, and to use a widely accepted classification structure, the typology of de Kok et al.
(2018) is used in its original form. Therefore, as an addition, another string is added to capture
the extra dimensions. They are ordered according to the 5 specifications; however, the resource
specification does not have additional dimensions. The structure is shown below.

< No. of Products > | < > | < Intermediate Demand > , < Fulfillment > , <
Substitution > | < Review Period > , < Inventory Rationing > , < Replenishment
Rationing > | < Costs > , < Service Level >

To distinguish between the two strings, T1 and T2 are used. Note that a dimension can have
multiple features. For example, this inventory system has both the features Holding costs (H)
and Replenishment costs (R). An example of the final classification structure that will be used in
this research is shown below:

Classification string:
T1: n,G,D,G|F,G|G,B|b,F,R|C||CS,O
T2: 2| |D,P,N|C,F,N|HR,B

3.2.4 Relations

To describe an inventory system, the proposed dimensions need to be classified; however, in
certain systems, it is not necessary to specify all dimensions. If, for example, only a single
product is considered (f15), it is futile to specify substitution (D12) since there is no other
product. To describe these relations between features and dimensions, constraints are introduced.
A similar description of relations was not found in literature; therefore, we predicate on logical
relations based on our analytical skills and literature related to the respective dimensions. As
an example, based on Woerner et al. (2018) the 
-SL is defined as one minus average backlog
divided by average demand (Woerner et al., 2018). Therefore, in a system where backorders are
not registered, this service level will not present reliable results. If a simulation model with this
service level is reused and changed to a system where backlog is not registered, these relations
help a practitioner to notify that the service level needs to be changed as well.

The constraints are modeled as propositional logic expressions over features, based on work of la
Rosa et al. (2009). Using these expressions is possible since they hold a boolean value (active
= True, inactive = False). In this chapter, only the relations of features cross-cutting different
dimensions are mentioned. The constraints within dimensions are presented in Appendix B2.
The constraints are first defined on a network level. Note that these constraints hold for every
inventory system, meaning that there can be additional case-specific constraints that are not
included. For an explanation of the used notation in the expressions, we refer to Appendix B1.

Network level constraints:

C1 : (f2 Y f3 Y f4 Y f5), (f6 Y f7 Y f8 Y f9)
C2 : f1 ) f6 ^ f36

C3 : f6 ) :(f60 ^ f61)
C4 : f72 ) (f81 Y f82 Y f83)
C5 : f73 ) (f77 _ f78 _ f79)
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C6 : f74 ) (f81 Y f82 Y f83) ^ (f77 _ f78 _ f79)

C1 ensures that one structure is chosen if multiple dimensions are considered. C2, on the other
hand, states that if a single echelon is considered (f1), the structure has to be serial (f66),
and there is only exogenous demand at the downstream echelon (f36). Furthermore, C3 states
that if the structure is serial, there cannot be fulfillment flexibility (f60) nor routing flexibility
(f61). Whereas C4 specifies that one of the performance measures need to be chosen if they are
considered in the system, C5 specifies that at least one of the costs need to be present in order
to minimize costs as an objective. C6 combines the two restrictions if a multi-objective is chosen.

We can as well define constraints on an installation level. Those constraints could not be defined
on a network level since installations can differ within a network. Therefore, multiple features
can be active within a network but not within an installation.

Installation level constraints

C7 : f15 ) f41

C8 : f16 , (f41 Y f42 Y f43 Y f44)
C9 : (f32 Y f35), (f64 Y f65 Y f66 Y f67) ^ :f83

C10 : f34 ) f63 ^ :f79

C11 : (f47 Y f49 Y f51), (f69 Y f70)
C12 : (f46 Y f48 Y f50)) f68

The first constraint defines that there is no substitution if a single product is considered. Whereas
the second constraint defines that the dimension substitution needs to be defined by choosing
one feature if multiple products are considered. C9 ensures that in the case of backorders, it is
defined how the orders are fulfilled. Furthermore, no 
-SL (f83) can be chosen since the relevant
information for this service level is missing due to a lack of backorders. C10 states that if an
installation considers lost sales (f34), no inventory rationing is active (f63) since there is no
backlog. Furthermore, there are no backordering costs since there are no backorders (f79). At
last C11 ensures that one replenishment rationing feature is chosen if replenishment is on an
echelon level, whereas C12 defines the contrary.

3.3 Summary & Discussion

In this chapter, a classification concept is introduced to describe an inventory system. The
basis of the classification is the typology of de Kok et al. (2018) which is developed by leading
experts in the field of MEIO. This typology is extended by adding relevant dimensions, in order
to obtain a complete description of an inventory system. By converting the active features into
a classification string, multiple inventory systems can easily be compared to define diversity.
Furthermore, the relation between the dimensions is investigated by defining constraints using
propositional logic expressions. These constraints can be defined on both a network and an
installation level. With the description of the relations, as well as the proposed classification
concept, this chapter worked out an answer to the first research question (RQ-1).

RQ-1: How can an inventory system be described such that it captures all the relevant aspects
that influence the performance of the system?
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4 Conceptual Model
The previous chapter showed that inventory systems can differ in multiple dimensions; however,
it is likely that there are similarities as well. By developing a simulation model, it would be
beneficial if parts of a previous simulation model can be reused for the dimensions that are similar.
By means of a conceptual model adopted from work of Wagner (2017), we are able to express
a simulation model. In order to enable reusability, we have to adapt the conceptual model. In
this chapter, we extend the work of Wagner (2017) by introducing additional concepts that are
complementary to his work. For background knowledge on the method of Wagner (2017), we
refer back to Chapter 2. In this chapter, first, we will shortly touch upon the shortcomings of
the method of Wagner (2017). Next, the additional concepts are introduced and discussed. At
last, we determine which simulation technique is most suitable in our research to develop the
simulation models for the case studies.

4.1 Shortcomings

Wagner (2017) introduces a conceptual model that expresses a simulation model based on process
& data models. However, the development of these process & data models is time-consuming.
In an inventory system, multiple stockpoints are considered. Therefore, it is likely that these
stockpoints have a lot of similar processes and data. To improve efficiency it would be beneficial
if stockpoints with similar characteristics can share the same process & data model. The
current method of Wagner (2017) does not offer the possibility to capture such commonalities.
Furthermore, even if stockpoints differ in certain dimensions it is likely that they still share
processes & data. For example, considering two similar stockpoints that only have a different
replenishment policy. In that case, it would be beneficial if they can still share the same models
in which the difference in replenishment policy is captured, rather than develop a separate model
for both stockpoints. Again, the conceptual model of Wagner (2017) does not offer the possibility
to capture variability. Taking these two shortcomings in the method of Wagner (2017) we tend to
deal with them by extending the method. In the next sections, both shortcomings are discussed
and the concepts to resolve them are introduced.

4.2 Commonalities

The method of Wagner (2017) is general in the sense that it can be used for a wide range of
processes that can be simulated. Therefore, we specifically focus on inventory systems and
the dimensions that characterize them. In the previous chapter, the concept of diversity was
introduced. Diversity exists of both commonalities and variability. In this part, we focus
on commonalities, whereas the next section will discuss variability. Commonality defines the
similarities in active features. The features considered in an inventory system are stated in
Chapter 3. A lot of features are defined on a stockpoint level (e.g. replenishment policy, capacity,
etc.). This means that within an inventory system multiple stockpoints can share the same
features. For example, they can have the same policy, capacity or lead time. When considering
an inventory system consisting of ten stockpoints that have equal internal processes (i.e. processes
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that influence the performance of the inventory system), it will be inefficient to make the same
data and process models for all stockpoints. Therefore, we introduce a model that is capable of
capturing the network structure, to make a distinction between a network and a stockpoint level.
The model used is a graph model, which is well-established in inventory management research.
Because of its great expressiveness, ease of understanding, and acceptance in the MEIO field
we adapted this model. A short introduction of the model is discussed below, for an extensive
elaboration on modeling network structures, we refer to Appendix A1.

4.2.1 Modeling the Network Structure

Despite the different functions of stockpoints within a supply chain, they all store items. The
storage of these items is defined as inventory and in the interest of this research. The internal
processes of these stockpoints are therefore considered as a (unique) black box with a defined lead
time. Therefore, we are only interested in the structure of the supply chain and not necessarily
the function of the installations. In the remainder of this report, the term installation will be
used to refer to a stockpoint within a supply chain network.

Because all the installations are considered to have equal functions (i.e. storage of items), the
supply chain structure can be modeled by a graph. A graph in this context consists of nodes and
edges. Nodes in a graph structure may or may not be connected to other nodes. If connected,
the line connecting the two nodes is called an edge. In this research, graphs are used to model
supply networks. The nodes are used to denote installations, whereas the edges are used to
denote an item flow between the two installations. This means that items can be delivered from
one installation to the other. It should be noted that these deliveries are only possible in the
direction of the edge. An example is shown in Figure 4.1 and will be further discussed.

Figure 4.1: Graph of a serial supply network

To clearly define the installations that can be controlled, three types of stockpoints are
distinguished.

� External supplier: supplies items into the inventory system of interest.

� Installations: stockpoints that can be controlled, denoted in the dotted rectangle.

� Customer: creates the demand that drives the supply chain.

Furthermore, with two sources of demand, exogenous and endogenous, the installations are not
completely equal; therefore, two types of installations are distinguished (Grob, 2018). Local
installations refer to the installations that receive exogenous demand from customers (e.g. the
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bookstore in Figure 4.1). Non-local installations only receive endogenous demand from other
installations within the inventory system in the form of replenishment orders (e.g. the distribution
center and book manufacturer in Figure 4.1).

To structure the graphs used in this research, the items will flow from left to right. This means
that the most left side consists of the echelon that is closest to the raw material (external supplier)
of the product. An echelon defines a position relative to the most downstream customer (position
0) within the supply chain. The position is determined by the shortest path from the installation
to the end-customer. The number of echelons is therefore defined by the highest position. Note
that the external supplier not necessarily delivers raw material. The paper supplier in Figure
4.1 is most likely supplied with trees, which means that there are several processes before this
supply chain. Inventory systems are therefore not always considered from beginning to end. To
determine the begin and the end of the inventory system, the terms upstream and downstream
are introduced. The most upstream echelon is the one closest to the raw material. In Figure
4.1 this is the Book manufacturer; however, note that this view is respectively. Meaning that
from the view of the Book store, the Distribution Center is an upstream echelon as well. On the
contrary, the echelon most closely to the end-customer is the downstream echelon. Again the
term downstream can also be used respectively to other echelons. In short, the most upstream
echelon is modeled at the left side, whereas the most downstream echelon is modeled at the right
side.

Using a graph structure seems desirable for several reasons. First, to capture a complete
overview of the network the graph structure is more intuitive, mainly because it lacks the detailed
information level captured in the BPMN and UML models. Furthermore, the model can easily
distinguish the different installations and echelons. Second, this modeling language is already
present in the MEIO research and therefore easily understandable by these stakeholders. At last,
because installations can be equal they can share the same process & data models, in order to
assign these models to the right installations this model can be helpful.

In the next sections, we will further elaborate on the introduction of a graph structure by
discussing its relation to the current method of Wagner (2017).

4.2.2 Modeling Levels

The conceptual model of Wagner (2017) implements the MDE paradigm which distinguishes
multiple modeling levels. For an explanation of this paradigm we refer back to section 2.3
There is a clear distinction between the domain and the design level; however, if one takes the
network structure, there is only one design possible. It is not possible to make the structure
solution-independent (i.e. characteristic of a domain level), and it cannot be designed in multiple
ways. Therefore, we do not consider different modeling levels for the graph model. The graph
model is considered as part of the conceptual model, since it is designed to capture information
that will be used in the final simulation model. With that, the conceptual simulation model of
Wagner (2017) is extended for the specific design of simulating an inventory system.
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4.2.3 Viewpoint

When looking at the viewpoints crosscutting the modeling levels, the graph structure supports
both the process and data viewpoint. Therefore, the relation between these models needs to be
defined. Since the graph structure models information on a network level, it captures less detail
than the process and data model. Therefore, the graph structure is seen as a high-level model
from the point of view of the process and data model. To clearly place the different concepts in
context, Figure 4.2 provides an overview. Note that node 1 and 2 have similar characteristics in
this figure, whereas node 3 differs from them.

Figure 4.2: Overview conceptual model

4.2.4 Simulation

Introducing a graph network structure has a major advantage for the transformation to a
simulation model as well. In the simulation model, a networkManager class will be introduced.
This class is not orchestrating the network but is responsible for the network and can give
installations information about their predecessors and successors. In order to define predecessors
and successors, the network needs to be known by the networkManager ; therefore, the network
needs to be defined by the domain expert. We provide the notation required to define a network
structure.

Let T = (N, E ) represent a directed network. N is the set of nodes, representing the modules
in the network. Note that the modules can be customers, external suppliers, and installations.
There are M + 1 modules in N, with 0 representing the external supplier, and M representing
the customer. E is the set of edges, representing the directed connections between the modules
in the network. An edge is represented by hi; ji, being a connection between module i to j. The
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direction of the edge represents the direction products can flow. In this case, a product can
be delivered from i to j. We define P(i) := fj 2 N : hj; ii 2 Eg as the set of predecessors from
module i, whereas the set of successors from module i is defined as S (i) := fj 2 N : hi; ji 2 Eg.

If we consider the example of a network structure modeled in Figure 4.3. Than T can easily be
extracted from the network, with:

N := f0; 1; 2; 3; 4; 5; 6; 7g, and

E := fh0; 1i; h0; 2i; h1; 2i; h1; 3i; h1; 6i; h2; 3i; h3; 4i; h3; 5i; h4; 5i; h5; 6i; h5; 7i; h6; 7ig

Figure 4.3: Example of a graph network structure

This set of nodes and edges can easily be passed to the networkManager class. Such a
networkManager can project the network graph by implementing a Windows form application
as shown in Figure 4.4. With that, a graph model is beneficial in multiple ways. With the
graph, the set of nodes (N ) and edges (E ) can easily be extracted. Furthermore, the network
implemented by the domain expert in the simulation model can be validated by checking the
network structure presented by the simulation (i.e. compare Figure 4.3 and Figure 4.4).

Figure 4.4: Example Microsoft forms application network structure

4.3 Variability

Next to the graph extension, which makes the conceptual model more useful for the context of
an inventory system, we introduce the concept of variability to extend the conceptual model in a
more general sense.

Variability management is a recurrent issue in systems engineering (La Rosa et al., 2009). It
arises in the context of software product families, where variants of a system are built from a
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common code base. The latter is the case in our simulation model that needs to be able to capture
multiple variants of an inventory system. Explicitly modeling the variability of information and
software systems in order to enable their configuration is a well-known approach to achieving
reuse (Pohl et al., 2005). In this report, the term variability is used to define the different variants
of a supply chain dimension. To attain this variability in the simulation model, it requires to be
engineered in the software (van der Linden, 2013). Therefore, variability needs to be included in
the conceptual model as well. Currently, this is lacking in any of the reviewed frameworks or
methods in the M&S field. Therefore, it is investigated how variability is modeled in software.
The field of interest that investigates the development of a family of software products is called
Software Product Line Engineering (SPLE).

4.3.1 Orthogonal Variability Model

Earlier the different features of an inventory system have been discussed. The way to model
these features is called feature modeling. There are several techniques for feature modeling, in
the Master Thesis Project, the Orthogonal Variability Modeling (OVM) language is considered.
OVM enables the documentation of variability in design artefacts in a clear and understandable
manner thus easing the reuse of these artefacts (Pohl et al., 2005). OVM is a separate model,
which has several advantages. It is easier to maintain the information because it is centrally
located, and the models are already complex and will be overloaded otherwise. Furthermore,
the OVM can be related to existing models. This is beneficial since the used conceptual model
already introduced the BPMN/DPMN and UML modeling languages. Furthermore, the graph
model as introduced in the previous section will not be related to the OVM. Since it is assumed
that a supply network is always unique, no variability needs to be modeled in this model. The
graph structure will always be distracted directly from the real-world problem domain.

OVM distinguishes variation points (VP) and variants (V). A variation point is a representation
of a variable item of the real world enriched with contextual information; whereas, a variation
is a representation of a particular instance of a variation point (Pohl et al., 2005). Therefore,
we can directly relate a variation point to a dimension, and a variant to a feature (i.e. variation
point (VP) = dimension, variant (V) = feature). The main elements that are considered in OVM
can be found in Appendix C3. These elements are used in figure 4.5 to present an example of a
separate OVM (i.e. not connected to a process or data model). In practice, these variation points
will be related to the relevant parts of the process and data model. The model captures two
related dimensions, namely disservice (D9) and rationing (D17). As can be seen, the dimension
disservice is modeled as a variation point, whereas the relevant features are modeled as variants.
Note that for ease of readability we omitted two possible features of disservice (i.e. guaranteed
service (f33), and differs per customer (f35)). The model shows that if a backlog system is
considered, one needs to define as well in which order backorders are processed. This is modeled
by a constraint dependency (e.g. requires_v_vp), which describes the requirement to consider a
variation point if the variant is selected.



32 4.3 Variability

Figure 4.5: Orthogonal Variability Model example

4.3.2 Expression

To easily define the active feature(s) in a specific installation we need to describe the relations.
In order to do so, the graph model is perfectly usable. Since the nodes and the features are
numbered, these relations can easily be modeled. The relation can either be expressed per
dimension, or a vector of active features can be assigned to an installation. Note that we only
need to describe dimensions that are variable between nodes within an inventory system. An
example is shown below:

n3 := f32

n6 := f34

{n3; n4g := ff39; f49; f53g
{n6; n7g := ff38; f47; f54g

This example shows that node 3 (n3) and 6 (n6) differ in their response to disservice. Whereas
node 3 places orders in backlog (f32), node 6 considers lost sales (f34). The third expression
shows that node 3 and 4 have similar features, but differ from node 6 and 7. Node 3 and 4 and
both have complete fulfillment (f39), a (s, S) replenishment policy (f49), and a continuously
review period (f53). Whereas node 6 en 7 accept partial fulfillment (f38), and consider a base
stock policy (f47) with periodically review (f54).

Expressing the relations between installations and dimensions with these expressions has multiple
advantages. At first, it is easily readable together with the variability model and the graph
model. Furthermore, with these expressions, one can directly check for relevant relations between
dimensions. In this case, constraint C10 is relevant for n6 as can be derived from the relative
constraint:

C10 : f34 ) f63 ^ :f79

In conclusion, with the numerical nodes and features, one is able to easily define the relations
between them. Furthermore, by expressing the relations between them one can easily check for
related constraints.
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4.4 Simulation Technique

In order to test and adapt the introduced concepts, multiple case studies are performed. The key
findings of these case studies are discussed in the next chapter. In order to develop a simulation
model, a simulation technique needs to be determined. Note that the suitability of the technique
is specific for ORTEC, and is not related to the developed artifact.

The method of Wagner (2018) is based on the applicability of any object-oriented (OO)
programming language or packages. Many OO-based languages and tools are available to
set up a simulation; therefore, several simulation techniques will be considered. Within ORTEC,
in 2015 a graduate intern investigated the introduction of a commercial simulation package
(Cohen, 2015). Three of the selected packages presented their software at ORTEC, and the most
suitable package was chosen. However, later it was decided that such a package has too many
restrictions and creating simulations in programming languages is desired. Therefore, simulation
packages are not considered in this Master Thesis Project, and the simulation model will be
developed in an object-oriented programming language.

To determine the most suitable programming language, first, the current experience of the
author regarding programming languages will be considered, next the expertise of ORTEC
will be taken into account, and at last the suitability of the languages will be reviewed. The
expertise of ORTEC will be investigated by interviewing three stakeholders within ORTEC. The
stakeholders are selected together with the supervisor of the project, based on their expertise and
domain knowledge. In the interview multiple open questions are asked regarding their knowledge
and experience with programming languages that are used within ORTEC. Therefore, the
programming languages Python, C#, C++ and R are considered. The results of the interviews
are presented in Appendix D1.

After the interviews the programming languages are valuated based on certain criteria. The used
criteria are stated below and discussed afterward.

� Knowledge

� ORTEC Expertise

– Handbook & Courses (Explicit knowledge)

– Employee expertise (Tacit knowledge)

– Code availability

� Suitability

– Performance

– Simulation

– Object-Oriented

The expertise of ORTEC is determined by evaluating the availability of handbooks and courses
about the programming language. This criterion actually measures the availability of explicit
knowledge, whereas the criterion employee expertise measures tacit knowledge. Furthermore,
with code availability, the possibility to use existing code within ORTEC is evaluated. Next, the
suitability of the programming language is evaluated by its performance, simulation capabilities,
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and the object-oriented paradigm. Performance is based upon runtime and memory. The
evaluation of all the criteria can be found in Appendix D2.

In conclusion, the simulation model will be developed in C# programming language. This
object-oriented language is considered as most suitable for developing a discrete-event simulation.
At first, because the language is developed as an object-oriented language. Furthermore, because
of its run time and memory performance which can become essential when simulating large
inventory systems over a long time-span. At last, the possibility to reuse the structure of an
existing simulation model can be beneficial. A disadvantage of choosing this language is the
limited knowledge and handbooks that are available within ORTEC; however, this is not a
limitation to the language itself.

4.5 Summary & Discussion

This chapter described the use of a conceptual model to efficiently engineer a simulation model.
Although the basis of this method is based on research of Wagner (2017), multiple concepts are
introduced in this chapter to further increase the efficiency and effectivity of the method. In order
to do so, we specifically focused on the field of inventory systems, whereas Wagner (2017) takes
a broader view. A conceptual model is designed which starts with a graph model to model the
network structure. Based on this network structure installations can be related to specific process
and data models which are designed on an installation level. This allows for the reusability of
these models if installations have the same characteristics. Furthermore, the introduction of a
variability model allows one to model installations with different characteristics even within a
single data and process model. With the introduction of these concepts, this chapter worked out
an answer to the second research question (RQ-2).

RQ-2: How could the method of Wagner (2017) be extended in order to efficiently model the
variable aspects of a supply chain by smartly using variability and commonalities?

Furthermore, in the last section, we defined which simulation technique is used to perform the
case studies. By means of qualitative research, C# programming language proved to be most
suitable to develop the simulation models in the case studies conducted in this research. It should
be noted that the suggested concepts are not limited to this simulation technique. Although
research of Wagner (2017) uses a different simulation technique, it is not tested if the use of
other simulation techniques have shortcomings. This can be interesting for further research.

With the introduction of new concepts, they can be tested, and adapted if needed. All the
concepts are applied in the case studies in order to efficiently create a valid and reliable simulation
model. The key findings of these case studies can be found in the next chapter. As a result of
these findings, we are able to form a formal method that is presented in Chapter 6.
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5 Findings from Case Studies
With the introduction of multiple concepts in the previous chapters, we can create our artifact to
analyze inventory systems through simulation. To check the suitability of combining the different
concepts (i.e. the classification concept, OVM, graph model, and the existing concepts of Wagner
(2017)), first, multiple case studies are performed. By applying the different concepts together,
we tend to develop a formal method that will be discussed in the next chapter. Although the
cases will not be discussed in detail, we present the main findings that derive from the case
studies performed in the development phase. The detailed elaboration on the development of the
cases is published in separate reports which can be found in Appendix G1, Appendix G2, and
Appendix G3. First, the cases will be introduced and described, whereas the main findings will
be discussed in the remainder of this chapter. Note that the final case is excluded because it is
used to demonstrate the formal method as an example and will be discussed in Chapter 7.

5.1 Case Description

To provide enough background, we will shortly introduce the cases and provide the classification
and network structure of the considered inventory systems.

5.1.1 Case 1: TVshop Case

The first case is extracted from Wagner (2018). An example of the case is present in the paper,
for explanatory reasons, the description is extracted from the paper of Wagner (2018).

Inventory System Description
We consider a simple case of inventory management: a shop selling one product type (e.g. one
model of TVs), such that its in-house inventory only consists of items of that type. On each
business day, customers come to the shop and place their orders. Customers can order more than
one TV, but per day, a total of 5-30 TVs are ordered according to a discrete-uniform distribution.
If the ordered quantity is in stock, customers pay their order and the products are handed out
to them. Otherwise, the order may still be partially fulfilled, if there are still some items in
stock but the remaining quantity of the order is lost. If there are no items in stock, customers
have to leave the shop without any item and this complete sale is lost. When the stock quantity
falls below the reorder point (50), a replenishment order is sent to the vendor for restocking the
inventory to 100, and the ordered quantity is delivered 1–3 days later.

Classification
To classify this inventory system, the two classification strings are used. It should be noted that
this is a relatively simple inventory system, meaning that many of the dimensions are not present
in this inventory system. The classification strings for the TVshop case are shown below.

T1: 1,S,D,G|I,G|D,L|s,F,N|U||S,P
T2: 1| |D,P,N|P,N,N|N,N

Network Structure
Based on the classification and the description the network is modeled using a graph model,
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which is shown in Figure 5.1. The vendor, in this case, can be seen as the external supplier
delivering items into the system. Note that the number of modeled customers is fictitious.

Figure 5.1: Network structure, TVshop case

5.1.2 Case 2: Bookshop Case

The second case is an extension on the first one to evolve the simulation model already built. In
this case, the setting of the TVshop is slightly changed on one of the dimensions; therefore, it is
perfect to investigate if the simulation can easily be reused by the use of the already developed
conceptual model. For ease of reference we consider a shop selling books instead of a TVs.

Inventory System Description
In this case, a bookshop is considered to easily distinguish between the two cases. The bookshop
only sells one product type, meaning that the bookshop only keeps an inventory of that type.
Again, each day customers enter the store to buy their books and at the end of the day, a
replenishment order is placed if inventory falls below the reorder point (50) to restore the
inventory to 100. Stock will be delivered within 1 to 3 days in the morning. If a customer enters
the store and there is not sufficient inventory, the order is placed in a backlog. Meaning that the
book will be delivered to the customer once there is sufficient inventory. The backlog will be
fulfilled by a First-Come-First-Service (FCFS) policy. The bookshop wants to know what the
average service level to their customers is.

Classification
The classification strings of this inventory system are shown below.

T1: 1,S,D,G|I,G|D,B|s,F,N|U||S,P
T2: 1| |D,P,N|P,F,N|N,N

As can be seen in the strings above, the classification changed on two parts (underlined dimensions).
The customers react different to disservice, in the bookshop, they accept backordering (B) whereas
the TVshop does lose the sales (L). Due to the change in the disservice dimension, one has to
classify another dimension as well, namely inventory rationing which specifies the order in which
backlog is fulfilled. This relation is as well defined in relation C9 introduced in Section 3.2.4:

C9 : (f32 Y f35), (f64 Y f65 Y f66 Y f67) ^ :f83
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Network Structure
The network structure of this case did not change in comparison to the TVshop case; therefore,
the same structure is used as in Figure 5.1. Since the graph theory defines the network on a
general level it considers installations (nodes) and not particular shops as a Bookshop or TVshop
which allows reusing the model.

5.1.3 Case 3: Distribution Case

In this case, a scientific paper by Gallego, Ozer, and Zipkin (2007) is used (Gallego et al.,
2007). This paper provides the numerical results of an inventory system with multiple settings.
Furthermore, the considered inventory system differs from the previous cases on multiple
dimensions which allows us to further investigate the variability aspect. The considered system
is a distribution system, meaning that the supply chain is designed with a single predecessor but
multiple successors. For ease of reference, this case is referred to as the distribution case.

Inventory System Description
The distribution system has two levels. All items enter the system from an external supplier
and arrive at an installation j = 0, which is considered a warehouse. This installation, in turn,
supplies the items to J retailers. Meaning that the number of installations to supply can be
variable per setting. The retailers are indexed by j = 1,2,..,J and all receive exogenous demand
by customers. Leadtime to an installation j is denoted by Lj . Retailers satisfy the demand
from customers direct from inventory on hand. If not available, orders are backordered with a
penalty cost rate of bj . Every installation can hold inventory at a cost rate of hj , the cost rate is
increasing if installations are more upstream located: hj � h0 for j > 0. Demand at each retailer
is independent and follows a Poisson process with rate �j , and �0 =

P
j>0 �j .

A base-stock policy is used to replenish the inventory for all installations. The installations order
from their predecessor to restore the inventory position IPj up to sj . The objective of the case
is to minimize the average costs. Under any policy, the total average costs can be expressed as:

c = h0E[I0] + h0
P

j>0E[ITj ] +
P

j>0(hjE[Ij ] + bjE[Bj ])

Classification
Based on the description, the system will be classified in order to check for diversity with previous
developed simulation models. The bookshop case is most closely related since this case considers
backordering which is the only variability with the TVshop case. The dimensions that vary in
comparison to the bookshop case are underlined and are shortly discussed. As can be seen from
the classification string, the inventory system is significantly different from the previous case
based on the variability in 9 dimensions.

T1: 2,D,D,G|I,C|P,B|Bb,F,N|C||S,P
T2: 1| |D,C,N|C,F,N|HB,N

Network Structure
The network structure changes from a serial network to a divergent network, meaning that
there are as well multiple echelons. In this case, only the most downstream echelon is receiving
exogenous demand. The number of retailers or installation in the first echelon is variable;
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therefore, the network is modeled as shown in Figure 5.2.

Figure 5.2: Network structure, Distribution case

5.1.4 Simulation Validation

For two of the three cases, numerical results were present in literature. Therefore, we were able
to validate the simulation model built. Note that this is not a validation of the method that will
be developed in this research. In both the TVshop and the distribution case the simulation model
produced adequate results. For a more detailed description of the validation and the numerical
results, we refer to Appendix G1 and Appendix G3.

5.2 Classification

To analyze an inventory system, first, the stakeholder needs to describe and classify the system.
Therefore, an extension on the classification string of de Kok et al. (2018) is proposed in Chapter
3. The use of the developed classification method proved to be useful. The usefulness of this
method is two-folded. At first, by classifying the inventory system, the stakeholder is forced to go
through all the dimensions. Therefore, it is a perfect guideline to analyze the inventory system
thoroughly. It forces one to analyze an inventory system on all the important aspect and enables
the modeler to collect the right data in an early stage or take into account deficiencies if data is
unavailable. Second, the method is useful to quickly determine the diversity between inventory
systems. By developing these cases, the strings were easily comparable and one could easily
notify the commonalities (no underline) and variability’s (underlined) in the typology string.
Therefore, one can check for the string that is closest (i.e. has most commonalities), which is
most suitable to reuse.

However, once a dictionary of classification strings grows, one can compare the classification
string with a large number of other strings. It is not tested how easily the closest system can
be detected. In that case, one needs to weigh the dimensions as well to take into account the
complexity per dimension. Therefore, it can be possible to choose an inventory system to evolve
which differs in more dimensions than another system, if the dimensions are easier to adapt.
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Furthermore, one needs to consider the difficulty to switch within dimensions. It is for example
arguably easier to switch to a feature that accepts cheaper products for the substitution dimension
if one already has a feature that accepts more expensive products. These kinds of considerations
are not investigated in this research; however, the classification concept is proven to be successful
as a solid basis for analyzing, describing and classifying the inventory system.

5.3 Modeling Levels

With the introduction of the graph model to present the network structure and the MDE
paradigm adopted from the method of Wagner (2018), multiple modeling levels are considered.

Graph model
The first level is the graph structure and is often unique to every inventory system. Although
the same structure is used in the first and the second case, it is advised that this model is never
reused and always modeled from scratch. This forces the modeler to carefully think about the
installations and relations between them. Furthermore, the graph is fairly simple and will only
take a short time to model. The graph model has proven to be efficient if used in combination
with the adopted conceptual model. The efficiency improvement mostly relates to the fact that
process & data models do not have to be designed per stockpoint. The models can be appointed
to multiple stockpoints if they are equal. For example, in case 3, multiple networks are considered
depending on the number of retailers. Since the installations remain equal, the same data and
process models can be used by only changing the network structure. Taking the relation between
the network structure and the process and data model into consideration, it is concluded that the
introduction of this graph model is highly efficient and enables one to easily reuse these models.

Domain model
Although it is not advised to reuse a graph model, a domain model, on the contrary, is perfectly
reusable. Because of the solution independent focus, the changes in this model between the
cases were limited. This is as well because the models are independent of the network structure;
therefore, it only models the structure within a single installation. Meaning that network changes
do not necessarily lead to changes in the domain model.

Design model
At last the design model is discussed, which introduces computational and low-level design choices
compared to the domain model. This model is subject to major changes if the inventory system
changes on multiple dimensions. This was concluded from the Distribution case (Section 5.1.1),
which changed on 9 dimensions in comparison to the Bookshop case. Therefore, in general, this
model is harder to reuse if the inventory systems highly differ on an installation level. However,
in terms of understanding, maintaining and sharing the simulation model, this model proved to
be useful. Because of the detailed level, one is able to document computational details, whereas
the domain level can be used as a guide to provide an overview of the simulation design.

With the introduction of a graph model the efficiency of developing a conceptual model for
simulation increased. With the graph model, equal installations can share the same process and
data models. Furthermore, changes within the network do not directly lead to changes in the
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process and data model. The MDE-paradigm, adopted from Wagner (2017) on the other hand
focuses more on effective modeling. By introducing multiple modeling levels, one starts with a
high-level design and dives into details at a later stage. This forces a modeler to separate different
design choices. With that, not only the quality of the models increases, it as well allows a modeler
to jump back to the domain level if a lot of the dimensions are changing. Therefore, a modeler
does not have to make a lot of changes directly on a highly detailed level (i.e. design model).
Furthermore, with the modeling levels, the simulation model can easily be communicated with
different kinds of expertise (e.g. software engineers, business consultants). Where the domain
model helps a stakeholder to get an overview of the simulation design, with the design model
computational details can be shared to improve an effective understanding of the simulation
model by other stakeholders.

5.4 Variability

In this section, another concept is discussed, namely the modeling of variability. For the modeling
of variability, we made use of OVM (Pohl et al., 2005). Since OVM is a separate model, it was
directly applicable to the current UML and BPMN/DPMN techniques that are used. With the
change of a single dimension in the second case, and multiple in the third case, we were able to
model variability. The findings will be discussed in this section.

The variability is presented by OVM, which separates variation points and variants in a graphical
notation. Because variation points are directly linked to dimensions, and variants to features
the OVM is very intuitive (i.e. logical relation with the classification) to use. Furthermore, with
arcs denoting the process or data points that are influenced by the different variants, it is easily
interpretable. Since features can have a boolean value, they can easily be modeled with a gateway
in a process model. The connection to the data model is less intuitive since it is not related to a
choice but rather an existence. So with the feature backlog (f32) there needs to be a backlog
class, whereas if lost sales (f34) is active, this whole class becomes redundant. Both connections
are shown in Figure 5.3. Note that only a part of the data and process model is presented for
readability, for the complete model we refer to Figure G2.5.

Figure 5.3: Variability connections to data & process model
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As can be seen, the dimension disservice is connected to both the data & process model. In the
process model the dimension can be directly related to a gateway. With the activeness (i.e. true
boolean value) of the backlog feature it is determined which path of the gateway is followed.
Therefore, it can directly be related to the existing BPMN/DPMN notation. In the data model
the activeness of the backlog feature determines the existence of the backlog class; however, a
conditional existence of a class is not part of the UML notation. Therefore, the notation in
Figure 5.3 is used, which is not based on the UML elements and can therefore be less intuitive
because practitioners are unfamiliar with this type of notation.

There are two moments when the modeling of variability can be beneficial. First, if one evolves a
simulation by changing dimensions, one can easily switch back to previous dimensions if variability
is properly modeled. Second, if dimensions differ between stockpoints of a single simulation, one
does not have to make and share multiple process and data models. Additionally, one could argue
that it is easier to detect which data and process points are related to a respective dimension. The
latter can, for example, be interesting in case of sharing and maintaining the simulation model.
To easily separate these moments of modeling variability we define the following description.

1. Variability between systems

2. Variability within a system

Although there are enough advantages, modeling variability between systems in the case studies
is not considered relevant in every case. Already in the second case, where only one dimension
was changed, the changes on a design level were significant; therefore, it was hard to model
variability in the DPMN model. By using separate process (sub)models for every event, DPMN
allows replacing existing sub-models within the DPMN model. With that, the use of variability
modeling became redundant. In order to not jump into conclusions to fast, variability was
modeled on a design level as well in the third case. In this case, the variability model was
connected to the sub-models instead of making new sub-models which was done in the first
case. The main reason is that a lot of dimensions were changing in this case; therefore, it is not
practical to make a different sub-model for every dimension change.

Since the number of dimensions that are variable between inventory systems can grow rapidly, it
is concluded that it is not desired to model variability between systems on a design level. The
detailed level results in many process and data points that are affected by the variable dimensions.
Connecting these models results in unclear models that do no contribute to the earlier mentioned
advantages of easily switching back to previous dimensions and detecting the process & data
points that are related to a feature. Therefore, this type of variability is only modeled on a
domain level. This allows one to easily see which data and process points are influenced by a
dimension, which will improve the efficiency of reusing the domain model.

Second, for the situation in which variability within a system is present, again, the variability is
modeled on a domain level. However, the variability on dimensions where the installations differ
is as well modeled on a design level. In this situation, only the relevant dimensions are modeled
on an installation level, which reduces the complexity but allows us to use the same data an
process models within a single inventory system. In the distribution case, this would mean that
only the costs dimension was modeled since only the retailers considered backordering costs.
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Making this separation has certain advantages. First, it presents clear models that can be used
for their main purposes. The domain level captures a high-level design that can easily be reused
for different systems. Therefore it is beneficial that previous dimension changes are denoted
so other features can be reused or easily changed. With the design level, we move towards the
simulation model that must be able to capture the current system. Therefore, it is easier to
interpret if only the relevant dimensions are presented that need to be built in the simulation
model. A disadvantage of this separation is related to the transformation from domain to design
level. Because the domain level presents dimensions that are redundant in the design level one
cannot directly transform the models. First, one needs to define which part of the variability
model is transformed to the design level.

In conclusion, variability allows one to efficiently model process & data models by sharing one
model for multiple installations with different characteristics. The detailed level of a design
model results in a complex variability model; therefore, variability on this level is only modeled
for dimensions that differ between installations within an inventory system (i.e. variability within
a system). This reduces the complexity; furthermore, the dimensions that vary between systems
(i.e. variability between system) can still be modeled on a domain level to improve reusability.

5.5 Simulation Design

In the previous sections, we discussed the findings of the added concepts. These concepts together
can be designed into an artifact that will be introduced in the next chapter. The objective of
this method is to efficiently develop a simulation model. Since this model was as well developed
and evolved during the case studies, we will discuss the design of the developed simulation model
in this section. This will give the reader background information on the complexity and design
choices that comes with the development of a simulation model. The simulation is build by
objects, entities and events. The evolvement of these elements throughout the cases will be
discussed in this section.

5.5.1 Entities

The term entity is used here to designate a unit of transaction that instigates and responds to
events (Zhang and Zhang, 2010). In the first case, the entity of interest is an item. This item is
ordered by a customer and delivered by the TVshop. Since only one item is considered, this entity
is omitted in the design phase for ease of simplicity. In the second case, a backlog is considered
which keeps track of unfulfilled orders. Therefore, a second type of entity is considered namely
an order. Again, both the item and order entity are omitted in the design phase.

In the third case, both entities are as well introduced in the design phase. The reason is the need
to store information on a detailed level in order to achieve the objective to minimize the average
costs. With the introduction of these entities, it is easier to store information on particular
instances of the entities. For example, with the difference between the moment of entry and exit
of an order, the backordering-costs can be calculated.

With the introduction of entities in the design phase of the simulation, the tool is evolved between
the cases to a more robust and general usable simulation model. Therefore, it is not necessary



5.5 Simulation Design 43

to return to the old design if the dimensions are equally to the first two cases. The current
design can be used as well to simulate the first two cases. However, if one directly jumped to this
simulation model in the first case, one would end up with an unnecessarily complex simulation
model that does not have added value for the first case.

5.5.2 Events

An event is an occurrence that changes the state of a process or a system model (Zhang and
Zhang, 2010). In the first case, three events are distinguished:

� Order Delivery Event

� Customer Demand Event

� Check Replenishment Event

Taking the TVshop as an example: at the beginning of the day a truck full of TVs from the
supplier arrives at the store and the shelves will be filled (Order Delivery Event). During the
day customers enter the store and place their orders (i.e. buy TVs); therefore, inventory drops
and the shelves become empty (Customer Demand Event). At the end of the day, the bookstore
determines which shelves are empty and places a replenishment order at the book supplier (Check
Replenishment Event), which will deliver the books in the morning (Order Delivery Event).

It is argued that these events happen in every installation of an inventory system. However, in
the second case, it was already observed that the arrival of an order is not always the moment
the order will be fulfilled because of the backlog feature. With the proposed events, those events
are actually combined in the customer demand event. Therefore, a separate Process Order Event
is distinguished. With that, a distinction is made between the creation/arrival of an order and
the processing of an order. This has several advantages; first, we can distinguish three events
that are considered at every installation, and a customer order event only happening at the local
installations. Furthermore, we can process orders on multiple moments by a single event. After
an order comes in, and after a delivery took place if there are backorders.

Handling Sequence
With the introduction of multiple installations in the third case, events can happen at the same
time. Events, in this case, will trigger other events, and therefore the sequence of handling these
events is important. In earlier cases, we discussed that events always happen in the sequence
of delivery, order processing, and check for replenishment. However, in the case of multiple
installations, this sequence is not related to all installations. If one considers two installations,
customer orders at the downstream installation will trigger a sequence of events at the upstream
installations. Therefore, by processing the customer order at the downstream installation, if
inventory is continuously checked, a replenishment order will result in an order at the next
installation. Since orders are assumed to travel without time passing by, this order at the
upstream installation is delivered at the same time the customer order arrived at the downstream
installation. If one would consider the original sequence, the process order event would already
have occurred since the order was created by a check replenishment event. Therefore, a rank is
introduced that consists of one or more installations. Events are handled in the same sequence,
but per rank, the sequence is handled, which is shown in Figure 5.4 below.
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Figure 5.4: Event handling sequence

Rank Algorithm
The rank of an installation should not be confused with the echelon of an installation. Because
of the chain reaction started by a customer event, the rank determines the sequence in which
changes to an installation can occur. Installations with a lower rank are more downstream
located, meaning that events are handled from a low to high rank. The algorithm to define the
rank is defined in Algorithm 1. For a working example of the algorithm, we refer to Figure 5.5.

Algorithm 1 Module Rank Algorithm
var RemaingModules List < getAllModulesInNetwork >
var RankedModules Dictionary < IModule; int >
var Rank  0

while RemainingModules.Count > 0 do
for all modules in RemainingModules do

if module does not have outgoing edges then
RankedModules:Add(module;Rank)

end if
end for
RemaingModules:Remove(RankedModules:Keys)
Rank + +

end while

Figure 5.5: Example rank algorithm

Again, the evolvement of these events throughout the cases results in a more robust and general
usable simulation model. In the third case, the design of events changed to be able to handle the
backlog feature together with multiple echelons. Although it is created because of a change in
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these dimensions, it is not directly related to their variability because this design can be used
for both features. Therefore, this event design can as well be used to simulate the first two
cases. However, the execution of the process order event, in this case, is directly related to the
variability of disservice since the execution of the event differs per disservice feature. To explain
the variable execution of such an event in more detail, we use an example. Let us consider a serial
network with a warehouse and a retailer, both installations are equal; however, they differ on the
disservice dimension. If an order arrives at an installation, a process order event will handle this
order. If there is insufficient inventory to fulfill this order, the order will be handled differently
per feature (i.e. backordering versus lost sales). This is shown in Algorithm 2. In this logic, it
is determined that there will be a different action if the LostSales feature is active (denoted in
red). This feature is stored as a parameter per installation. Note that in this algorithm partial
fulfillment is considered. In the case of complete fulfillment, the algorithm needs to be changed.

Algorithm 2 Process Order Event
var Order  this:Backlog:F irstOrDefault()
var RemainingOrderQuantiy  Order:Quantity

while RemainingOrderQuantity > 0 do
if this.StockQuantity > 0 then

this:ItemQueue:Dequeue()
RemainingOrderQuantity ��
if RemaingingOrderQuantity == 0 then

this:Backlog:Remove(this:Order) & break while
end if

else
if this.Settings.Disservice == LostSales then

this:Backlog:Remove(this:Order) & break while
end if

end if
end while

5.5.3 Network Objects

Next to the events and entities, which are the main building blocks of the simulation, objects are
considered as well. These objects can store entities and events, or information about them. In
the first case, an installation object is considered, which keeps track of the number of items on
stock. In the second case, a backlog object is added, which keeps track of the number of orders in
the backlog. In the third case real entities were introduced; therefore, the objects were changed
to queues that store the order and item entities. By storing the order entities we were able to
distinguish backorders from multiple successors (e.g. distribution system) since the entities hold
local information. Furthermore, three different types of item queues are considered, a supplier,
installation, and customer. Every network consists of a supplier that creates the item entities and
a customer that drains the entities. The installations in between, store the entities in their queues
for a period in time. On the other hand, the customer and installation objects are able to create
order entities, whereas their predecessor will drain them. Because of the similarities between
these objects, they inherit from a Module interface, which can be seen as an abstract object. In
the third case, there are multiple installations in the network; therefore, multiple objects are
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introduced that keep track of the network as a whole. These objects are discussed below and
included in the design data model of the distribution case, which is shown in Appendix E1.

NetworkManager
This object creates the network, and stores information about it. Modules are subject to this
network and can receive information about their predecessors and successors from this object. It
creates as well the ranks within the network and keeps track of the echelon inventory position.

EventList
This object stores the events that are scheduled in the future. It is sorted by the time an event
is scheduled, then sorted by the rank of the installation, and at last sorted by the event-sequence.
This sort-sequence is shown in Figure 5.6. Note that there can be multiple instances of the same
event in the eventbucket, since there can be multiple installations with the same rank. The order
of events as shown in Figure 5.4 is important, the order of installations is not since they are in
the same rank. Therefore, an event carries, at least, information about the module, time, and
rank. According to this information the event is placed in the right bucket.

Figure 5.6: EventList class, Distribution case

EventPlanner
This object schedules a new event once another event is done. Events trigger each other; therefore,
this general network object keeps track of the events and schedules new events in the EventList.
By creating a separate object, it is easier to change their logical relation. For example in a
continuous review system, a replenishment check is scheduled after every stock mutation (process
order event), whereas in a periodic review system the check event itself triggers a new check event
after the review period. The relations between events for the third case are shown in Table 5.1.

Event Finished Event Scheduled @ Module Time Condition
Delivery ProcessOrder Source t ModuleType == Installation
CustomerOrder CustomerOrder Source t+ exp(�)

ProcessOrder Predecessor t
ProcessOrder Delivery Successor t+ LT ItemsProcessed != 0

CheckReplenishment Source t ModuleType == Installation
CheckReplenishment ProcessOrder Predecessor t IP < s

Table 5.1: Event planner design, Distribution case

NetworkResults
In the first two cases, only local results of a single installation were relevant, which could be saved
locally. In the distribution case, information on a network level was required such as the average
costs. Therefore, a networkResult object is introduced which keeps track of all the important
results throughout the network.
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With the evolvement of entities, events, and objects a solid design was created which we can
adapt to analyze other inventory systems, such as the final case. In conclusion, by performing
multiple case studies, different features (combinations) are modeled. Therefore, changes in the
design had to be made, which resulted in a more general and solid model. These changes are not
always directly related to the variability of dimensions. Although they are made because of a
different active feature, the new design can be used even if the old feature becomes active again.
Other changes are directly related to the variability in dimensions and can only be used in both
cases if related to the concept of variability. An example is a change in the disservice dimension
that directly relates to the process of handling an order (i.e. executing the process order event),
which was shown in Algorithm 2.

5.6 Summary & Discussion

In this chapter, the use of the introduced concepts is discussed by presenting the main findings
from multiple case studies. The case studies gave usable insights into the applicability of the
concepts in the context of creating a simulation model for variant inventory systems. The
classification proved to be useful by forcing a user to thoroughly analyze an inventory system
guided by the dimensions. Furthermore, it allows one to define the diversity of an inventory
system by easily comparing them to a previous analyzed inventory system. The classification
string proved to be a suitable concept in this comparison; however, the lack of an extensive
dictionary with classification strings limits this conclusion.

By applying the MDE paradigm one is forced to effectively create a simulation model. The
different modeling levels capture multiple design levels and create a distinction in detailedness.
This proved to be useful for sharing and maintaining the simulation model. Which is as well
shown by the use of variability modeling through OVM. This method is beneficial to reuse process
and data models for different installations. It is concluded that variability can effectively be
modeled on a domain level; however, on a design level, the complexity of the model increases
rapidly. Therefore, it is advised to only model variability between installations in an inventory
system on a design level to be able to use a single process and data model for an inventory system.
On a domain level, variability between inventory systems is modeled to improve reusability.
Furthermore, modeling variability stores information about the relation between dimensions
and relevant data and process points. The latter is beneficial for sharing and maintaing the
simulation model. At last, together with the numerical nodes and features, one is able to easily
define the relations between them. Furthermore, by expressing the relations between them one
can easily check for related constraints.

In general, the concepts easily fit together and do not have a lot of overlap which is important for
efficiency. Furthermore, most of the concepts are easily integrable, which results in a coherent and
solid method. Therefore, this chapter moved towards an answer to the third research question
(RQ-3). In the next chapter, the formal method will be discussed which can be seen as the final
answer to this research question.

RQ-3: How can the concepts, which enable efficient modeling of simulation models, be combined
in a formal method?
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6 Formal Method
After introducing, extending and testing the different concepts, at this point, we are able to
design the final artifact. This artifact is a method that aims to improve the process of evaluating
the performance of inventory systems by efficiently engineering simulation models. In this chapter
the formal method is discussed concisely; for further explanation of the different concepts, we
refer back to Chapter 3 & 4. Since the artifact is developed by extending the work of Wagner
(2017), we will clearly define the parts that are adapted. With this chapter, we tend to provide a
final answer to the third research question (RQ-3).

Method design
First, we will explain how this artifact was designed. The artifact is created by extending the
work of Wagner (2017). Whereas the concepts in Chapter 3 & 4 are introduced as individual
concepts, in the final artifact they are combined into a comprehensive method. The design of
this artifact is based on the experiences in the performed case studies, and reviewed literature.

In research of Wagner (2017), an example of an inventory system is presented to prove the
developed artifact in his work. With the conceptual model, he tries to capture the real-world
problem domain; however, in his examples, the real-world problem domain is presented by a
description of the system. Such a description will not be present in real-world inventory systems.
Therefore, it was concluded that we need to include a concept to describe an inventory system
before we can start developing a conceptual model. Furthermore, we want to recognize the ability
to reuse models in an early stage; therefore, we need to classify the inventory system and check for
diversity before we start with the conceptual model. This enables the possibility to reuse parts of
the conceptual model as well. Since these concepts gather information that is independent of the
conceptual model, they do not directly affect the conceptual model of Wagner (2017). Therefore,
we distinguish a separate part in the artifact that was added before the conceptual model.

From inventory research, it was concluded that different inventory systems can have equal
installations (Gallego et al., 2007). With the current method of Wagner (2017) this would have
led to enormous data & process models that are inefficient to create, and hard to share. Therefore,
we refined the modeling levels of Wagner to make an additional distinction between a network
and an installation level. This led to the introduction of a high-level model capturing the network.
Although it is argued that the introduction of a graph model not directly affects the current
process & data models of Wagner (2017), they are related to each other. Therefore this part is
designed as a supplementary part rather than a separate part. Together they form the conceptual
model, which expresses the simulation model. The introduced variability model, on the other
hand, directly affects the process & data models. Therefore, this concept is complementary to
the work of Wagner (2017) and is designed as an integral part. In conclusion, the following parts
of the formal method are considered.

� Description & Classification
� Graph Model
� Process & Data Model
� Simulation Model

Conceptual Model
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Method introduction
This method can be applied by anybody who wants to evaluate the performance of an inventory
system by the use of simulation. In order to efficiently model a simulation model, the method
smartly combines different concepts from the research fields of information systems, operations
research, and software engineering. By using this method a researcher does not jump directly to
the design of a simulation model but is guided to effectively model the simulation step-by-step
by creating a conceptual model. By means of the conceptual model, one can share, maintain and
reuse the simulation model more easily.

The method distinguishes four steps, that are enumerated in Table 6.1 below and will be discussed
in the next sections. The concepts that are part of these steps and their related objectives are
as well presented in the table. Furthermore, the table highlights the concepts that are adopted
from Wagner (2017) in red. It should be noted that Wagner (2017) considers the development
of a simulation model as well; however, he uses a different simulation technique. The steps are
discussed in chronological order and need to be executed respectively. Although the method
focuses on those four steps, an orientation phase before the first step is identified by the author.
During this orientation phase, the need to evaluate an inventory system is created. During
this process directly information is gathered related to the context of the system. Such as the
industry, the problems that they are facing, restrictions, etcetera. This information can be very
useful and can be best shared by a system description.

Steps Objectives Concepts
1. Describe & Classify inventory system Concise and qualitative analysis Analysis per dimensions

Define diversity Classification string
Valid classification Relation expressions

2. Model the network Overview network Graph model
Relate (variable) features to installations Mathematical variability relations

3. Model data & processes Express simulation model Data/process model (DPMN/UML)
Communication on different domains MDE-paradigm
Reuse of models Variability model (OVM)

4. Develop simulation model Develop simulation C# programming language2

2specific to this research, it is expected that other techniques can be used too; however, this is not tested.

Table 6.1: Steps formal method

6.1 Description & Classification

In the first step, one needs to define the dynamics of the inventory system in scope. There are
many dimensions that determine the dynamics of such an inventory system. To force one to
thoroughly analyze the inventory system and capture all the relevant information, a classification
concept is introduced. This concept distinguishes 23 dimensions which all have multiple features
that can be active in the inventory system. In order to describe and classify the inventory system,
one needs to define all dimensions. The list of dimensions can be found in Table 3.1, presented
in section 3.2.2.

Before one jumps into defining the dimensions, it should be noted that the simulation model is
limited to the data that is available. Meaning that it is advised to classify the system according to
information that is available and can be used in the simulation model. Furthermore, in general, it
is not enough to only classify the inventory system by choosing one of the features per dimension.
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Many dimensions and/or features need to be enriched with additional information. Therefore, it
is advised to not only classify a single dimension but as well provide a short description with
business logic and parameters. By doing so, already useful information is obtained in an early
stage and a short description is easier to share with stakeholders that are unfamiliar with the
classification used. At last, by classifying the dimensions, certain relations between the dimension
need to be taken into account. They are expressed in propositional logic expressions and stated in
Section 3.2.4. By using these relations, one makes sure that a valid classification of the inventory
system is considered. The relations presented in this report hold for every inventory system, by
classifying the inventory system one can add relations that are case-specific. It can, for example,
be the case, that an order cannot be partially fulfilled if placed in the backlog because of high
delivery costs. The dimensions are divided into multiple aspects of an inventory system, which
are enumerated below.

� Network Specification (5 dimensions)

� Resource Specification (2 dimensions)

� Market Specification (5 dimensions)

� Control Specification (6 dimensions)

� Performance Specification (3 dimensions)

In this method, two levels of an inventory system are considered. First, the network level, where
we consider multiple installations being physical locations that hold stock within the supply
chain, and the possible product flows between them. The second level is the installation level,
where the internal processes related to inventory are considered. Since the internal processes
of an installation can differ between installations, we need to distinguish dimensions on both
levels. Therefore, first, the dimensions regarding the network need to be described. After the
network and the number of installations that can be controlled are known, one can determine the
dimensions on an installation level. These dimensions are divided into the resource specification,
market specification, and control specification. At last, the performance specification needs to be
defined, which is more on a network level but relates more to the goal of the evaluation and is
therefore placed at the end.

After classifying and describing the dimensions, one is able to make a classification string. The
string is presented as two strings, where the first one is based on the original typology of de Kok
et al. (2018). With both strings, one is able to compare the inventory system of interest with
previous inventory systems (if available), and the first string allows one to compare the inventory
system to scientific research in the field of MEIO. The latter can be used to search for appropriate
heuristics or field studies in order to optimize the inventory system. Through the classification
strings, the inventory systems are easily comparable. By comparing the inventory system with
previous analyzed inventory systems one is able to define dimensions that are equal, which can
be reused, and dimensions that are different, which need to be developed. If the inventory system
of a previously built simulation model is closely related to the inventory system of interest, one
can reuse (parts of) this simulation model and therefore use it as input for the rest of the steps.
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6.2 Graph Model

In the second step, one is modeling the network structure by means of the graph model. Modeling
the network is part of the conceptual model and important to define the relations between
installations. Furthermore, the graph model is used to relate the process and data models
designed in step 3 to the respective installations in the network.

The graph model is intuitive and easily shareable; however, once the network becomes complex
the model can become unclear. Therefore, one needs to notate the relations between stockpoints,
which as well helps to implement the network structure in the simulation model more easily. The
notation used is defined in Section 4.2.4.

If variability is present within the inventory system, the active features need to be connected to
the respective installation in the graph model. Since the nodes (ni) and the features (fi) are
numbered, these relations can easily be modeled. The notation used is defined in Section 4.3.2

6.3 Process & Data Model

The third step considers the process and data model, which are used to express the simulation
model. This step is based on work of Wagner (2017), which is extended in this research to
be able to capture variability in process & data models. With both the network model and
the classification, one can define the number of installations with different internal processes
(dimension combinations). For the different installations, we need to model their internal data
and processes. Modeling is based on the UML and BPMN/DPMN techniques, respectively, which
are well established in information systems. For more information on those techniques, we refer
to Section 2.4.

In order to effectively create and design the simulation model, the model-driven engineering
paradigm is applied. This paradigm distinguishes different levels of a model. In this case, we
consider three levels, a domain level, a design level, and eventually the simulation model which is
the final product of this method and generated in step 4. Therefore, we consider the domain and
design level as part of the third step and the conceptual model.

6.3.1 Domain Level

At first, data and process models on a domain level are developed. In case the simulation model
is developed based on an existing simulation model, the respective data and process model can
be reused. The domain level is solution independent and does not include any computational or
design choices. Therefore, this level is perfectly useful to capture all different installations within
a single model.

In the case of dimension differences between installations in the network, a variability model
(OVM) is introduced to capture them. Note that this model is an extension of the method of
Wagner (2017). The variability model can as well be used to reuse existing models of previous
inventory systems and define the dimension that are developed. The OVM model is a separate
model that can be connected to both the data and process model. For details on OVM we refer
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to Section 4.3. Every dimension that has multiple active features in the network can be modeled
as a variation point, all the active features as variations. In case installations differ on too many
dimensions, it can be beneficial to model the installation separately.

Note that it can be important to model the relations between dimensions as well in the OVM.
In the next step, the domain model is used as a basis for the design model. By modeling these
relations directly, one can easily see that a change in a particular dimension can affect other
variation points. Although these relations are already captured in logical expressions in the
first step, it is beneficial to model them as well to prevent mistakes. For more information on
the modeling notation of these relations within OVM, we refer to Appendix C3 or for a more
extensive description to Pohl et al. (2005).

6.3.2 Design Level

After the domain model is finished, one can start with modeling the design level. The design
model is based on the domain level; however, on this level one focuses on the solution and includes
computational and design choices. Therefore, the goal of the simulation needs to be clear in this
part of modeling. Although the process and data models are platform-independent at this stage,
it is advised to already know the simulation technique since it can influence the design choices.

On the design level as well a data model is created on a network level. Meaning that the design
models per installation are derived from the domain model, whereas the design model on a
network level is directly based on the graph model. This is as well the reason that it is beneficial
to know which simulation technique is used. Since a programming language requests a simulation
runner as well, whereas a simulation package will have an implemented runner. Other examples
from data objects on a network level are; an object that stores results, an object that stores
events, and an object that manages the network. There is always a single data model on a
network level since there is only one network. Therefore, it can be beneficial to separate the
network and installation data models. There is no process model on a network level since the
network itself does not have processes.

On the design level as well a variability model can be included. However, the approach differs
from the domain level. Where on a domain level the variability in dimensions between inventory
systems can be captured, it is excluded from the design level. On this level, only the variability
in dimensions that exists between installations in a single inventory system is modeled. In this
case, we allow to use a single process and data model for multiple installations, but exclude the
variability of active features in other inventory systems to decrease the complexity of the model.

6.4 Simulation Model

The last step of the method is the creation of a final simulation model. This model can either
be implemented in a programming language or a simulation package. Although multiple case
studies have shown that the design models together with the graph model could be transformed
into working and validated simulation models, this research does not provide a transformation
technique to automatically create a simulation model.
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If a previous simulation model is used, changes made in the conceptual model point towards
the parts of the simulation model that need to be changed or developed. By means of the
classification, one can easily make a checklist of changes to be made. Developing these features
step-by-step, guides the modeler towards the new simulation model. The result of this last step
is the final simulation model. After which the modelers can run scenarios that they would like to
test, or apply an optimization technique to optimize the inventory policy.

6.5 Discussion

The presented method helps one to efficiently and effectively create a simulation model. By
means of the conceptual model the simulation model can be expressed such that it can easily
be reused, shared and maintained. Although this method helps one to create such a conceptual
model step-by-step, experience and knowledge of both inventory systems and modeling techniques
are required to create these models. However, the way of documentation allows stakeholders
without this experience to easily create an understanding of the simulation model as well. By
means of the graph, process and data model we tend to create models that are easily readable.

By presenting the final method in this chapter, the third research question (RQ-3) is answered.
In the next chapter, this method is used in the final case study.

RQ-3: How can the concepts, which enable efficient modeling of simulation models, be combined
in a formal method?
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7 A Case Study
In this chapter, a case study is used to validate and underline the method that was introduced in
the previous chapter. The validation through this case study is done by the author, to strengthen
this validation, stakeholders have reviewed the method as well which is discussed in the next
chapter. This real-world case from a client of ORTEC is chosen since it has a complex network
structure, it introduces dimensions that are not developed yet, and it does not have a clear
scientific description and classification.

The chapter is structured according to the steps in the method. Before we will start with the
classification; first, a brief introduction of the case will be given to provide enough context. This
description contains information that is gathered during the orientation phase.

7.1 Introduction

The Cardboard Company (CBC) is a company that delivers cardboard cartons to its customers.
Cardboard is produced from different types of paper. CBC owns a network of corrugated plants,
which produce cardboard, and paper mills, which produce paper. The challenge for their supply
chain director is to optimize the inventory of paper in the network in order to provide their end
customers high service in a cost efficient way.

7.1.1 Company & Problem Description

The corrugated plants want to offer their customers a high service level, measured as the fill rate,
being the total average demand that could be delivered directly from stock. To meet this goal, it
is not necessarily useful to strive for high fill rates of paper supply from the mills to the corrugated
plants. First, since it is not an end customer, it does not add direct value for your customers.
And second, a high service level upstream does not necessarily lead to a significantly better
service level downstream. However, without complex computations it is difficult to estimate
the expected fill rate performance in the network for different inventory policies. By means of
a simulation model they want show the improvement that could be achieved by changing the
inventory policy.

7.1.2 Data Availability

Data is provided by the different paper mills and corrugated plants in scope. The installations
provided ORTEC with the following data that is used in our analysis:

� Demand data - plants

� Stock levels - mills

� Stock levels - plants

� Stock policies

� Transportation lead times

� Delivery data - mills

Furthermore, we only consider one year in our analysis because of data availability.
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7.2 Description & Classification

Based on the data and interviews3 at CBC we were able to classify the inventory system on all
the important dimensions. We will walk through the dimension and provide a short description.
In the end, the classification string is presented, in which we compare the inventory system with
previously developed inventory systems.

7.2.1 Network Specification

The network of CBC consists of 4 paper mills and 5 corrugated plants. Not all stockpoints in the
supply chain are connected to each other. However, the paper mills are connected to multiple
corrugated plants and the other way around. Therefore, we consider this inventory system as
a 2-echelon network, with a general structure. Furthermore, as already discussed, there are
multiple products. In this case, we only consider the paper types that are used by the corrugated
plants in scope. This results in a total of 281 unique product types; however, it should be noted
that not all corrugated plants store all types. Furthermore, there are types that are held by
multiple corrugated plants. In total there are 415 product type - corrugated plant combinations.

7.2.2 Resource Specification

Every stockpoint has a capacity. Although some of them can easily expand their capacity by
the use of external warehouses, we (at first) only focus on the current capacity. The capacity
is known for every installation and is expressed in Kilograms. The products are sold as paper
rolls, which can differ in weight and width. The weight is used to express the capacity of an
installation, since in general the amount of paper increases linearly with the weight. In order to
provide a feasible scenario, we will take a margin of 5% of the capacity to account for situations
that influences the capacity but are out of scope.

The transportation time between installations is considered constant. They are provided for
every possible connection within the accuracy of 30 minutes. It would increase the realism of the
simulation if this time is stochastically distributed. This is something that can be implemented
in a later stage. However, by using the average and having predominantly lead times of multiple
hours, the impact is assumed to be limited.

7.2.3 Market Specification

Historical demand data is available for every corrugated plant and can be used for the simulation.
The data is on an order level and multiple customers can be distinguished. The arrival of an order
is stored per calendar day; therefore, we cannot distinguish the chronological sequence in which
orders arrived on the same day. Furthermore, by using this data we do not have any demand
stochasticity since the demand will be the same for every run. When running multiple scenarios,
this will eventually lead to optimal solutions because of over-fitting (i.e. the model corresponds
too closely to a particular set of data, and therefore fails to fit future data). Therefore, in a
later stage, it can be considered to fit the demand data into a distribution in order to include

3 Various employees at CBC are interviewed, because of confidentiality the names nor specific roles can be
shared. However, they mainly have director/teamleader functions in the direction of supply chain.
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stochasticity. Furthermore, not only the corrugated plants are placing orders at the paper mills.
They have a lot of other customers directly ordering at the mills. Therefore, intermittent demand
is considered in this case, meaning that exogenous demand is not only modeled at the downstream
echelon.

For all installations, in case of disservice, orders are placed in the backlog. Furthermore,
installations are able to partially fulfill their customers. However, most installations consider a
Minimum Order Quantity (MOQ). For partial deliveries, this boundary holds as well because of
the transportation costs. In practice, customers accept substitution by a higher grade. However,
because of the width and paper color, not every paper type with a higher grade or grammage
can be used.

7.2.4 Control Specification

The stock policies are hard to determine because they are mainly controlled by the supply chain
department. Although the specialists working at this department are making the final decision,
an ERP system is providing them with replenishment information based on an (s; S)-policy. The
s can be seen as the safety stock and is either expressed in days or quantity. The information
is available per corrugated plant, and per product type. For the paper mills, no replenishment
policy is known, they produce their product types in cycles and do not work based on a fixed
replenishment policy. The review period is assumed to be continuous because of the ERP system
they are using. As mentioned, a MOQ is defined for the orders placed at the paper mills.

The network has a few routing flexibility connections. Meaning that products are delivered from
a corrugated plant to another corrugated plant. These connections only exist between a few
plants that are closely located to each other. An inventory rationing policy is introduced other
than the First-Come-First-Serve principle. In case the demand is higher than the items on stock,
the stock is divided according to the relative amount of the demand. So, if an order of 2 and 6
comes in, the available stock will be divided by 25% and 75% respectively.

7.2.5 Performance Specification

Costs are unknown and therefore not considered in this case. We use the fill rate to measure
the service level of the inventory system. The fill rate is calculated as the long-run average
fraction of demand satisfied from inventory. CBC was trying to achieve a 99% service level on
this measure. In this case, the simulation model is used to evaluate multiple scenarios in order
to find a scenario in which less average stock can be held while still obtaining a 99% service level
to the customers of the corrugated plants.

7.2.6 Classification String

The classification string of this inventory system is shown below. It is compared to three inventory
systems that are simulated in previous cases (i.e. the TVshop, Bookshop, and Distribution case).
The current inventory system is most closely related to that of the distribution case. The
dimensions that differ in comparison to that system are underlined. It could be that an active
dimension is different from the previous inventory system, but has already been active in other
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inventory systems. In that case, it can still be interesting to gather information on the way of
modeling of that particular dimension in other simulation models. These dimensions are double
underlined and have been active in the inventory systems of either the Bookshop or TVshop case.

T1: 2,G,D,G|F,C|C,B|s,O,R|S||S,P
T2: n| |M,P,I|C,O,N|N,A

The conceptual model, and simulation model of the distribution case will be evolved to create
a simulation model for the inventory system of CBC. Based on the underlined dimensions the
following changes are defined and enumerated below.

1. Network

� Network change (D2)

� Multiple products (D5)

2. Resource

� Implement bounded capacity (D6)

3. Market

� Read historical demand (D8)

� Implement intermittent demand (D10)

� Implement/reuse partial fulfillment (D11)

� Implement substitution (D12)

4. Control

� Implement/reuse (s, S)-policy (D19)

� Implement MOQ (D15)

� Implement routing flexibility (D16)

� Implement relative order rationing (D17)

5. Performance

� Remove costs (D20)

� Implement fill rate (D21)

7.3 Network Structure

The network changes from a distribution network to a general network. We will not reuse parts
of a graph model; therefore we start by identifying the different installations in scope. For ease
of reference we name them by the city they are located at, so we consider Keulen (D), Linz (A),
Granada (E), and Umeå (S). For the corrugated plants, we did the same, we consider Aken (D),
Erfstadt (D), Göttingen (D), Valencia (E), and Malaga (E).

The stockpoints of the corrugated plants are considered as the paper inventory. Meaning that
the demand data is the internal demand from production to produce cardboard. On the other
hand, the stockpoint of the paper mills is considered as the safety stock of the finished paper
roles. Meaning that the supplier of this stockpoint is the production of the paper mills. The final
network that is modeled is shown in Figure 7.1. The relations are as well modeled by expressions,
they are enumerated below.
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N := f1; 2; 3; 4; 5; 6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16; 17; 18g, and

E := fh1; 5i; h2; 6i; h3; 7i; h4; 8i; h5; 9i; h5; 10i; h5; 11i; h6; 9i; h6; 10i; h6; 11i; h6; 12i; h7; 12i; h7; 13i;
h8; 9i; h8; 10i; h8; 11i; h8; 12i; h8; 13i; h10; 9i; h12; 13i; h13; 12i; h9; 14i; h10; 15i; h11; 16i;
h12; 17i; h13; 18ig

Figure 7.1: Network structure, CBC

7.4 Conceptual Modeling

In this part, the conceptual model is developed in which we design the simulation model. The
conceptual model exists of a domain and design level, which are both expressed by a process and
data model. The classification already showed that the inventory system is similar to an earlier
case; namely, the distribution case which is discussed in Appendix G3. The conceptual model of
that case can be useful and will be used to develop the simulation of CBC.

7.4.1 Domain Model

The first stage of the conceptual model is the domain model. First, the data model is discussed
whereas the process model will follow. Both models are based on the domain models of the
distribution case, they can be found in Figure G3.5 and Figure G3.7 respectively. In this part,
we will focus on the changes made, regarding these models. For more general information on the
technique of modeling, we refer to Section 2.4, for a more extensive description of the design of
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the models we refer to the previous cases discussed in Appendix G1, Appendix G2, and Appendix
G3 which give a complete overview of the development. The variability on the domain level will
be discussed at the end of this chapter.

7.4.1.1 Data Model

The respective domain data model that is designed for the CBC case is shown in Figure 7.2.
Changes that are made for the CBC case regarding the Distribution case are indicated in red and
will be shortly discussed below. For this case, no objects or events on a domain level needed to
be added or removed. With the introduction of multiple products, we need to define which type
of product an event is handling. Therefore, the type of product is indicated by a productType
attribute. This attribute is as well connected to the orders and the events related to an order.
Furthermore, to handle multiple products we distinguish multiple inventories per installation. So
a single installation can have multiple inventories to store information on an inventory level per
inventory. The association between the installation and the inventory; therefore, changes from
one-to-one to one-to-many.

Next to the product changes, the capacity of the installations is bounded for all CBC installations.
Therefore, an attribute that defines the capacity is added to the installation object. A
targetinventory attribute is added to the inventory object since, in this case, we deal with
an (s, S)-policy instead of a base-stock policy. In a base-stock policy, the reorderpoint and
targetinventory parameters are equal, whereas they differ within an (s, S)-policy. To capture this
extra parameter an attribute was added. At last, the exit-time of an order is used to account for
the service level measures, and a MOQ attribute is used to capture the minimum order quantity
for an order placed at a supplier.

Figure 7.2: Domain data model, CBC

7.4.1.2 Process Model

The domain process model for the CBC case is shown in Figure 7.3. Again, changes with regard
to the process model reused from a previous case are indicated in red. For ease of reference, the
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start-event is indicated in green in this model. First of all, a new exclusive gateway is introduced
to account for substitution (D12). If insufficient inventory is available to fulfill the order, it is
checked if substitution is accepted. If so, the order is adjusted which results in a new start-event.
Furthermore, once an order is processed, the fill-rate needs to be updated (f81). A replenishment
order is placed with a MOQ; therefore, the way to calculate the ordersize (OS) is adjusted.

In order to account for the capacity, an exclusive gateway is included before the delivery event.
If the remaining capacity is smaller than the ordersize, only the remaining capacity is delivered,
whereas the rest of the order is destroyed. At last, the intermediate event of releasing backlog is
now affected by the rationing policy (D17). The exact algorithm to fulfill the orders according to
relative rationing will be modeled at the design level.

Figure 7.3: Domain process model, CBC

7.4.2 Design Model

At this point, our domain models for the CBC case are finished. Now we can expand them by
including computational and design choices. Again we start with the data model and follow with
the process model. Both models are based on the domain models of the distribution case, they
can be found in Figure G3.6 and Figure G3.8 respectively.

7.4.2.1 Data Model

For the data model, we make a distinction between an installation and a network level.
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Network
Since the network itself does not have processes, only the data is modeled. Furthermore, the
MDE paradigm is not used in this case since the classes are directly derived from the network
structure. The data model is shown in Figure 7.4. Note that the IModule and IEvent classes are
included as a bridge to the installation level, which is modeled in Figure 7.5. Part of the existing
classes are already introduced in Section 5.5.3.

Figure 7.4: Design data model, network level CBC

Simulator
A simulator class is introduced as the basis of the simulation program. A stop-time and a
warm-up-period are parameters that are assigned to the simulator. At first, the network is
created based on input and will be managed by the networkManager. Next, the networkresults
and eventplanner class are created, whereas the latter one will initialize the start events of the
simulation. By running the simulation, the first event will be handled and the simulation will
stop running after the stop-time is reached or no events are scheduled by the eventPlanner.

NetworkReader
The information on a network level is predetermined and needs to be stored as input. To read this
input, a separate class is introduced, namely a networkReader. This class reads the information
regarding the network as spreadsheet/text input and converts them into dictionaries or lists that
can be used by the networkManager class to return the right information to installations.
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Changes NetworkManager & NetworkResults
To store information about the substitution and rationing of items, two attributes were introduced
at the networkmanager. To create these attributes they need to be initialized; therefore, respective
functions are created. As well as functions to gather information from these attributes.

The goal of this case changed; therefore, the network results class now has attributes to store
information about the service level. Furthermore, the attributes regarding costs are omitted. To
gather extra information on the performance delivered by the installations, an attribute to store
the waiting-time is added.

Installation
Now that the data on a network level is modeled, the design of the data model on an installation
level can be discussed. The design data model is shown in Figure 7.5. Changes with regard to
the previous data model used are again indicated in red.

Figure 7.5: Design data model, installation level CBC

The most changes are made because of the introduction of multiple products. A typeId
distinguishes the different types of products, whereas, by the use of dictionaries with a typeId
key, information on a product type level can be stored. Another important change in the backlog
is the introduction of the getFulfillOrders which will return the orders to fulfill and applies the
relative rationing algorithm if needed. The algorithm will be modeled on the process model.
Other changes are made regarding the bounded capacity, substitution, MOQ, and (s, S)-policy.
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7.4.2.2 Process Model

At last we need to model the design process model, which is shown in Figure 7.6. The changes
to this model are extensive, which was expected by the many dimensions that changed. Since
the changes are on a detailed level, we will not discuss all changes, nor highlight them in red.
The parts of the model that need to change are discussed based on the developed feature.

At first, the inter-arrival time is not based on a distribution but on historical data. Therefore, all
orders are stored in the Orders attribute, which is a list of orders created by the NetworkReader
data object. Next, the processes related to the process order event changes drastically. The
backlog object now contains a function to return the orders that need to be fulfilled by the
module. This function as well implements the rationing algorithm. Based on these orders the
entities are removed in the IModule object. In that case, as well the service level is updated.
In this function, as well an algorithm is implemented that covers the substitution of products.
A list of removed entities is attached to the delivery event that is created if items are removed.
Furthermore, the delivery event now has to deal with a limited capacity of the installation.
Therefore, a delivery loops over every item in the list of entities that was attached to the event.
If there is no capacity available to add an item, it is destroyed. At last, in the checkreplenishment
event, a change is made in the ordersize function to account for the MOQ.

7.5 Variability

Since the domain models are based on previous inventory systems, and multiple dimensions have
changed, we were able to model all the features in a variability model. The variability model is
shown in Figure 7.7. As can be seen, by evolving this domain model through 4 cases, already a
lot of different features are captured. To define the variability within the inventory system, the
following expressions are defined.

{n5; n6; n7; n8g := ff57; f67g
{n9; n10; n11; n12; n13g := ff55; f64g

7.6 Conclusion

In this chapter, we presented the use of the method by performing a real-world case study that
was provided by ORTEC. This case study was used to validate our method and helped us to
study the method in depth. From the case study, we learned that the method helped us by
efficiently creating a valid simulation model. By reusing parts of a previous simulation, we were
able to develop this simulation model much quicker than if we would have started from scratch.
We are concerned about the increased size of the process design model and the variability model,
as a result of the increased complexity of this case. This resulted in models that became less
clear (e.g. Figure 7.6, and Figure 7.7 on the next pages). In further work, these concerns can
be investigated. In the current method, they are stated as limitations. In the next chapter, we
further evaluate the method by presenting the method to ORTEC employees and interview them.
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Figure 7.6: Design process model, CBC
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Figure 7.7: Domain variability model, CBC
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8 Method Validation
In the previous chapter, our formal method is proposed and its use is presented by a case study.
In this chapter, we try to get more insights into practical efficiency, understandability, and
maintainability. Therefore, multiple interviews are performed with employees of ORTEC to
validate our method. The design of this interview and the results are presented in this chapter.

8.1 Selection

First, we need to determine which employees are suitable to interview. Therefore, we defined
certain criteria based on the target audience of this method. Although users with different
expertise can be involved at specific steps of the method, we want to validate the whole method
with the interviewees. Therefore, they need to have knowledge of both inventory management as
well as process & data modeling, which is necessary to adequately interpret the method.

� Basic knowledge of process/data modeling: must be able to correctly interpret the models.

� Basic knowledge of inventory management: must be able to correctly interpret terminology.

� Has a position that can get in contact with this method.

Based on these criteria we wanted to have a variety of roles within ORTEC. Considering this
variety and the ability to easily reach them, the following employees are selected. To make sure
they had the right knowledge we asked them if they were familiar with process & data models,
and multiple inventory management terms (e.g. lostsales, fill rate, and lot-sizing).

� Expert Consultant4

� Analytics Consultant Supply Chain

� Software Engineer/Analytics Consultant

8.2 Interview Design

First, an introduction to the research is given. It will share the reasons why a method is needed,
and the advantages of using it. After the introduction, a motivating example is given of two
companies that only differ in one dimension. It will show that the dynamics and performance
of the inventory system completely changes, whereas the simulation model only changes in a
small part. Next, a complete description of the method is presented. Per step, the concepts are
introduced and concluded by the purpose and deliverables of the respective step. Thereafter, the
method is presented by means of a case study to provide more context and to show the use of the
method. At last, the interview is performed based on 40 questions that will be discussed later.

The interview is structured based on the steps of the method. For the first three steps, an identical
design is considered, existing of five areas. The first three areas are focused on qualitative feedback
and cover the aspects; understandability, usability, and the ability to create the concepts.

1. Representation: is the model/concept represented in an understandable way?

2. Purpose: has the model/concept a clear purpose and is it usable in that manner?
4This employee joined the interview for selecting a simulation technique as well, discussed in Chapter 4.
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3. Modeling: are users with modeling/inventory expertise able to develop the model/concept?

The fourth area aims to qualify the benefits of the step; therefore, we make use of the devil’s
quadrangle, which is presented in Figure 8.1 (Brand and van der Kolk, 1995). Within this
quadrangle, a qualitative evaluation can be undertaken to assess the best practices against
their impact on time, flexibility, quality and cost issues (Mansar and Reijers, 2007). For every
model/concept that is included in a step, it is asked to qualify the benefits according to the
different factors that this quadrangle distinguishes. An example is, based on the classification
concept the quality factor is increased by forcing a practitioner to gather information on all the
important aspects of an inventory system. The last area consists of a general question in which,
regardless of a solution, room for improvement is discussed.

Figure 8.1: Devil’s quadrangle

Furthermore, since the fourth step (simulation model) does not introduce any new concepts/models
we use this part to ask general questions. The following questions were defined:

� Is the conceptual model more intuitive (i.e. easier to understand the simulation design)
than a simulation model?

� Does the method help to structure the design of a simulation model?

� In general: Do you see any room for improvement regardless of a solution? Do you have
suggestions for improvement?

At the end of the interview, the last question is defined to quantify the benefits of this method.
We quantify the benefits by asking the amount of time this method will save in comparison to
the situation where the method is not used. Therefore, we use the following situations. Three
different inventory systems need to be simulated by three different users. In situation A, the
first user creates the simulation model without the method and shares his plain code with the
second user. This user creates a new simulation model for the second system and shares his plain
code with the third user, etcetera. In situation B, the formal method introduced in this research
is used by the first user to create the simulation model for the first case. The user shares all
the documentation gathered by the method and the plain code with the second user, who is
developing the simulation model for the second case based on this information, etcetera.

The complete enumeration of the questions asked in the interview can be found in Appendix F1.
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8.3 Interview Results

In this section we present the main results of the interviews performed. Per part of the method,
the most important feedback (disadvantages) are presented and the impact on the factors of the
devil’s quadrangle are discussed.

Part 1: Classify & Describe

� The notation (T1, T2) to separate the two classification strings is confusing.

� It would be better if constraints are directly denoted in the classification table (Table 3.1).

� The difference in variability within a system and between systems can be more clear.

� The term ’variability’ is used for different purposes in other research areas (e.g. to define
stochasticity in OR) which is confusing.

Devil’s Quadrangle:
The most important factor that improved is quality. Through the dimensions one does not forget
important information; therefore, it results in the first-time-right principle, which saves time and
reduces costs. Furthermore, it gives a clear and accurate description of the inventory system,
that can be compared adequately. There is no improvement or regression in the flexibility factor.

Part 2: Network model

� It is not completely clear what the variability expressions represent, or how they should be
interpreted.

� It can be more clear that this is the moment to define diversity between stockpoints within
an inventory system.

Devil’s Quadrangle:
Modeling the network is seen as a more logical step that is likely to be performed without the
method as well. Therefore there is little improvement in the factors. However, it is still concluded
that there is an improvement in quality and flexibility. On the other hand, the ability to reuse
process & data models that is related to this step has a positive impact on the time factor since
fewer models have to be developed. However, if compared to not using a conceptual model this
improvement is not relevant.

Part 3: Process & data model

� It is concluded that software engineer knowledge is needed on a design level.

� The variability model is causing confusion, mainly because most people are not familiar
with the concept.

– Not clear if variability is within a stockpoint or between stockpoints.

– Less intuitive, which will result in more questions.

Devil’s Quadrangle:
Next to the first part, it is concluded that this part has a major impact on multiple factors.
Because the models are developed on multiple levels and from different viewpoints, it is easier to
communicate between different roles. Therefore, a business consultant can easily communicate
with his client but as well with a software engineer. This saves time but has as well a big impact
on quality and costs because of the first-time-right principle.
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General
In general, it is concluded that the conceptual model is more intuitive than a simulation model
and therefore suitable to share, communicate and maintain the simulation model. Furthermore,
the method perfectly helps a practitioner to structure the design of a simulation model which is
acknowledged as one of the key advantages of this research. Although there was no consensus
about the improvement in time this method will cause (factor 4, 2, 1.3), it was concluded that
by using this method a high-quality simulation model is developed in significantly less time.

Conflicting Opinions
Since the interviews are separately performed, conflicting answers to the questions can be present.
Most of the conflicts are because of unclear parts of the method. They are unclear for one, but
not for the other. Since they all have knowledge of the modeling and inventory parts, we were
not able to directly link it to a lack of knowledge. Another interesting conflict is the fact that the
expert consultant, which is more focused on the business, quantified the highest time improvement
(factor 4), whereas the software engineer with more focus on the simulation quantified the least
time improvement (factor 1.3). This can be clarified by the fact that the method is mainly
focused on the transformation from real-world inventory system to the conceptual model, which
is mainly related to the role of an expert consultant.

Overall, it can be concluded that the interviewees did not have major conflicting opinions, and
they mainly agreed with each other.

8.4 Conclusion

The validation provided us with useful feedback about the presented method. Overall we can
conclude that the presented method improves the process of developing a simulation model
significantly. At first, the guidance that the method provides enables a practitioner to structure
the design of a simulation model. This results in a higher quality of the simulation model because
all the important information is captured. Furthermore, because of the guidance practitioners
design a model that is right the first time, which will result in a significant efficiency improvement.
Although the interviewees were mostly positive about the method, there are some disadvantages
to highlight. Most of these disadvantages are related to the variability concept. Both the
mathematical expressions as well as the OVM were less intuitive and needed extra explanation.
Two reasons were distinguished; (1) the interviewees were not familiar with the variability
model, and (2) the variability model/expression does not clearly present the level on which the
dimension varies (i.e. between systems, between stockpoints, or within a stockpoint). The latter
can be seen as a shortcoming of both the OVM and the mathematical expressions. Including a
clear description will partly solve this problem; however, this will not overcome the fact that
practitioners are unfamiliar with the OVM and have trouble interpreting it correctly.

By means of the case study in the previous chapter, and the performed interviews we provided
an answer to the last research question (RQ-4).

RQ-4: How to evaluate the newly developed method?
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9 Conclusion
The last chapter is used to conclude on the research that is conducted in this Master Thesis
Project. At first, we will discuss the general conclusion of the research, followed by the limitations
that were present in this research. In the latter part, we discuss our recommendations.

9.1 Research Conclusion

It is validated that the proposed method is able to effectively guide one through the process
of efficiently creating variant simulation models. Therefore, practitioners are able to evaluate
the performance of an inventory system more quickly. However, validation showed that the
introduced variability concept is causing confusion, and needed extra explanation. Although
the variability concept proved to be useful, further research in this direction can strengthen the
method.

Problem
Evaluating the performance of an inventory system in different scenarios is a challenging problem
because of the complexity and uniqueness of such systems. Therefore, simulation has become
mainstream for the modeling of a real-world supply chain. However, creating a simulation
model is time-consuming and hard to reuse, share and maintain. To tackle the latter problem,
research of Wagner (2017) introduced a method that uses process and data models to express
simulation models. Despite the fact that inventory systems are highly unique, they have a lot of
commonalities as well. This motivated us to adapt the method of Wagner (2017) which enables
reuse of both the conceptual and simulation models for different inventory systems. By designing
the method we focused on efficiency, maintainability, and understandability in order to easily
share the models with both inventory/business and simulation/software experts.

Method
By investigating both Multi-Echelon Inventory Optimization (MEIO) & Information System (IS)
research we were able to highlight the shortcomings of the method of Wagner (2017). It was
concluded that stockpoints share a lot of commonalities in both process & data models; therefore,
it would be beneficial if parts can be reused. Introducing three existing concepts from both
research fields allowed us to extend the method of Wagner (2017) in order to increase efficiency,
maintainability, and understandability with a focus on inventory systems. First, a classification
concept was adapted from MEIO literature to define which parts of the simulation model can be
reused and which parts need to be developed. Next, we adapted the variability model (OVM) in
order to capture variability, and we adapted the graph model in order to capture commonalities
between stockpoints.

The evaluation through multiple case studies proved that the concepts were applicable, and
helped by designing a comprehensive method that effectively combines all the concepts. By
means of a real-world case study, this method was tested and validated.
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Solution
The method consists of four steps that guide one to efficiently create a simulation model for an
inventory system. The first step describes and classifies the system based on multiple dimensions
that characterize an inventory system. For business consultants who do not continuously perform
inventory assessments, it is convenient to have a step-by-step classification plan which helps to
increase the information quality gathered from their client. This advantage is confirmed to be
important for the company since it is believed to decrease the time to gather information because
of the first-time-right principle. Based on this classification one can compare the system with
literature and previous simulations which helps to quickly locate (parts of) previous models that
can be reused.

Next, step 2 and 3 help one to efficiently develop a conceptual model. This model will help
consultants and software engineers to easily share and design the simulation. Expressing the
simulation on multiple levels according to the MDE-paradigm is based on research of Wagner
(2017) and classified as an important advantage by business consultants. By distinguishing
these levels, they can easily bridge the gap between the business and the software engineers by
means of the domain level. Feedback showed that process & data models on this level, together
with the introduced network model, are of good understandability. However, for developing
models on a design level expertise in the field of simulation/software engineering is required.
Furthermore, since an inventory system exists of multiple stockpoints, a single process & data
model can express these stockpoints by modeling variability. With adding new variants, old
process and data structures are still usable. This advantage is acknowledged by the company
and believed to decrease the modeling time of future simulations. Despite this advantage, most
of the feedback during validation was directed to the variability modeling part. Two reasons
were distinguished; (1) the interviewees were not familiar with the variability model, and (2) the
variability model/expression does not clearly present the level on which the dimension varies (i.e.
between systems, between stockpoints, or within a stockpoint). In further work, these concerns
can be investigated; however, in the current method they are stated as limitations.

By means of the fourth step, the simulation model can be built or a simulation model can be
adjusted. A step-by-step classification of an inventory system, and the advantages that only
new process & data changes have to be created are acknowledged to be very important to the
company, they are believed to increase the quality and decrease the modeling time of an inventory
performance evaluation.

The goal of this project was to obtain a method that is able to efficiently develop a simulation
model for different inventory systems. It was validated that it is less time-consuming to develop
a high-quality simulation model by applying the developed method. Therefore, we expect that
the formal method introduced in this research will help ORTEC to accelerate future inventory
assessments. Furthermore, we believe that this research will contribute to related academic
research with a focus on both efficiently modeling simulations and inventory optimization using
simulation.

Next to these contributions, we will reflect on the limitations of our method as well. Although
it is validated that our method improves the efficiency of developing simulations for inventory
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systems, the method is barely tested in practice. Furthermore, there is very little research
available that addresses or studies the method of Wagner (2017); therefore, we can conclude that
there is further work that could be done in the near future. In the next sections, the limitations
and recommendations for further work are discussed.

9.2 Limitations

Although the research is conducted with a lot of effort, dedication and outside expertise, it
contains limitations that should be mentioned. They are enumerated in this section:

� The most important limitation of the research is the weak validation method. By performing
interviews we were able to get feedback on the presented method. It would be better if the
interviewees used the method in practice. Therefore, it is not clear if the stakeholders are
able to use the method.

� Furthermore, the case studies are only performed with a single simulation technique.
Therefore, it is unknown if the method can be used in combination with simulation
techniques other than C# programming language.

� This method builds upon research of Wagner (2017); however, there is very little research
available that addresses or studied his research. We can conclude that this limits our
method as well.

� Scientific relevance on adding the concept of variability to the method of Wagner (2017)
is limited. Because other concepts are added at the same time, it is not possible to
assign advantages that are directly caused by the variability concept. Furthermore, other
variability models than OVM are investigated but not tested.

� One limitation to the designed artifact found through the interviews is that the variability
model (OVM) is not able to define on which level variability is modeled (i.e. between
systems, between stockpoints, or within a stockpoint).

� At last, the classification concept is based on inventory research. However, we were unable
to prove that all the important dimensions (i.e. influence the performance of a system if
modeled) are included.

9.3 Recommendations

Since research on both our method as well as the work of Wagner (2017) is limited, there is further
work that could be done in future research. In this section, we enumerate several suggestions for
further research.

� Further research should focus on the practical application of this method, and thoroughly
analyze the reusability of models by multiple users. Therefore, multiple case studies need
to be performed by multiple users that receive all the models of the previous users.

� Next to the application, further research should focus on the validation and improvement
of the method itself. We enumerate the concepts that can strengthen the method.
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– More research needs to be done regarding the transformation of the conceptual model
into the simulation model. More guidance can be provided, or code generation can be
implemented. Furthermore, current research on both the method of Wagner (2017) as
ours, is limited to JavaScript and C# programming languages. It would strengthen the
methods if further research focuses on the applicability of other simulation techniques.

– Testing more variability models in practice and compare them. This can result in a
different variability model that better suits the method.

– Adapting the variability concept to improve the separation between different levels of
variability (i.e. variability between systems, variability within a system, variability
within a stockpoint).

– At last, research in the area of inventory management could focus on the integrality
and accuracy of the extended classification concept introduced in this research.

9.4 Managerial Implications

Next to the scientific recommendations, the managerial implications for this research specifically
for ORTEC are addressed. This project provides ORTEC with both a method to efficiently build
simulation models, as well as a simulation model in C# programming language that is used in
the case studies. This simulation model is an accurate demonstrator that can be used to evaluate
the performance of different inventory systems.

The main recommendation from this research is to use this method in further inventory assessments
to quickly get an overview of the problem. Even if simulation is not used to solve the problem,
it can easily be used to demonstrate the performance improvement of the provided solution.
Furthermore, the method gives guidance on multiple stages of a project; therefore, it is concluded
that the overall quality of the project increases.

Furthermore, it is advised to give training on process & data modeling to both the software
engineers and business consultants that are going to work with the method. Mastering these
modeling techniques will help the adequate use of this method, but as well give them insight
into the gap between the business and software development. The latter will help them to
communicate more easily, which is very important in simulation models. Since simulation is only
useful if it adequately simulates a real-world process.

Next, it is as well possible for ORTEC to use parts of the method. Even without using simulation
the classification concept can be very useful as guidance to structure an interview or gather the
right information in inventory-related projects. As well as the data & process models that can
be used to express simulation models that are not related to inventory systems.

At last, the build simulation demonstrator can be used for training to get familiar with the
dynamics of a supply chain. Furthermore, it can be used as a basis for future inventory simulations
that are developed by this method.
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Appendix

A1 Inventory System Description

The inequality between different inventory systems can be described by defining different
dimensions within an inventory system. The dimensions are based on the typology of de
Kok et al. (2018) which is developed by leading experts in the field of Inventory Management.
The typology is based on classifying research in the field of MEIO; therefore, it captures all
important dimensions of modeling assumptions so that methods can be compared appropriately
(de Kok et al., 2018). With that, it does not include all the dimensions that can be active in
a real-world inventory system. To simulate such a system, more dimensions can be relevant to
describe for this research. Therefore extra dimensions are introduced based on MEIO literature.
All the relevant dimensions will be discussed below.

A1.1 Supply Chain Network

An inventory system was introduced as a system containing multiple stockpoints, together forming
a supply chain. The stockpoints within a supply chain keep inventory in the form of one or
multiple items. To uniquely identify the combination of an item and the location, the term Stock
Keeping Unit (SKU) is being used (van Donselaar and Broekmeulen, 2017). An SKU is defined
as ’an item of stock that is completely specified as to function, style, size, color, and, usually,
location’ (Silver et al., 1998). Because of readability, the word item is used in this research if the
context causes little chance of confusion. Stockpoints can have different functions (installation
types) within the supply chain, the following stockpoints are recognized within a supply chain:

� Raw Material Supplier: Addresses natural resources or recycles raw material.

� Supplier: Supplies semi-finished products.

� Manufacturer: Transforms sub products or raw material into an end product.

� Distribution (DC): A central storage of items from where they are sent to retailers or
customers.

� Retailer: Fulfills the demand of customers.

� Customers: The recipient of the respective item.

It should be noted that not every supply chain has all these types of installations. Furthermore,
the type of installation depends on the point of view. Some of the products considered are both
an end product as well as a semi-finished product. For example, a company that sells paper.
From a consumer’s viewpoint, directly buying the paper, the company will be seen as a retailer.
In case a cardboard manufacturer buys the paper to make cardboard, the company will be seen
as a supplier from their viewpoint.

Despite the different functions of these stockpoints, they all store items. The storage of these
items is defined as inventory and in the interest of this research. The internal processes of these
stockpoints are therefore considered as a (unique) black box with a defined lead time. Therefore,
we are only interested in the structure of the supply chain and not necessarily the function of the



78 A1 Inventory System Description

installations. Furthermore, the customer is considered a special type of stockpoints. Customers
are part of the inventory systems in the sense that they initiate the item demand. However, the
processes within these stockpoints differ from the others, since in this research it is assumed
that their behavior cannot be controlled or changed. Contrary to the other stockpoints where
different control parameters can change the behavior of the processes. In the remainder of this
report, the term installation will be used to refer to a stockpoint within a supply chain network.

A1.1.1 Echelons

Since the installations are considered equally, the networks should be described based on other
characteristics. Therefore, the structure of the network is considered which will be discussed
later in this section. Next to the structure, the number of echelons is used. This report focuses
on Multi-Echelon inventory systems, meaning that the inventory systems considered, will consist
of more than one echelon. An echelon defines a rank within the hierarchy of a supply chain. The
number of echelons; therefore, describes the number of ranks within the inventory system. If one
considers an inventory system with the six installation types described above, then this system
would consist of five echelons. The customer is not part of the inventory system, and in that
case, the raw material supplier is part of the supply chain. In a supply chain, an echelon can
have multiple installations. For example, a book supplier delivers books to a shop in Amsterdam
and Rotterdam. In this case, the supply network consists of 2 echelons, namely the book supplier
and the book store. Furthermore, the first echelon consists of 1 installation, whereas the second
echelon consists of 2 installations: a store in Amsterdam and a store in Rotterdam. It should be
noted that a different echelon is not defined by its function (e.g. retailer and manufacturer) but
its shortest path to the customer. If one considers an online webshop that has both a warehouse
and a retail shop (brick and mortar). Customers can visit either the webshop or the retail shop
to buy their items. When bought from the webshop, the items will directly be delivered from the
warehouse. Therefore, both the warehouse and the retail shop are considered as the first echelon.

A1.1.2 Graph

Because of the equal installations, the supply chain structure can be modeled by a graph. A
graph in this context consists of nodes and edges. Nodes in a graph structure may or may not be
connected to other nodes. If connected, the line connecting the two nodes is called an edge. An
example is shown in Figure A1.1 below.
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Figure A1.1: Graph drawing

The example in Figure A1.1 consists of 6 nodes and 7 edges. For example, node 6 is connected to
node 4; however, node 6 is not connected to node 3. In this graph, the edges between the nodes
are not directed towards one of the two nodes. This means that the graph is undirected. In
this research directed graphs are used to model supply networks. The nodes are used to denote
installations, whereas the edges are used to denote an item flow between the two installations.
This means that items can be delivered from one installation to the other. It should be noted
that these deliveries are only in the direction of the edge. An example is shown in Figure A1.2
below and will be further discussed.

Figure A1.2: Graph serial supply network

Figure A1.2 above consists of three installations and a customer, denoted by 4 separate nodes.
The SKU in this supply chain is considered a book. A book is made out of paper, which is
supplied by the paper supplier. Next, the book is produced by the book manufacturer, once done
it is delivered to the book store where it will be sold to the customer. The product flows, in
this case, are directed denoted by the edge with an arrow, from the left (book supplier) to right
(customer). Note that the customer is often modeled outside the supply chain; therefore, it is
not taken into consideration in the network structures discussed below.

To structure the graphs used in this research, the SKU’s will flow from left to right. This means
that the most left side consists of the echelon that is closest to the raw material of the product.
Note that the raw material supplier not necessarily has to be part of the supply chain. The
paper supplier in Figure A1.2 is most likely not supplied with trees, which means that there are
several processes before this supply chain. Inventory systems are therefore not always considered
from beginning to end. To determine the begin and the end of the inventory system, the terms
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upstream and downstream are introduced. The most upstream echelon is the one closest to
the raw material. In Figure A1.2 this is the paper supplier ; however, note that this view is
respectively. Meaning that from the view of the book store, the book manufacturer is an upstream
echelon as well. On the contrary, the echelon most closely to the end-customer is the downstream
echelon. Again the term downstream can also be used respectively to other echelons. In short,
the most upstream echelon is modeled at the left side, whereas the most downstream echelon is
modeled at the right side.

A1.1.3 Structure

With the introduced graphs it is possible to model different supply chains. In this section, four
different supply chain structures are introduced. Considering these four structures, every supply
chain network can be described on a high level. The different structures are defined as follows
(de Kok et al., 2018):

� Serial (S)

� Divergent (D)

� Convergent (C)

� General (G)

The structures will be modeled and discussed below. To explain the structure, two terms have
to be introduced; predecessor and successor. Considering the nodes within the company of
Figure A1.2, talking from the perspective of the book manufacturer. The predecessor is the node
connected before the respective node, in this case, the paper supplier. On the contrary, the
successor is the node connected after the respective node, in this case, the book store. To define a
predecessor or successor a graph needs to be directed. For example, in the graph of Figure A1.1,
it is not possible to define a predecessor or successor.

Serial
The serial structure is the most simple structure and an example is modeled in Figure A1.2. A
serial network is characterized by one successor and one predecessor for every node in the chain.
Except for the first and the last node, they lack either a predecessor or a successor since the
structure is not infinite.

Divergent
The divergent structure is as well known as a distribution structure because it is characterized by
nodes that have multiple successors but only one predecessor. This is the reason why it is often
called a distribution network since, for example, the local parcel carrier is distributing to many
customers. But every customer is receiving their package from the parcel carrier. A divergent
structure is shown in Figure A1.3. This inventory system consists of two echelons. Divergent
structures are mainly used for replenishment and distribution supply chains.
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Figure A1.3: Graph divergent supply network

Convergent
On the contrary to a divergent structure, there is a convergent structure. Where every node has
multiple predecessors but only one successor. An example of this structure in a three-echelon
inventory system is shown in Figure A1.4 below. This structure is as well called an assembly
structure. Since multiple items flow in, and only one (assembled) SKU flows out. Therefore,
these structures are often used for manufacturing supply chains.

Figure A1.4: Graph convergent supply network

General
A General structure is the most complex of all structures and is a combination of all structures
discussed so far. This means that there are no restrictions on the number of predecessors and
successors. This structure is shown in a three-echelon inventory system in Figure A1.5.
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Figure A1.5: Graph general supply network

In literature, the structure of the network is important since it distinguishes the optimization
algorithms. Most of the algorithms are focused on one of the structures and cannot be generalized
to other structures. In this report, all of these supply chain structures will be considered. Per
case, it is determined which of the structures are present.

A1.1.4 Products

The last part of the network section describes the number of SKU’s that flow through the
inventory system. This dimension is not considered in the Typology of de Kok et al. (2018), but
multiple products are considered in the research of Santos & Bispo (Santos and Bispo, 2017). For
several reasons it is important to consider this dimension; at first, this dimension highly influences
the simulation model. If multiple products are available in the inventory system, they need to
be classified in the whole system. Furthermore, if multiple items are available with equal or
better functionality, it needs to be defined if these products can substitute ordered products with
fewer functionalities. Taking a paper supplier as an example with 3 different paper types that
differ in weight: low, medium, high. If a cardboard manufacturer orders paper of the medium
weight, which is out of stock, the paper supplier could consider delivering the high weight paper
at the same price. The high weight paper is usually more expensive and will result in stronger
cardboard. Therefore, the cardboard manufacturer is likely to accept this offer. Such substitute
preferences should be defined per customer. For example, in the case of a book manufacturer
ordering paper, the higher weight could be undesirable if the manufacturer produces a pocket
version. In that case, the book gets too heavy and thick if the high weight paper is used. It could
be that this manufacturer rather has a low weight paper as a substitute for medium paper.

A1.2 Resources

Now that the network of the inventory system is defined, the resources of the installations
within the system can be described. The resources of an inventory system are divided into two
dimensions; capacity and delay.
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A1.2.1 Capacity

The capacity of an inventory system describes the amount of inventory an installation can stock
at a single moment in time. This means that the installation will be bounded by this capacity
constraint. The capacity of an installation can be defined in different ways. It should be noted
that the capacity only relates to the inventory in the stockpoint. Meaning that this dimension
cannot constraint an order quantity. The capacity could as well be related to the number of
products a stockpoint can process within a certain period. In this case, it only relates to the
number of items that can be stocked, because of limited space for example.

The capacity can be determined in several physical units, but most common is the number of
products. However, if multiple SKUs are considered which differ in size. This physical unit is
not accurate. This can be solved by defining a capacity per SKU; however, this excludes the
flexibility option.

At last in some of the inventory systems, infinite capacity is considered. In general this is
unrealistic; however, for some systems, this assumption has little impact and improves the
accuracy of optimization algorithms.

A1.2.2 Delay

When an order is placed within the supply chain it will never be delivered instantly. Therefore, a
certain lead time needs to be determined. However, there are many factors that affect the lead
time. On a high level the lead time is composed of two types:

� Waiting time (W )

� Transportation time (T )

The waiting time is the time that results from insufficient inventory. In that case, the installation
has to wait for a new delivery before they can fulfill the order. The time between the customer
order and the moment it can be shipped is the waiting time. The word ’can’ is important in
the previous sentence. The moment that it can be shipped does not necessarily mean that the
product is shipped. Due to internal processes or delays, the product will not directly be shipped.
Since this research considers the processes within the installation not related to inventory as
black boxes, this time is included in the transportation time. The transportation time; therefore,
consists of both the time it takes to leave the installation once it is available and the time it
takes to deliver the product to the customer.

The transportation time can either be stochastic or deterministic. Stochastic will be more
realistic since this time will be affected by many factors. Examples are traffic, holidays, sickness,
maintenance and breakdowns. Waiting time, on the other hand, can be either stochastic or
deterministic. Deterministic is very unlikely since inventory, in that case, is always available,
or never available. The latter can be present in an installation where one produces upon order,
so-called make to order (MTO) systems. In case the order at the predecessor is placed once
a customer order arrived, and the lead time of the predecessor is deterministic, the wait time
can be deterministic as well. Stochastic is most realistic since the availability of inventory will
fluctuate.



84 A1 Inventory System Description

If sufficient inventory is available the wait time will be zero. Therefore, if assumed that there
is ample inventory at the installation, the wait time can be set to zero. In real-world cases
the existence of this situation is very unlikely; however, in literature, this assumption is made
under the Guaranteed Service Model (GSM). The GSM paradigm is introduced by Simpson
(1958) and motivated by the fact that in most companies individuals have the capability to react
to unforeseen events successfully in many ways, and no model can possibly capture all these
reactions faithfully (Rambau and Schade, 2014)(Simpson and Arthur, 1958). Despite the fact
that it is unrealistic in real-world inventory systems, the model is still an important part of
research nowadays. This can be clarified by the fact that the base-stock policy is still a commonly
used policy, and the GSM allows to easily compute the optimal base-stock levels. The base-stock
policy will later be introduced.

A1.3 Market

A supply chain with all their installations is serving one goal: serving their customers. The
value disciplines of a company are a strategy to fulfill this goal. This means that the inventory
systems start with the demand of the customer. The behavior of the customers is described by
the market. Two dimensions are important for an inventory system; demand and disservice.

A1.3.1 Demand

The processes within an inventory system start with the demand by the customers. This demand
can be either deterministic or stochastic. In this research, only stochastic demand is considered.
In the case of deterministic demand, the amount of products that needs to be delivered is known
upfront. In that case, inventory is theoretical futile. Considering the fact that demand will be
stochastic, there are still many ways to model the demand. Typically the following assumptions
are common for demand:

� Poisson (P)

� General Stochastic (G)

� Normal distribution (N)

Furthermore, it is as well possible to use historical data. However, it should be noted by using
historical data directly there is no randomness. Meaning that optimizing the inventory system
using this data can result in overfitting. The system will be optimized for the historical data,
which is not necessarily optimal for the future. Another option is to fit the historical data into a
distribution and use the distribution to create randomness.

The demand assumptions only relate to the most downstream echelon in the inventory system.
Therefore, the demand is exogenous, which is shown in Figure A1.6 below. From the point of view
of more upstream installations, there is demand as well, this demand is created by downstream
installations in the form of replenishment orders. These orders are created to refill the inventory
in the respective installation. The replenishment process will be discussed later in this section.
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Figure A1.6: Exogenous demand and replenishment orders

Typically, in MEIO research, demand is assumed to only arrive at the most downstream
installation(s). This assumption may not be realistic in real-world supply chains. For example, the
producer of paper can directly sell to customers, but as well to a cardboard or book manufacturer.
To include demand in more upstream echelons as well, virtual warehouses with zero lead time are
introduced in literature (Axsater, 2007) (Berling and Marklund, 2013). In the case of introducing
multiple demand sources, a rationing strategy has to be introduced as well. Such a strategy
determines how the inventory will be divided if there is insufficient inventory. The rationing
policies will later be introduced.

Local installations
Earlier it was already discussed that the installations within the inventory system are equal;
however, with two sources of demand, exogenous and endogenous, the installations are not
completely equal. Therefore, to correctly refer to the two different installations two terms are
used:

� local installations

� non-local installations

Local installations refer to the installations that receive exogenous demand from customers.
Non-local installations only receive endogenous demand from other installations within the
inventory system in the form of replenishment orders. This distinction is shown in Figure A1.7
below. The book store is a local installation, whereas the book manufacturer and paper supplier
are non-local installations. Note that for ease of reading, Figure A1.7 uses additional semantics
to separate the installations and customers.
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Figure A1.7: Local and Non-local installations, including intermediate demand

A1.3.2 Intermediate Demand

To determine if an inventory system only has local installations in the most downstream echelon,
a new dimension is introduced. This dimension is an extension of the typology of de Kok et al.
(2018). The dimension is called Intermediate Demand. An example is shown in Figure A1.7,
where a local installation is situated in the most upstream echelon. The dimension defines if the
restriction that local installations are only placed at the last echelon is relaxed. If relaxed, the
rationing strategy needs to be determined as well. The relation between dimensions is further
discussed in Chapter 3.

A1.3.3 Disservice

The demand is arriving at every installation in the form of orders. These orders contain
information about the amount per SKU. Upon the arrival of an order, the installation will try to
fulfill the order directly. However, situations can occur where the available inventory is insufficient
to fulfill the order directly, this situation is called disservice. In the case of disservice there are
two options:

� Lost-sales

� Backorder

The customer either cancels his intended order or wait for the product to become available. In
the former case, the order is lost. In research, this is called lost sales, and this term will be
used in this report as well. Another reaction of the customer is that he waits for the product to
become available. In this case, the sales are backordered, meaning that the order is placed in
a backlog and will be fulfilled once the products are available. The process of backordering is
more complicated since the installations need to keep track of the orders in the backlog. If an
inventory system accepts backorders, the wait time (W ) introduced in the delay section becomes
active. In the case of lost sales, W is always zero. Furthermore, if multiple orders are waiting in
the backlog and inventory is arriving, it needs to be determined in which order the orders will be
fulfilled. This is again related to the rationing strategy which will be discussed later.
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Furthermore, it should be noted that an inventory system does not necessarily have to define one
of the two options. In real-world systems, there can be situations where part of the customers
are willing to wait for the product, where others will cancel their attempts. In the latter case,
there are several options (Gruen et al., 2002):

� Item is bought at another store.

� Purchase is delayed (not in backlog).

� Substitute - same brand different product.

� Substitute - same product different brand.

� Not buying the item.

As can be seen above, there are several options for a customer to respond to disservice. In this
research, it is only considered relevant if the customer cancels the order.

Partial Fulfillment
Although disservice defines that the order cannot be fulfilled in total, there are situations where
part of the order already can be fulfilled directly. This is referred to as partial fulfillment (Ye
and You, 2016). This can as well be determined on an installation level, or per customer. If
a customer for example orders two books, but only one is available. The order can either be
canceled or partially be fulfilled. In that case, the installation directly delivers one book. For the
remaining part of the order, again the choice between lost sales or back-ordering can be made.

In conclusion, to describe the dimension disservice, the following concepts need to be defined.
First, if the reaction is determined on installation or customer level. If based on the customer
level it needs to be defined if the reaction is determined by a stochastic or a deterministic
approach. Furthermore, it needs to be defined if partial fulfillment is optional. At last, the
reaction of customers needs to be defined, either lost sales or back-ordering. The latter is part of
the typology of de Kok et al. (2018), the other dimensions are added to define disservice in more
detail. It should be noted that partial fulfillment could be classified as a feature of the dimension
operational flexibility. Since in this research a comprehensive classification is important, it is
decided to create a separate dimension.

True Demand
If lost sales is chosen, the use of historical data should be discouraged. The disadvantage of using
historical data is that it is unable to capture true demand. To clarify this, first, the term demand
is discussed.

Demand in its most pure form is the desire of a customer to buy a certain product; however,
there are many reasons why this desire does not lead to the action of actually buying the product.
One of these reasons can be out-of-stock; however, price, lead time, etc. can be reasons as well.
The desire of a customer to buy a product will be referred to as true demand. The data of true
demand; however, is not available within companies. Therefore, demand in research often relates
to the attempt of buying a product. In the case of an inventory system with backorders, this
attempt is registered as orders. On the contrary, if an inventory system considers lost sales, these
attempts may not be registered. The historical data, in that case, only considers the demand
that is fulfilled when inventory was sufficient, often defined as actual sales. Therefore, the bias of
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historical data should be taken into consideration when modeling demand. In conclusion, the
following terms are used to define different levels of demand:

� True demand: the desire of a customer to buy a certain product.

� Demand: the attempt from a customer to buy a certain product.

� Sales: the actual handover of a product, including payment by the customer.

In this research, it is assumed that the first one is not measurable. Therefore, only demand and
sales are considered in this research.

A1.4 Control

The fourth specification is control and describes the way installations are managing their inventory.
The management of inventory can be divided into several dimensions. The key dimension is the
replenishment policy, which determines when, which SKU and of what quantity a replenishment
order is sent. However, the installation can have a certain restriction on the quantity. In some
cases, the orders need to have a specific quantity or a factor of that quantity. This is, for example,
the case with shoes, they will only be sold in pairs of two. Another example is beer barrels, they
are only sold in the number of liters that fit in the barrels. It is unlikely that companies will sell
barrels that are partially filled. These types of quantity restrictions are defined by the lot-sizing
dimension. Furthermore, so far it is assumed that a product flows between different echelons
within the inventory system, in practice, this assumption is not always valid. There are several
options that allow product flows from outside the system, or between installations from the same
echelon. The latter is already present in General structures as shown in Figure A1.5. The options
that relax this assumption are described in the operational flexibility dimension. At last, when
an inventory system includes backlog orders need to be fulfilled once there is sufficient inventory.
The order in which these orders are fulfilled is described by the rationing policy dimension. All
these dimensions will be discussed in detail below, but first, the term inventory will be further
discussed.

A1.4.1 Inventory

Inventory is the number of products that are not yet sold but kept in stock in order to be sold.
There are many concepts related to inventory. These concepts are defined in this section using
van Donselaar & Broekmeulen (2017).

Inventory on hand (IOH). Is the number of items that are physically available and can directly
be delivered.

Backorders (BO). Defines the number of items that are ordered by customers but not yet
delivered.

Inventory level (Ilev). Is the number of items that are on hand minus the items that are in
backlog (backorders).

Ilev = IOH �BO
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Scheduled orders (OS). Defines the number of items that are ordered at a predecessor but
not yet delivered.

Inventory Position (IP). Is equal to the sum of on-hand inventory and scheduled orders,
minus the backorders. Or inventory level plus scheduled orders.

IP = IOH + OS�BO

Inventory control systems are typically based on the inventory position rather than on the
inventory on hand. The main reason is that the review period can be shorter than the lead
time. In that case, when an order is placed, the next time that the inventory will be checked the
respective order is not yet delivered. Meaning that a new replenishment order will be placed, since
the inventory on hand remained equal or decreased because of new orders. When an inventory
system is based on the inventory position this problem is tackled since immediately after ordering
the inventory position is raised (van Donselaar and Broekmeulen, 2017). By classifying the
replenishment policy of an inventory system it should be defined which inventory concept is used.

A1.4.2 Replenishment Policy

To prevent an installation from having zero inventory, a replenishment order needs to be sent.
In small companies, this is probably done manually without any guidelines. However, in most
companies, the replenishment guidelines are captured in a policy. This policy defines when
inventory is checked, when a new order is placed, and of which quantity. There are multiple
policies, but they are all basically related to the fact that if inventory drops below a defined level,
an order is placed. Below the different replenishment policies are explained.

Review period
First, it is defined when the inventory will be checked. The period between these checks is called
the review period and is denoted with R. The inventory can either be continuously reviewed
or periodic. Both options will be considered in this research. Since this research focuses on
discrete-event simulation, in case of continuous review a review needs to happen directly after an
inventory modification. A periodic review means that there can be multiple orders (events) in
the review period. The review period is not considered in the Typology of de Kok et. al (2018)
but is of significant impact on the performance of an inventory system. Therefore the review
period needs to be defined, and if periodic the period needs to be quantified.

Policies
When the inventory is reviewed, if, and which quantity is ordered, is determined by the
replenishment policy. They can basically be divided into two policies:

� (s,nQ)-policy

� (s,S)-policy

The (s,nQ)-policy is based on a fixed replenishment quantity and places an order if the inventory
position is at or below level s. The size of the order is fixed to a multiple n of lot-size Q to
increase the inventory position above level s.
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The (s,S)-policy is based on a variable replenishment quantity and places as well an order if
the inventory position is at or below s. However, this time a replenishment order is placed with
a quantity that restores the inventory position to S.

A special variant of the (s,S )-policy is the base-stock policy. Although the original (s,S )-policy
is barely considered in research (5%), the base-stock policy is often studied (de Kok et al., 2018).
The base stock policy is considered as the most famous replenishment policy and widely used
in practice. It is also known as an (S-1,S)-policy. The policy places an order whenever the
inventory position is below S (S-1,S ), and orders a quantity to restore the inventory position S.

Installation/Echelon level
At last, it needs to be determined on which level the inventories are checked and replenished. In
this research two levels are considered:

� Echelon level

� Installation level

In the case of an installation level, every installation determines its own policy and reviews and
replenish their inventory accordingly. When an echelon level is considered, the sum of inventory
per installation within the echelon is reviewed. According to this inventory position, a single
replenishment policy is determined. In the case of an echelon level replenishment, the order needs
to be divided between the different echelons. Again, a rationing strategy needs to be determined;
however, this is a different strategy than the one earlier mentioned in this chapter. The different
rationing strategies will be discussed later in this section. There are different advantages for
both levels; however, they will not be discussed in this research since the strategies behind an
inventory system are considered out of scope.

A1.4.3 Lot-Sizing

Lot sizes refer to the quantity Q in which an installation places its orders at their predecessor.
Lot sizes can either be fixed, referred to as Fixed Order Quantity (FOQ) or flexible. In the latter
case, there are no restrictions on the order quantity. With fixed order quantity the order quantity
is restricted to Q or a multiple of Q. There can be many reasons for defining an order quantity
can be such as transportation efficiency, bulk discount, costs, etc. Determining the right Q is a
trade-off between order cost and inventory cost.

Furthermore, it should be noted that if the order quantity is flexible, real numbers (R) are
possible. This means that fractions can be ordered as well, which is not possible for items like
laptops. For example, it is not possible to order 3,6 laptops. In case it is only flexible for non-zero
integers (N) an FOQ of 1 can be chosen.

A1.4.4 Operational Flexibility

Operational flexibility encompasses different concepts that allow for a certain level of flexibility
within the product flows. There are multiple concepts that will be discussed in this section,
it should be noted that the concepts presented here are not exhaustive. There can be many
concepts in real-world inventory systems that cannot be captured by these operational flexibility
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options. Therefore, this section will contain an other field in the classification that allows for
other concepts than presented here. For simulation purposes, in the case of other; the concept
needs to be described upon classification. In this section, the following flexibility options are
considered (de Kok et al., 2018):

� Routing flexibility

� Fulfillment flexibility

� Outsourcing

These three flexibility options will be discussed below. They are modeled in Figure A1.8 and will
be used to explain them. For ease of reference, the installations are classified with the letters A,
B, C, D.

Figure A1.8: Operational Flexibility in a divergent supply chain structure

Routing flexibility
Routing flexibility refers to transshipments or multi-sourcing. Meaning that product deliveries
can occur between installations of the same echelon. The first difference compared to a purely
divergent network is that the multi-sourcing capability provides the network with additional
flexibility to overcome the demand surges when one of the two entities experiences stockouts (Ye
and You, 2016). In Figure A1.8 the routing flexibility is modeled between installation D and C.
This means that installation C can place an order either at A or D. In case the order is placed at
D, the routing flexibility option is applied and the product will be delivered by installation D.

Fulfillment flexibility
Fulfillment flexibility refers to the concept where products are delivered by another installation
than where the customer ordered. In this case, no transshipment is needed if the inventory is
insufficient, but the products can directly be delivered to the customer. This fulfillment flexibility
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is optional for both replenishment orders as well as demand. In Figure A1.8 the fulfillment
flexibility is modeled between installation B and C. As shown in the figure, the customer places
an order at installation B ; however, the product is delivered by installation C.

Outsourcing
Outsourcing is similar to fulfillment flexibility; however, in this case, the product is not delivered
by an internal installation. For outsourcing, an external company is asked to fulfill the demand
of the customer. In Figure A1.8 the outsourcing concept is applied by installation D and an
external company. The customer demand, in this case, is fulfilled by an external company. Note
that the external company is not modeled in the figure. Outsourcing is often assumed in the
GSM, where lead times are fixed. In case of insufficient inventory, the service of fixed lead time is
still provided by the use of outsourcing (Rambau and Schade, 2014).

A1.4.5 Inventory Rationing

Rationing is the controlled distribution of a scarce item or an artificial restriction of demand.
Therefore, rationing can be applied during two moments. Either a fixed restriction or only if
there is insufficient inventory. The former will be present if an installation has multiple successors,
which can be intermediate demand as well. In that case, it is possible that the installation has
fixed restrictions on the number of products that are allowed to deliver to a specific installation.
This restriction can be set in many ways. Examples are a maximum quantity or a maximum
percentage of the total sales. The restrictions can be on a higher level as well, for example in the
case of the paper producer that at most half of the sales can go to book manufacturers. However,
in these cases, the restrictions can be converted to installation levels.

Another option is the rationing if insufficient inventory is available to fulfill the orders in the
backlog. If new inventory arrives but is insufficient to fulfill all orders in the backlog, it could
be possible to fulfill a couple of orders. It should be noted that this is not relevant if partial
fulfillment is possible. In that case, the orders are partially fulfilled according to FCFS. In any
other case, a rationing strategy needs to be determined to define which orders will be fulfilled. A
couple of options will be discussed in this section:

� First-Come-First-Served (FCFS)

� Maximum Fulfillment

� Prioritized Customers

Again, there could be rationing strategies that are not covered by these options, therefore an
other option will be introduced in the classification as well. The strategies are described by
the situation that is modeled in Figure A1.9. In this situation, there are 4 orders with their
respective quantity (3, 4, 5, 2) in backlog once new inventory arrived. The inventory at this
moment increased to a quantity of 6, whereas the total quantity of all the orders is 14. Meaning
that not all orders can be fulfilled, and a rationing strategy needs to be applied.
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Figure A1.9: Inventory rationing strategies

FCFS
First-Come-First-Served (FCFS) is the most simple concept and prioritizes the fulfillment
according to the moment the order arrived. This means that the order arrived earliest relatively
to the other orders in backlog is fulfilled first. In the case of the situation in Figure A1.9, this is
the order with quantity 3. The next order is not able to be fulfilled since after fulfilling the first
order, only 3 items are left in inventory.

Maximum fulfillment
In the case of FCFS only half of the inventory could be used to fulfill orders (3/6). However, it is
as well possible to maximize the number of orders to fulfill. This can be done in multiple ways.
Maximize the total item quantity, or maximize the total order quantity. Furthermore, it should
be determined to what extent the sequence of orders is important. If important the situation
in Figure A1.9 would pick the orders of quantity 3 and 2. If the sequence is less important,
orders of quantity 4 and 2 could be chosen since the total item quantity is higher. Therefore, the
maximum fulfillment concept has many ways to determine the orders to be fulfilled. This needs
to be defined if the maximum fulfillment concept is chosen.

Prioritized Customers
In the case of the prioritized customer concept, there are customers that have priority relative to
others. If multiple, they should be sequenced according to priority. Customers with the highest
priority should be fulfilled first. This priority can be defined based on many reasons, for example,
partnerships, sponsoring, and profit. In the situation Figure A1.9, the order of quantity 5 is
assumed to have a higher priority than the other orders in backlog; therefore, this order is fulfilled
as first.

A1.4.6 Replenishment Rationing

In case replenishment orders are placed at an echelon level, they need to be divided upon the
installations within the echelon (van der Heijden et al., 1997). The strategy for dividing these
items is registered in the replenishment rationing strategy. The distinction between strategies in
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this category captures the possibility to take information per installation into account. If taken
into account the rationing will depend on, for example, the amount of inventory, sales, distance,
and backorders. In that case, certain installations will get relatively more items of the order.
Which information and how this relates to the rationing needs to be defined in that case. If not
taken into account, the ratio to divide the order between installations need to be defined.

A1.5 Performance Measures

By identifying the system, the inventory system could be simulated. Simulation is performed
to evaluate and optimize the system. Therefore, it should be declared which performances to
optimize. Managing inventory points is typically dealing with the trade-off between service
level and inventory costs. Therefore, these two performance measures are used to evaluate and
optimize the inventory system. They are introduced in this section.

A1.5.1 Costs

To measure the performance of an inventory system in terms of costs, only the costs related
to inventory are in the interest of this research. Therefore, the following costs are considered
relevant (Grob, 2018):

� Holding costs

� Replenishment costs

� Backordering costs

Holding costs are related to the inventory on hand (IOH). This inventory costs money in the
form of storage and handling. However, factors as damage, obsolescence, taxes, insurances, and
ROI if invested in an alternative, are relevant as well. It should be noted that in practice it is
hard to precisely measure these costs; however, measurement of these costs are outside the scope
of this research.

Replenishment costs are related to the replenishment orders. The transportation and handling
of the orders items are part of the replenishment costs. These costs incur every time an order is
placed.

Backordering costs are a penalty to disservice, either lost sales or backlog. Since these costs
are hard to measure in a real-world system, often a constraint on the service level is used. Such
a service level is introduced in the next section.

A1.5.2 Service Level

Whereas minimization of costs is mainly considered as the performance indicator in MEIO
research, service levels, are often used as a constraint. The goal of most MEIO papers is
to minimize the inventory costs while providing a minimum service level by optimizing the
replenishment policies (de Kok et al., 2018). Service levels are mainly considered as a percentage
of the stock that could be delivered. However, there are different ways to measure service levels.
Woerner et al. (2018) mention that the term “fill rate” in research is used for different service
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measures (Woerner et al., 2018). Based on their paper the different measures are explained, and
the terms introduced will be used in the Master Thesis as well.

� The �-SL/ready rate is defined as the probability of satisfying end item demand from
inventory.

� The �-SL/fill rate is defined as the long-run average fraction of demand satisfied from
inventory.

� The 
-SL is defined as one minus average backlog divided by average demand.

Already from the last service level measure, one can see that the choice of these measures is
dependent on the assumptions in the model. If one accepts lost sales, this service level will be
biased.

Furthermore, it should be noted that in environments where only sales are registered instead of
demand, the �-SL which is actually achieved in practice cannot be measured (van Donselaar and
Broekmeulen, 2017).
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B1 Logical Expressions

) A ) B means if A is true then B is also true; if A is false then nothing is said about B.
, A , B means A is defined to be logically equivalent to B.
: The statement :A is true if and only if A is false.
^ The statement A ^ B is true if A and B are both true; else it is false.
Y The statement A Y B is true when either A or B, but not both, are true
_ The statement A _ B is true if A or B (or both) are true; if both false, the statement is
false.
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B2 Additional Constraints

With the same constraints we can bound the irrelevant dimensions in this research.

Report constraints

C13 : D3 = f10

C14 : D4 = f12

C15 : D22 = f88

C16 : D23 = f92

Furthermore, dimension constraints on an installation level are defined.

Dimension constraints

C17 : f1 Y f2 Y f3 Y f4 Y f5

C18 : f6 Y f7 Y f8 Y f9

C19 : f15 Y f16

C20 : f17 Y f18

C21 : f19 Y f20 Y f21 Y f22 Y f23

C22 : f24 Y f25 Y f26 Y f27 Y f28 Y f29 Y f30 Y f31

C23 : f32 Y f33 Y f34 Y f35

C24 : f37 Y f37

C25 : f38 Y f39 Y f40

C26 : f41 Y f42 Y f43 Y f44

C27 : f45 Y f46 Y f47 Y f48 Y f49 Y f50 Y f51 Y f52

C28 : f53 Y f54

C29 : f55 Y f56 Y f57

C30 : f58 Y (f59 _ f60 _ f61 _ f62)
C31 : f63 Y f64 Y f65 Y f66 Y f67

C32 : f68 Y f69 Y f70

C33 : (f71 Y f72 Y f73) Y f74 Y f75

C34 : f76 Y (f77 _ f78 _ f79)
C35 : f80 Y f81 Y f82 Y f83
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C1 BPMN Elements

Figure C1.1: Basic elements of BPMN (Wagner, 2018b)
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C2 DPMN Elements

The main elements of DPMN are the following diagram node types:

1. the three control flow node types:

(a) Event types (circles),

(b) Activity types (rounded-corner rectangles), and

(c) Gateway types (diamonds),

2. Data Objects (rectangles),

3. Text Annotations (left brackets that are attached, via dashed connection lines, to control
flow node types, Data Objects or Sequence Flows),

and the following diagram arc types:

1. Sequence Flows (solid arrows) between control flow node types,

2. Data Object attachments (dashed arrows) between Event/Activity types and Data Objects.

DPMN adopts and adapts the syntax and semantics of BPMN in the following way:

1. A DPMN diagram has an underlying UML class diagram defining its (object and event)
types.

2. DPMN Sequence Flow arrows pointing to an event circle denote event scheduling control
flows (adopted from Event Graphs). They must be annotated by event attribute assignments
and an occurrence time assignment for creating/scheduling a new event.

3. DPMN has three special forms of Text Annotation:

(a) Text Annotations attached to Event circles for declaring event rule variables,

(b) Text Annotations attached to Sequence Flow arrows for state change statements,

(c) Text Annotations attached to Sequence Flow arrows pointing to Event circles for
event attribute assignments.

4. DPMN has an extended form of Data Object visually rendered as rectangles with two
compartments:

(a) a first compartment showing an object variable name and an object type name
separated by a colon, together with a binding of the object variable to a specfic object;

(b) a second compartment containing a block of state change statements (such as attribute
value assignments).

5. BPMN’s temporal semantics and visual syntax distinction between Start, Intermediate and
End Events is dropped. A DPMN Event circle implicitly represents a start (or end) Event
when it has no incoming (or outgoing) Sequence Flow arrows. It represents an intermediate
Event if it has both incoming and outgoing Sequence Flow arrows.
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6. In a DPMN event rule design diagram, there is exactly one start Event circle followed by
zero or more end Event circles, but there is no intermediate Event circle.

7. A DPMN process design diagram consists of an integrated set of event rule design diagrams
such that its intermediate Event circles are semantically overloaded: in the context of an
incoming Sequence Flow arrow they denote a scheduled event to be added to the Future
Events List (FEL), while in the context of an outgoing Sequence Flow arrow or an attached
Data Object, they denote an event occurrence that causes state changes and follow-up
events. The scheduled event and the resulting event occurrence could be separated by
drawing two event circles that are connected by a Sequence Flow arrow denoting a wait-for
control flow. Such a pair of event circles corresponds to a pair of sequential BPMN Events
where the first one is a throwing and the second one is a catching intermediate event.

8. The token flow semantics of BPMN is replaced by the operational semantics of event rules
defined in (Wagner, 2017). An Event circle corresponds to an event type of the underlying
information design model and may trigger both state changes, as specified in Data Object
rectangles attached to the Event circle, and followup events, as specified by (possibly
conditional) event scheduling Sequence Flow arrows.
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C3 Graphical Notation Orthogonal Variability Model

Figure C3.1: Graphical notation Orthogonal Variability Model
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D1 Interviews - Programming Language for Simulation

In order to select an appropriate and suitable programming language, interviews are conducted
with several stakeholders within the company. Below the stakeholders are enumerated and their
expertise is described. Note that the names are fictitious and do not correspond with the real
names of the interviewees.

The part below records the valuable parts per question asked.

� OR engineer: Developed a simulation tool for a client of ORTEC and has advanced expertise
in programming languages.

� Analytics Consultant: Did his PhD in the direction of Supply Chain Coordination. He has
experience with research and experience in object-oriented programming.

� Expert Consultant: Supervisor of the project and has extensive experience within ORTEC
(20 years). Because of the many succeeded projects within ORTEC, he is able to take into
account a wide range of important factors.

Q1: Which programming languages are used within ORTEC?

OR engineer, Expert Consultant: C#, Python, and R.

Analytics Consultant: C++, C#, Python, and R.

Q2: Which knowledge is available about these languages within ORTEC?

OR Engineer, Expert Consultant: For C# and Python there is a lot of information
available within ORTEC. C# is mainly used for the more advanced software programs, whereas
Python is mainly used for data science projects. For R there is less information available, which
is mostly in the data science/analytics field as well.

Analytics Consultant: There are some people experienced with C++ but there is little
information available within ORTEC rather than the information that is in the possession of these
people. For the rest of the languages, he agreed on the OR Engineer and Expert Consultant.

Q3: Considering Object-Oriented simulation, which languages do you find useful?

OR Engineer: C# is very useful for the OO paradigm. It is really designed for it. Python is
less useful but if applied correctly an OO approach is definitely possible. However, it should be
considered that much of the python packages are written in other programming languages, such
as C#. Meaning that it is really hard to get a well-performing OO python code. Performance, in
that case, is measured in runtime and memory.

Analytics Consultant: I agree on the OR Engineer but will argue that C++ is even more
suitable. Lots of C# is based on C++, so starting with this language will give you an advantage.
Furthermore, it is like C# built on the OO paradigm. However, it should be noted that C++ is
a bit more difficult since memory needs to be allocated.

Q4: Considering Discrete-Event Simulation, which languages do you find useful?
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OR Engineer: C# is the most suitable. With your (author) current experience in writing
simulations in Java, it is easy to get familiar with C#. The advantage of C# being more advanced
than Java.

Analytics Consultant: C# and C++ are both useful and preferred. Python can be an
option but not preferred, same goes for R.

Q5: Do you have any experience with building simulations for ORTEC?

OR Engineer: Yes, I recently built a Discrete-Event simulation tool in C# for a project at
company x.

(Q6): Can the code be reused?

OR Engineer: Yes, the simulation part can be reused. Although the interface and connection
to an optimizer part cannot be used due to company limitations. However, the simulation part
will be most useful for you (author) since an interface and an optimizer are not part of your
thesis. (correct)

(Q7): Can you describe the system to simulate?

OR Engineer: The software simulates a hub. Batches with packages enter the system and
are placed in a buffer. Within the hub, there are several processes that are performed, at different
modules. These modules are connected with each other, meaning that there is a flow within the
hub. The simulation pushes the packages through the hub and calculates the throughput time.

(Q8): Do you consider the system related to an inventory system?

OR Engineer: Yes, although an inventory system is generally a pull system, with an additional
entity being the orders. The concept of queues being modules (installations) and entities being
products, flowing from module to module is equal.

(Q9): Which parts are useful to reuse?

OR Engineer: Basically, the design of the simulation can be reused, since it is really designed
in a way that it can be reused. Furthermore, the simulation is designed by software and
operational research engineers meaning that the simulation is solidly designed.

Q10: What is your final suggestion?

OR Engineer: C#, using parts of TNT simulation.

Expert Consultant: If you are eager and comfortable with learning a new language, C#.
Otherwise python.

Analytics Consultant: C++ or C#.
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D2 Evaluation - Programming Language for Simulation

The table below shows the grades for each criterion based on the interviews. Grades are possible
in a range from ++ to ��, which have the values 2, 1, 0, -1, -2, respectively. Whereas ++ and
�� can only be assigned once per criterion.

Criteria Programming Language

Python C# C++ R

Knowledge ++ +=� �� �
ORTEC Expertise
Handbook & Courses ++ +=� �� +
Employee Expertise + + � +=�

Code Availability +=� ++ � +=�
Suitability
Performance +=� + ++ ��
Simulation � + ++ �

Object Oriented +=� + ++ �
Total 4 6 0 �4

Table D2.1: Evaluation of programming languages for simulation
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E1 Complete Design Data Model (Network & Installation level)

The design data model shown below is a result of the third case. This model is as well used as
input for the real-world case study.

Figure E1.1: Design data model, Distribution case
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F1 Validation Interview Design

1. Description & Classification

� Representation/understandable – In these questions, we assume only basic modeling
and inventory knowledge, we refer to these people as stakeholders.

1 Does the description of the relevant dimensions give an understandable and concise
overview of the inventory system for stakeholders?

2 Are the dimension/feature notations logical and understandable for stakeholders?

3 Is the typology string understandable for stakeholders?

� Purpose/usability

4 Do you understand the purpose of the description to provide more detailed
information and an easier understandable characterization of the system? Do you
think it is usable for this purpose?

5 Do you understand the purpose of the classification to structure the analysis, and
do you think it is usable for this purpose?

6 Do you understand the purpose of the classification string to compare the
dimensions and define diversity with other inventory systems? And do you
think it is usable for this purpose?

� Modeling/development – In these questions, we assume a certain degree of
modeling/inventory expertise, we refer to these people as users.

7 Do you think the presented description can be developed by users?

8 Do you think the presented dimension classification can be classified by users?

9 Do you think the presented classification string can be developed by users, and
can diversity be defined if compared to other strings?

� 10 If compared to a method where someone jumps directly to the creation of
a simulation model. On which factor do you think this classification makes an
improvement, and regression?

� 11 Do you see any room for improvement regardless of a solution, which part? Do
you have suggestions for improvement?

2. Graph Model

� Representation/understandable – In these questions, we assume only basic modeling
and inventory knowledge, we refer to these people as stakeholders.

12 Does the network graph give an understandable and intuitive overview of the
stock points and product flows in the inventory system?

13 Does the network graph give a clear representation of the local installations?
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14 Does the network graph show clearly the stock points that can be controlled and
the one who cannot?

15 Are the mathematical expressions logical, and understandable?

16 Are the connections between nodes and variable features logical, and
understandable?

� Purpose/usability

17 Do you understand the purpose of the network, to get a clear overview of the
inventory system and to link the stock points to the respective data & process
models? Do you think it is usable for this purpose?

18 Do you think the expressions are usable to connect a stock point with the active
features?

� Modeling/development – In these questions, we assume a certain degree of
modeling/inventory expertise, we refer to these people as users.

19 Do you think the presented graph model can be developed by users?

20 Do you think the mathematical expressions to present the network can be
developed by users?

21 Do you think the link between stock points and variable features can be developed
by users?

� 22 If compared to a method where someone jumps directly to the creation of a
simulation model. On which factor do you think this network graph makes an
improvement and regression?

� 23 Do you see any room for improvement regardless of a solution, which part? Do
you have suggestions for improvement?

3. Process & data model

� Representation/understandable – In these questions, we assume only basic modeling
and inventory knowledge, we refer to these people as stakeholders.

24 Is there an understandable difference between the domain and design level?

25 Is there an understandable difference between the process and data models?

26 Do the models on a domain level give an understandable representation of the
high-level simulation design within a stock point?

27 Does the variability model give an understandable representation of the process
and data points that are influenced by dimensions?

28 Do the models on a design level give an understandable representation of the
low-level simulation design within a stock point? And what about the network?

� Purpose/usability



108 F1 Validation Interview Design

29 Do you understand the purpose of the domain/design distinction to separate
different levels of design? Do you think this distinction improves usability?

30 Do you understand the purpose of the data/process distinction? Do you think
this distinction improves usability?

31 Do you understand the purpose of a conceptual model to easily share, communicate,
maintain, reuse, and evolve a simulation model? Do you think the presented
conceptual model is usable for this purpose?

� Modeling/development – In these questions, we assume a certain degree of
modeling/inventory expertise, we refer to these people as users.

32 Do you think a user can develop the data models on both levels?

33 Do you think the process models can be developed on both levels by a user?

34 Do you think the variability of dimensions within and between systems can be
modeled by a user?

� 35 If compared to a method where someone jumps directly to the creation of a
simulation model. On which factor do you think this conceptual model makes an
improvement and regression?

� 36 Do you see any room for improvement regardless of a solution, which part, do you
have suggestions for improvement?

4. Simulation Model / general

37 Is the conceptual model more intuitive than a simulation model?

38 Does the method help to structure the design of a simulation model?

39 In general, do you see any room for improvement regardless of a solution, which part?
Do you have suggestions for improvement?

Quantification - efficiency

40 How much time do you think this method will save in comparison to not using any method?
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G1 Case 1: TVshop case

The first case is extracted from Wagner (2018). An example of the case is present in the paper;
however, for explanatory reasons, it is considered informative to reproduce this case. First, the
case description from the paper is used to classify the inventory system. Next, a conceptual model
of the system is drawn, whereas it is transformed into a simulation model in C# programming
language. Once a working simulation model is developed, the case is slightly changed in order to
test the suitability of evolving this simulation model. The same cycle will be followed in that
sub-case.

G1.1 System Description

The following description of the inventory system is extracted from the paper of Wagner (2018).

We consider a simple case of inventory management: a shop selling one product type (e.g., one
model of TVs), such that its in-house inventory only consists of items of that type. On each
business day, customers come to the shop and place their orders. Per day a total of 5-30 TVs are
ordered. If the ordered product quantity is in stock, customers pay their order and the ordered
products are handed out to them. Otherwise, the order may still be partially fulfilled, if there are
still some items in stock. If there are no items in stock, customers have to leave the shop without
any item. When the stock quantity falls below the reorder point (50), a replenishment order is
sent to the vendor for restocking the inventory to 100, and the ordered quantity is delivered 1–3
days later.

G1.2 Classification

To classify this inventory system, the two strings are used. It should be noted that this is a
relatively simple inventory system, meaning that many of the dimensions are not present in this
inventory system. The classification strings for the TVshop case are shown below, important
dimensions will be discussed after.

T1: 1,S,D,G|I,G|D,L|s,F,N|U||S,P
T2: 1| |D,P,N|P,N,N|N,N

Although one could distinguish two echelons in the introduction, the system is classified as a
single-echelon inventory system. The vendor, in this case, can be seen as the upstream echelon;
however, this echelon cannot be controlled and is therefore considered outside the inventory
system. The only echelon active is the TVshop in this case. Furthermore, since there is only one
successor and one predecessor for the TVshop, there is a serial network structure. Discrete time
and global information are persistent. The capacity is considered infinite since no boundary is
discussed; however, with an (s, S)-stock policy there is a form of a boundary since inventory will
always be restored to S. This policy is active, since there is a reorder point (s), and a restocking
position (S ). The transportation delay is between 1-3 days, uniformly distributed and therefore
general stochastic. However, it should be noted, since time is discrete, the delay is as well discrete.
Furthermore, the demand is discrete stochastic since it is uniformly distributed between 5 and 30.
The customer reaction to disservice is lost-sales since customers have to leave the shop without
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any item if no stock available. There is no lot-sizing; therefore the feature flexible is active.
There is no flexibility (None), and the methodology simulation and performance evaluation as a
research goal was prescribed.

For the additional string, only the first three dimensions were defined. This was expected since the
system is respectively simple. The system considers a single product, and there is only exogenous
demand at the downstream echelon. Furthermore, the customer accepts partial fulfillment. Since
there is only one product there is no substitution possible. There is a review period of 1 day
since inventory is only checked at the end of the day. Furthermore, there are no rationing policies
nor costs and service level measures.

G1.3 Network Structure

Based on the classification and the description, first, the network is modeled using a graph
model. The vendor, in this case, can be seen as the external party delivering raw material used
in Chapter ??. Furthermore, it should be noted that the number of customers is undefined. The
number of customers modeled in Figure G1.1 is therefore fictitious.

Figure G1.1: Network structure, TVshop case

G1.4 Conceptual Model

G1.4.1 Data Modeling

Domain data model
First, the objects of the system have to be defined. They are listed below and extracted from the
description by focusing on the noun phrases.

� Shop

� Product / Item

� Inventory

� Customers

� Customer Order

� Replenishment Order

� Vendor
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These objects are part of the inventory system and will; therefore, be modeled in a UML class
model. However, it should be noted that not all objects are considered ordinary objects (Wagner,
2018b). Replenishment order and customer order are both messages that arise from an event;
therefore, those are not considered objects.

The next step is to add events. Again these are extracted from the system description; however,
this time the focus is on verb phrases.

� Place Orders

� Pay Order

� Product hand out

� Sent replenishment order

� Order delivery

With both the events and the objects, the conceptual information model can be made using UML.
The conceptual information model is shown in Figure G1.2. The introduced terms in chapter ??
are used. The shop is called an installation, the vendor is a supplier, and the products are items.
The figure as well shows the associations between the different objects and events. For example,
the one-to-many association between installation and order delivery. Multiple delivery events can
happen for one installation. Another example is the one-to-one association between installation
and inventory. Every installation has one specific inventory. Furthermore, attributes of the
objects and events are added, such as name and quantity. It is likely that more attributes will be
added later in the design. For ease of reading, the event classes (grey) are colored differently
than the object classes (black).

Figure G1.2: Domain data model, TVshop case

Design data model
An information design model is normally derived from a conceptual information model by
choosing the design-relevant types of objects and events and enrich them with design details
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while dropping other object types and event types that are not deemed relevant for the simulation
design (Wagner, 2018b). The goal is to keep only those entity types in the model, which are
needed for being able to answer the research question. The research question, in this case, is:
compute the average percentage of lost sales; if an order quantity is greater than the current stock
level, the difference counts as a lost sale (Wagner, 2018b). Therefore, Wagner (2018) developed a
minimalistic model as shown in Figure G1.3.

Figure G1.3: Design data model, TVshop case (Wagner, 2018b)

However, to support a simulation tool that can easily be evolved, it is beneficial to keep the model
more generic. Therefore, a different design information model is build than proposed by Wagner
(2018b). This is in line with the use of a conceptual model since Wagner (2018b) states that the
same domain model can potentially be used to produce a number of (even radically) different
design models (Wagner, 2018b). Still, a couple of types are removed from the conceptual model.
First the payments, which are considered irrelevant in an inventory system. In case the cash
flow is of importance this might include new dynamics; however, this is considered out of scope.
Furthermore, the payments are not related to inventory costs and only consider purchase and sales
prices. At last the inventory object is merged with the installation object because an installation
is considered a single stockpoint; therefore, an installation cannot have multiple inventories. It
should be noted that this can be relaxed in a system where a different replenishment policy is
considered per item. In that case, it can be beneficial to create a separate inventory for every
item. To keep the first simulation model fairly simple, this will not be included in this design.
The same goes for the item object, which will be excluded in this case because of the single
product system. The final design model is shown in Figure G1.4. The edge with a hollow arc at
the AbstractObject Module defines an inheritance relation. Meaning that a LocalInstallation is
a Module. The same goes for the relation between the events and abstract-event.
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Figure G1.4: Final design data model, TVshop case

G1.4.2 Process Modeling

The second part of the conceptual model considers the process modeling part. Again several
stages are considered according to (Wagner, 2018b). To describe the processes in the inventory
system, the DPMN modeling language developed and introduced by Wagner (2018a) is used
(Wagner, 2018a). In Appendix C2 the DPMN elements are stated, for more information, we refer
to the papers of Wagner (Wagner, 2017), (Wagner, 2018a), (Wagner, 2018b).

Domain Process Model
First, a domain process model was built, which is shown in Figure G1.5. The purpose of a
domain process model for simulation is to identify causal regularities and express them in the
form of event rules (Wagner, 2018b). Three events are distinguished already in the information
modeling part. However, in the domain model, more events are determined. Since this process
model is again in the domain face of the conceptual model, all the events are considered. Again,
a couple of these events will be removed in the design process model because they are considered
irrelevant in this case.
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Figure G1.5: Domain process model, TVshop case

Design Process Model
For the design process model, first, the different events are described using pseudo-code. Again,
only three events are considered relevant in this case. The remaining events from the domain
model are removed. The description of the remaining model is shown in Table G1.1. The first
event, DailyDemand considers the event of customers entering the shop during the day and
ordering TVs from the TVshop. DailyDemand is the name of the event, which will be used to
activate the event. Followed by a comma-separated list, describing the event parameters. In this
case the respective installation (in) and the demand quantity (D). The @ sign defines the time
(t) at which the event will start. The pseudo-code describes the routine of an event. In the case
of a DailyDemand event, first, it is checked if the demand can be delivered from stock. If not,
the remaining stock will be delivered, and the remaining demand will be registered as lost sales.
At last, two new events will be scheduled. A replenishment check to determine if a new replenish
order is needed, and a new DailyDemand event for the next day (t + 1 ).



G1 Case 1: TVshop case 115

ON (Event expr.) DO (event Routine)
CustomerDemand( in, D) @ t

� in: installation of type
IModule, where the
event happens.

� D: the customer demand
quantity.

if this:StockQuantity � D then
this:StockQuantity  this:stockQuantity �D

else
this:LostSales (D � this:StockQuantity)
this:StockQuantity  0

schedule CheckReplenishment(in)@t
schedule DailyDemand(in;D)@t+ 1

CheckReplenishment(in)@t
� in: installation of type
IModule, where the
event happens.

if !this:DeliveryPending then
if this:StockQuantity � this:ReorderPoint then

var OS  this:TargetInventory
�this:StockQuantity

schedule Delivery(in;OS)@t+ LeadT ime()
this:DeliveryPending  true

Delivery( in, OS)@t
� in: installation of type
IModule, where the
event happens.

� OS: Order size; the
actual number of items
delivered.

this:StockQuantity  this:StockQuantity +OS
this:DeliveryPending  false

Table G1.1: Event rule design with pseudo code

The design process is described in the Table above but can be expressed as well in a process
model. The DPMN technique is used here in the design process model, which is shown in Figure
G1.6. Here the events are denoted as circles, which can be related to a data object. These data
objects are denoted as rectangles and contain state change statements using the event variable
and possibly the rule variable (Wagner, 2018a).

Figure G1.6: Design process model, TVshop case
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G1.5 Validate Results

To validate the results, the online simulation tool of Wagner (2017) is used to simulate the
results of his model (Wagner, 2016). The duration of the simulation is set to 1000 days because
by further increasing the duration of the simulation of Wagner (2017), the simulation becomes
unstable and gives unrealistic results. The simulation ran 20 times, and the results are presented
in Table G1.2 below. As can be seen, the average lost sales over the runs differ significantly
between the Sim4Edu and own simulation with 22.8%; however, the variance on lost sales is as
well high between the simulation runs. The average inventory is a better estimate to validate
the results since this measure has little variance between runs. This measure shows only a little
difference between the two simulations. Therefore, the results produced by the own simulation
are considered valid. A second validation of results will be done in the third case, where the
results are known as well.

Sim4Edu Own

run Lost Sales Avg. Ioh Lost Sales Avg. Ioh

1 146 46,37 105 47,08
2 138 48,42 197 47,67
3 135 48,59 66 47,80
4 98 47,07 112 47,01
5 224 47,86 81 46,98
6 132 46,90 129 47,55
7 181 46,75 186 45,60
8 239 46,85 122 47,14
9 100 48,47 234 47,07
10 143 48,13 102 47,89
11 176 46,45 51 47,82
12 146 47,90 96 45,21
13 134 47,53 98 46,70
14 193 46,27 107 44,97
15 70 46,71 71 46,64
16 135 46,77 158 46,40
17 101 46,37 72 47,87
18 194 47,46 88 47,07
19 179 46,46 129 47,05
20 76 48,04 191 46,50

Avg. 147 47,27 119,75 46,90
Var. 2010,80 0,59 2334,99 0,68

Std Dev. 44,84 0,77 48,32 0,82

Table G1.2: Results simulation TVshop case (Wagner, 2017)
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G2 Case 2: Bookshop case

The second case is an extension on the first one to evolve the simulation tool already built. In
this case, the setting of the first one is slightly changed on one of the dimensions. Meaning that
it is not able to validate the results; however, it is perfect to investigate if the simulation can
easily be reused by the use of the conceptual model already developed. First, the new case will
be introduced, after which it will be classified. The classification will show the differences in the
inventory system with the previous case.

G2.1 System Description

In this case, a bookshop is considered to easily distinguish between the two cases. The bookshop
only sells one product type, meaning that the bookshop only keeps inventory of that type. Again,
each day customers enter the store to buy their books and at the end of the day, a replenishment
order is placed if inventory falls below the reorder point (50) to restore the inventory to 100.
Stock will be delivered within 1 to 3 days in the morning. However, if a customer enters the
store and there is not sufficient inventory, the order is placed in backlog. Meaning that the book
will be delivered to the customer, once there is sufficient inventory. The backlog will be fulfilled
by a First-Come-First-Service (FCFS) policy. The bookshop wants to know what the average
service level to their customers is.

G2.2 Classification

The classification strings of this inventory system are shown below.

T1: 1,S,D,G|I,G|D,B|s,F,N|U||S,P
T2: 1| |D,P,N|P,F,N|N,N

As can be seen in the strings above, the classification changed on two parts (underlined dimensions).
The customers react different to disservice, in the bookshop, they accept backordering whereas
the TVshop does lose the sales. Due to the change in the disservice dimension, one has to classify
another dimension as well, namely inventory rationing which is considered with the order in
which backlog is fulfilled.

G2.3 Conceptual Model

In this part, the conceptual model is developed as a basis for the simulation. Since the classification
already showed that the inventory system is similar to an earlier case, the TVshop case which is
discussed in Section G1, the conceptual model of that case can be useful and will be used to
develop the simulation of the bookstore. Since the structure is equal to the TVshop, we do not
have to model a new network structure but can refer to the model in Figure G1.1

G2.3.1 Data Model

The information model used as a basis can be found in Figure G1.2. In this case, the installation
needs to keeps track of the orders that are not yet fulfilled, which are stored in a backlog. The
object backlog is therefore added to the information model. To not only store information about
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the quantity, but as well the time an order came in, the backlog consists of order objects. An
order is stored in the backlog, and the information it holds can be used for the rationing policy
and performance measurements. The final domain model is showed below in Figure G2.1. The
red dotted rectangle includes the parts that are added.

Figure G2.1: Domain data model, Bookshop case

Next, the design model is changed, which is based on Figure G1.4. As can be seen in Figure
G2.2 below, a backlog object is added. Again, the red dotted rectangle include the part that
is added. The order objects are removed since in this inventory system it is sufficient to only
store information about the order time and order quantity. Because a sum of orders arrive from
independent customers, no information needs to be stored about customers. The time is used to
measure the average delivery time. The object got functions to add and remove orders to the
backlog. Furthermore, a function is present to get the next order to fulfill if sufficient inventory
is available.
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Figure G2.2: Design data model, Bookshop case

G2.3.2 Process model

In contrast to the information model, the change in the process model is significant. Again the
object backlog is added; however, the process after a customer order arrived changed, together
with the process after a delivery. The new process model is shown in Figure G2.3. Again, the
process starts when a customer order comes in. If there is sufficient inventory and no orders
are stored in the backlog, the process is exactly similar to the process model in Figure G1.5.
However, when there is not sufficient inventory, the order is split into the part of the available
inventory (Ioh), which is delivered, and the rest of the order (Q - Ioh), which is added to the
backlog. In case of a new delivery, the backlog is always checked on orders. If available, they will
be removed from the backlog and sent into the system. If there is insufficient inventory to fulfill
all orders in the backlog, the orders will be sent to backlog again by the same process flow as
new orders.
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Figure G2.3: Domain process model, Bookshop case

After the domain model is changed the design model is developed, based on Figure G1.6. Whereas
the design model is as well presented in a table form in the reference case, here only a DPMN
process model is presented. Where the DPMN process model in Figure G1.6 is one process,
the DPMN technique allows as well to model the events separately. Since for example, the
CheckReplenishment event does not change, a description per changeable event is desired. This
is time-efficient and presents only the parts that need focus when evolving the simulation. The
final design process model is shown in Figure G2.4. Again a backlog object is added and all the
payment events are removed from the domain process model. As can be seen in the DailyDemand
event process, the backlog is unique to an installation and connected to the installation object.

Figure G2.4: Design process model, Bookshop case
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G2.4 Variability

G2.4.1 Domain Model

In the bookshop case, the models that were built in the TVshop case. By using the Orthogonal Variability Model both variants can be modeled in a
single model. Below, the domain model is shown in Figure G2.5. Note that the feature references (f32f34) refer to the classification shown in Table
3.1.

Figure G2.5: Domain variability, Bookshop case
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G2.4.2 Design Model including DPMN

Next to the domain model, the variability can be modeled in the design model as well. However, in the design model, the DPMN technique is used
for the process model. To the best of our knowledge, no research is available oN variability modeling for DPMN. Therefore, in this research, a first
attempt is made to introduce OVM in DPMN. As can be seen in the DPMN variant of the CustomerOrder event, a completeLY new object is
introduced: Backlog. However, the references to the backlog need to be modeled in the installation object as well. Meaning that the variability is
related to both objects. The final design model is shown below in Figure G2.6.

Figure G2.6: Design variability, Bookshop case
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G3 Case 3: Distribution case

To validate the simulation tool, developed during the first cases, a third case is introduced. In this
case, a scientific paper by Gallego, Ozer, and Zipkin (2007) is used (Gallego et al., 2007). This
paper provides the numerical results of an inventory system with multiple settings. Therefore,
the system with different settings is built in order to validate the simulation tool by reproducing
the results. In this case, only a short introduction of the system and the classification string
is given. Furthermore, the results per setting are discussed to prove that our simulation tool
produces reliable results.

G3.1 System Description

The considered system is a distribution system, meaning that the supply chain is designed with
a single predecessor but multiple successors. The choice for a distribution system was evident,
since the optimal results for these systems are known ((Simon, 1971), (Graves, 1985) & (Axsater,
1990)). And the system is more complex in comparison to serial systems. For ease of reference,
this case is referred to as the distribution case.

Whereas the paper focuses on the difference between local and central control, we will only
consider local control. Meaning that every installation sees its own demand and monitors its own
inventory-order position. The distribution system has two levels. All items enter the system from
an external supplier and arrive at an installation j = 0, which is considered a warehouse. This
installation, in turn, supplies the items to J retailers. Meaning that the number of installations
to supply can be variable per setting. The retailers are indexed by j = 1,2,..,J and all receive
exogenous demand by customers. Leadtime to an installation j is denoted by Lj . Retailers
satisfy the demand from customers direct from inventory on hand. If not available, orders are
backordered with a penalty cost rate of bj . Every installation can hold inventory at a cost rate
of hj ; however, the cost rate is increasing if installations are more upstream located: hj � h0 for
j > 0. Demand at each retailer is independent and follows a Poisson process with rate �j , and
�0 =

P
j>0 �j .

The following inventory states are used, note that the notation is different from those used in
the paper. However, for readability of this report the same notation is used as proposed in the
Master Thesis Report. For each installation j :

IOH
j : on-hand inventory at installation j,
BOj : backorders at installation j,
ITj : inventory in transit ot installation j,
OSj : inventory on order by installation j,
IPj = OSj + IOH

j �BOj : inventory position of installation j.

A base-stock policy is used to replenish the inventory for all installations. The installations order
from their predecessor to restore IPj up to sj . The objective of the case is to minimize the
average costs. Under any policy, the total average costs can be expressed as:

c = h0E[I0] + h0
P

j>0E[ITj ] +
P

j>0(hjE[Ij ] + bjE[Bj ])
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G3.2 Classification

Based on the description the system will be classified in order to check for diversity with previously
developed simulation models. The bookshop case is most closely related since this case considers
backordering which is the only variability with the TVshop case. In any other situation, one can
compare the classification string with all the strings of previous analyzes. By choosing the most
closely related simulation, one needs to take into account the complexity per dimension. For ease
of comparison, the classification string of the bookshop case is shown as well. The dimensions
that vary in comparison to the bookshop case are underlined and are shortly discussed. The
network considers 2 echelons in a divergent structure, whereas the delays are constant in this case.
Poisson demand is considered, and there is a base stock policy with the objective to minimize
the costs. The additional string shows three dimensions that differ. First, there is complete
fulfillment; however, it should be noted that the order quantity is always 1 in this case. Therefore,
this dimension is irrelevant in this case. Furthermore, the inventory is continuously reviewed,
meaning that the inventory has to be checked after every mutation since discrete-event simulation
is considered. At last, both holding and backordering costs are considered. As can be seen from
the classification string, the inventory system is significantly different than the previous case
based on the variability in 9 dimensions.

Distribution Case
T1: 2,D,D,G|I,C|P,B|Bb,F,N|C||S,P
T2: 1| |D,C,N|C,F,N|HB,N

Bookshop Case
T1: 1,S,D,G|I,G|D,B|s,F,N|U||S,P
T2: 1| |D,P,N|P,F,N|N,N

With that we consider the following changes on a network level:

� Network change (D1; D2)

� Cost introduction (D20)

And on an installation level:

� A constant delay for shipments (D7) Data Model

� Installation base-stock policy (D13) Data Model

� Poisson demand distribution (D8) Data / Process Model

� Continuously review inventory (D14) Process Model

� Complete fulfillment (D11) Process Model

G3.3 Network Structure

The network structure changes from a serial network to a divergent network, meaning that there
are as well multiple echelons. In this case, only the most downstream echelons are receiving
exogenous demand. The number of retailers or installation in the first echelon is variable; therefore,
the network is modeled as shown in Figure G3.1. In order to handle multiple installations and
echelons in a network, the current design of the simulation needs to change. Therefore, we discuss
several classes that are introduced on a network level.



G3 Case 3: Distribution case 125

Figure G3.1: Network structure, Distribution case

NetworkManager
In the previous network, there was only one supplier, installation, and customer. Therefore, the
relations between them were fixed. However, in this case, there are multiple installations in the
network; therefore, the simulation structure needs to be changed. To store information of the
network, a NetworkManager class is introduced.

Furthermore, with the introduction of multiple installations, the considered events are reconsidered.
Firstly we distinguished 3 types of events, Delivery Event, Customer Order Event, and Check
Replenishment Event. In this case, the customer order event not only created a customer order
but directly processed it as well. However, a non-local installation will not get customer orders.
Therefore, we distinguish a separate process order event. With that, we make a distinction
between the creation/arrival of an order and the processing of an order. This has several
advantages; first, we can distinguish three events that are considered at every installation, and
a customer order event only happening at the local installations. Furthermore, we can process
orders on multiple moments by a single event. After an order comes in, and after a delivery took
place if there are backorders. The final events are enumerated below.

� Delivery Event

� Customer Order Event

� Process Order Event

� Check Replenishment Event

EventPlanner
With the introduction of multiple installations, events can happen at the same time. Events,
in this case, will trigger other events, and therefore the sequence of handling these events is
important. Earlier we discussed that events always happen in the sequence of delivery, order
processing, and check for replenishment. However, in the case of multiple installations, this
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Figure G3.2: Event handling sequence

sequence is not related to all installations. If one considers two installations, customer orders
at the downstream installation will trigger a sequence of events at the upstream installations.
Therefore, by processing the customer order at the downstream installation, if inventory is
continuously checked, a replenishment order will result in an order at the next installation. Since
orders are assumed to travel without time passing by, this order at the upstream installation
is delivered at the same time the customer order arrived at the downstream installation. If
one would consider the original sequence, the process order event would already have occurred.
Therefore, a rank is introduced to determine the order of events. Events are handled in the same
sequence but per rank, the sequence is handled, this can be seen in Figure G3.2 below.

The rank of an installation should not be confused with the echelon of an installation. Because
of the chain reaction started by a customer event, the rank determines the sequence in which
changes to an installation can occur. Installations with a lower rank are more downstream
located, meaning that events are handled from a low to high rank. The algorithm to define the
rank per installations is defined as shown in Algorithm 3.

Algorithm 3 Module Rank Algorithm
varRemaingModules List < getAllModulesInNetwork >
varRankedModules Dictionary < IModule; int >

while Modules.Count > 0 do
varRank  0
for all modules in RemainingModules do

if module does not have outgoing edges then
RankedModules:Add(module;Rank)

end if
end for
RemaingModules:Remove(RankedModules:Keys)
Rank + +

end while=0

To show a working example of the algorithm, we refer to Figure G3.3.

Since these events need to be scheduled according to the rank of an event, an eventPlanner class
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Figure G3.3: Example rank algorithm

is introduced to the simulation. Since installations are unaware of the rest of the network, the
central control of these events is preferable.

NetworkResults
The last class that is introduced on a network level is NetworkResults. Since in this case, we need
to keep track of average costs in the network. These results need to be stored in a central place.
Furthermore, to get reliable results this class does start register the results after a warm-up
period. This allows the queues in the simulation to reach a steady state.

G3.4 Conceptual Model

Now that the changes on a network level are determined, the conceptual model can modeled.
First, we start with the data models, which will partly be derived from the bookshop case. But
before diving into the modeling of the installations active in the inventory system, the classes
that are determined on a network level can be modeled. Since the network itself does not have
processes, only the data is modeled. Furthermore, the MDE paradigm is not used in this case
since the classes are directly derived from the network level. The data model can be seen in
Figure G3.4. Note that the IModule and IEvent classes are included as a bridge to the installation
level.
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Figure G3.4: Network data model, Distribution case

G3.4.1 Data Modeling

Domain
On an installation level, several things change. Although the events are changed in this case for
a more general purpose, the basic processes of data modeling on an installation level is mostly
equal to the bookshop case. Therefore, only the events are changed, whereas we removed the
payment events that were included in the previous cases since they will not play any role in the
purpose of our view on inventory management. The domain data model is shown below in Figure
G3.5.

Figure G3.5: Domain data model, Distribution case

Design
Whereas the domain model hardly changed, the design model is prone to changes because of its
detailed level. First, the changes are discussed. The events are changed according to the new
event structure; furthermore, an item entity is introduced to store information on an entity level
and be more secure about the stock mutations in the system. When working with integers, the
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variable can easily be mutated without noticing. When working with entity objects, the objects
are created by a supplier and drained by a customer. If modeled in the right way, we can easily
check if the number of entities in the system is equal to the number of entities built.

In terms of information stored by the objects and events, some small changes have been made.
As shown in the classification, for the data model changes have to be made for 3 dimensions.
The inter-arrival time is changed to an exponential distribution in order to have a Poisson arrival
process. Furthermore, the lead-time is a constant double since it is not stochastic anymore. At
last, in order to apply the base-stock policy, the installation needs to store other data. First,
the installation only needs a reorder-point, since in a base-stock policy the reorder-point and
target-inventory are equal. Next, the installation as well needs to store information about the
items that are ordered, but not yet delivered, which are used to get the inventory position of an
installation. The final design data model is shown in Figure G3.6 below.

Figure G3.6: Design data model, Distribution case

G3.4.2 Process Modeling

Domain
First, the domain process model is modeled based on the bookshop case. Again, since this model
is high-level in general there are very few changes to this model. According to the classification,
changes have to be made on certain points. The most important is the introduction of the
networkResults object where costs can be registered. Additional, gateways are introduced to
register backorder and holding costs on the moment orders or products leave their respective
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object. The new demand arrival process will be modeled on a design level since this event is
the start of the domain process model which does not allow for a timer event. The continuously
review of the inventory is different than the periodic of the bookshop case; however, if one
considers the bookshop case the process was actually continuously modeled. Reviews occurred
every day, as well as the orders that came in. Since the orders were summed per day, it could
be seen as a single order of multiple items. In that way, after every order a review took place.
Therefore, no changes have to be made on the process model. However, it should be noted that in
the case of real periodic review with different frequencies the process model needs to be modeled
differently. At last, a gateway is introduced that split the orders in case of partial fulfillment
and otherwise if complete fulfillment is present. The final process model is shown in Figure G3.7
below. Note that for ease of reading, the start event of this process is marked red.

Figure G3.7: Domain process model, Distribution case

Design
Because of the major changes in design, such as the use of item entities, a new event structure,
and the changes in dimensions, the design process model changed radically. The new design is
more generally designed and therefore easier usable for other cases, meaning that this design
could be used to model the bookshop and TVshop cases as well. Because of the radical changes,
it is not worthwhile to discuss all the changes, but rather discuss the new design which is shown
in Figure G3.8.
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Figure G3.8: Design process model, Distribution case

Customer Order Event
All the events are triggered by a customer order event, which is logical since real-world companies
are driven by customer demand as well. Therefore, this event is triggered by itself and will
be scheduled after the interarrival time, which in this case is sampled from an exponential
distribution due to the Poisson arrivals. During this event, an order is created by the customer
module and placed in the backlog of the local installation module together with a timestamp of
entry. Because customer orders can only arrive at an installation module, this object is defined
as an Installation. At last this event not only triggers a new customer order event, but it also
schedules a process order event at the installation the order is placed at (targetModule).

Process Order Event
The process order event tries to fulfill the orders that are placed in backlog according to a
rationing policy. If not defined a First-Come-First-Serve (FCFS) policy is default and present
in this case. The event is connected to an IModule object since it can be scheduled on both a
supplier and an installation. The event tries to get the next order from the backlog and will
try this as long as there are orders in backlog that can be fulfilled. The order quantity will
be removed from stock and the order will be removed from the backlog. The holding costs of
the removed item will be registered, as well as the backorder costs if the order was not fulfilled
directly. This is based on the exit-stamp the order gets once fulfilled. If items are processed
(itemsProcessed()) the eventHandler will schedule a delivery event after leadtime at the module
that placed the order (sourceModule) which can either be a customer or installation. If the
module that itself is an installation (not a supplier) the eventHandler will as well schedule a
check replenishment event at the respective installation. Note that this only happens in case of
continuous review.
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Delivery Event
The delivery event is again scheduled at an IModule object since it can happen at a customer
and installation. During this event, the number of items is added to the inventory of the receiver,
and if this respective module is an installation the number of ordered items is decreased.

Check Replenishment Event
The check replenishment event is scheduled at an Installation object since customers and suppliers
do not handle such an event. The event calculates the order position of the respective installation
and creates an order of quantity OS which is the difference between the order position (IP )
and base-stock (s). The order gets a timestamp for entry and is placed in the backlog of the
predecessor module, which is given by the networkManager. Furthermore, the number of items
ordered is increased which is used to determine the inventory position. At last a process order
for the predecessor module is scheduled by the eventHandler to (try) fulfill the order.
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G3.5 Variability

G3.5.1 Domain Model

The variability on a domain level is shown in Figure G3.9.

Figure G3.9: Variability domain models, Distribution case
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G3.5.2 Design Model

The variability on a domain level is shown in Figure G3.10. Do we want to model variability on a design level? Because of the detailed level it does
not really suits variability.

Figure G3.10: Variability design models, Distribution case
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G3.6 Validate Results

Since the results of this inventory system are known due to exact analysis of Simon (1971),
Graves (1985), and Axsater (1990), the simulation built can be validated. In their work, they
tested 852 variants (cases) on the distribution network. To produce reliable results, only a few of
these cases are used for validation in order to be able to have a large running time and multiple
runs. Gallego et al. (2007) distinguish multiple experimental settings, whereas the first assumes
equal parameters for the retailers (local installations), the second experiment assumes randomly
drawn parameters for the retailers. For the first experiment, 8 settings are non-randomly chosen
(quota sampling), whereas 4 settings are randomly chosen from the second experiment. Below
the validation of both experiments is discussed.

G3.6.1 Identical retailers

In this experiment the local holding costs of the retailers (hj ; forj > 0) is equal to one, and
the back ordering costs (bj ; forj > 0) are 39. Poisson demand distribution with �0 = 16, with
�0 =

P
j>0 �j .

Furthermore, 4 parameter settings are active, with L0; Lj 2 f0:1; 0:9g, and H0 2 f0:3; 0:9g. For
every of these setting two combinations of the number of retailers (J) are chosen. For every
setting, two retailers are chosen to have an equal network with different settings. Furthermore,
for every setting a different (J) is chosen by increasing the number by a geometric sequence.
In this case J 2 f2; 4; 8; 16; 32g. The different settings are shown in Table G3.1. With s0; sj

providing the optimal base-stock levels, and c the optimal costs for the particular setting (Gallego
et al., 2007). With c� we denote the optimal costs of our simulation runs, whereas �c� denotes
the standard deviation of c� over the runs.

10 runs of 100000 time units ran to obtain the results. As can be seen in the table, all the runs
provide a total cost that is close to the optimal value and within the range of [c� �; c+ �]. With
that, we can conclude that the simulation produces reliable results over these settings.

Parameters Optimal Results

Setting L0 Lj H0 J s0 sj c c� �c�

1 0,1 0,9 0,3 2 2 13 14,29 14,24 0,137
2 0,1 0,9 0,3 4 2 8 20,76 20,77 0,162

3 0,1 0,9 0,9 2 0 14 14,55 14,56 0,125
4 0,1 0,9 0,9 8 1 5 30,7 30,69 0,075

5 0,9 0,1 0,3 2 21 3 7,79 7,80 0,059
6 0,9 0,1 0,3 16 21 1 19,97 19,95 0,044

7 0,9 0,1 0,9 2 18 4 11,16 11,18 0,057
8 0,9 0,1 0,9 32 17 1 36,49 36,51 0,058

Table G3.1: Results simulation Distribution case, experiment 1 (Gallego et al., 2007)
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G3.6.2 Non-identical retailers

For the second setting, the retailers are not identical, therefore the settings are randomly picked.
However, the parameters of the warehouse are equal, and therefore two different settings are
determined with L0 2 f0:1; 0:25g and �0 2 f16; 32g. Furthermore, Lj and bj are generated
randomly according to independent uniform distributions from the interval [9; 39] and [0:1; 0:25]
respectively (Gallego et al., 2007). 200 different settings of this experiment are considered in
Gallego et al. (2007), in this thesis 4 of these settings are validated which are shown in Table
G3.2. As can be seen from the results, again, the average costs from 10 runs (c� ) are closely to
the optimal result (c) and within the [c� �; c+ �] boundaries.

Considering both experiments we can conclude that the built simulation produces reliable results
for distribution systems with backlog. This is validated by using multiple parameter settings of
the network and extracting the optimal results from the paper of Gallego et al. (2007).

Network Installation Parameters Optimal Results

Setting L0 � L1 L2 L3 L4 b1 b2 b3 b4 s0 s1 s2 s3 s4 c c� �c�

9 0,1 16 0,13 0,24 0,21 0,11 34,89 37,95 32,67 19,26 3 2 3 3 2 10,06 10,04 0,046
10 0,1 16 0,11 0,2 0,22 0,15 9,92 13,52 11,74 11,4 3 1 2 2 2 8,01 8,017 0,022

11 0,25 32 0,2 0,18 0,23 0,18 13,64 29,78 16,32 30,78 11 4 4 4 4 13,73 13,72 0,031
12 0,25 32 0,19 0,24 0,13 0,14 11,24 26,45 16,47 34,01 10 4 5 3 4 13,1 13,1 0,026

Table G3.2: Results simulation Distribution case, experiment 2 (Gallego et al., 2007)
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H1 Literature Review - Search Protocol

This section presents the research protocol that was used to perform the literature review of
this Master Thesis Project. The review focuses on two fields of research, namely Multi-Echelon
Inventory Optimization (MEIO) and Information Systems (IS). Therefore, this section is divided
into the respective parts, since they consider their own protocol.

It should be noted that the literature review is conducted at the start of the Master Thesis
Project. Both relevant and irrelevant literature is reviewed, but during the execution of the
research the direction slightly changed. Therefore, the structure used in this literature review
does not fully align with the master thesis report.

H1.1 Introduction

As part of the Master Thesis a literature review is conducted. The master thesis project aims to
develop a model that enables to adapt and extend a simulation tool to the specific dynamics of a
supply chain, in order to improve the process of evaluating inventory policies within a specific
supply chain. The reason to perform a literature review is two-folded, firstly the researcher will
gain extensive knowledge in the field of research. Secondly, by diving into this specific field of
research the researcher will ensure that the intended study is not already conducted. The result
of the review is an identified research gap that will be used for the research question of the master
thesis.

Topic
Nowadays, most supply chains have a general, multi-echelon network structure. Over the years,
researchers have been investigating models and heuristics to determine the optimal inventory
policies (de Kok et al., 2018). However, because of the increasing complexity of these supply
chains, either complex heuristics that are hard to implement are developed or assumptions
are made that are not realistic in real-world. Therefore, most companies still use suboptimal
single-echelon policies to optimize their inventories (Grob, 2018). To understand the dynamics
and evaluate scenarios, ORTEC is looking for a simulation tool to help their clients with inventory
optimization. In order to be able to use the tool for different clients, a model-driven engineering
approach will be used to develop a conceptual model that captures all dynamics of a supply
chain. This model can be used as a basis to extend or adapt the simulation tool.

Since this master thesis focuses on the field of inventory optimization and simulation engineering,
the literature is split into two parts. This is done to develop a clear understanding of the
individual themes and investigate if there already exists an overlap between the two fields. The
first part is focused on the operational research side of multi-echelon inventory models, and in
particular the modeling of the multi-echelon dimensions that are relevant for the evaluation of
inventory models. The second part focuses on literature related to model-driven engineering used
for simulation. At last the overlap between those two fields is discussed.

Problem Definition
This literature review focuses on two main parts of the master thesis: multi-echelon inventory
models and model driven engineering for simulation. Taking this focus into consideration, the
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literature review aims at the following two objectives:

� Defining a literature gap

� Creating a research question

Therefore, the problem definition of the literature review is stated by the following three questions:

1. What is described in literature about inventory evaluation/optimization in multi-echelon
supply chains using simulation?

2. What is described in literature about model driven development/engineering for simulation
models?

3. How does the literature contribute to the defining of a challenging but feasible research
question for the master thesis project?

H1.2 Part 1: Multi-Echelon Inventory Models

Inventory management is one of the core building blocks of supply chain management and has
been a core topic of Operations Research since the 1950s (de Kok, 2017). Inventory in a supply
chain is held to act as a buffer between supply and demand (Goetschalckx, 2011). The more
inventory a company holds, the higher the service level towards their customers it can provide.
However, holding inventory comes at a cost and can comprise a high working capital. Therefore,
controlling inventory points deals with the trade-off between service level and inventory costs.
Typically, these stocking points are controlled and optimized from a single-echelon point of view,
which means that every echelon is responsible for their own stock policies in order to optimize
the trade-off. However, the rapid development in the field of information technology enabled
companies to control the stockpoints along their entire supply chain, taking every stockpoint
into consideration. The optimization of the stockpoints from a holistic point of view opened the
field of multi-echelon inventory management (Grob, 2018). In this part of the literature review,
the research on multi-echelon inventory models is reviewed. However, since the research field on
multi-echelon inventory models already started in the late ’50s of the previous century, there is
an extensive amount of literature available in this field of research. Therefore, a search protocol
is defined in order to find the research that is most relevant to our research. The goal of this
part of the review is stated as follows:

Provide a clear overview of literature about inventory evaluation/optimization in multi-echelon
supply chains using simulation?

This goal is used as a basis for the search protocol.

H1.2.1 Search Protocol

Relevant literature is found by using the typology of de Kok et al. (2018). This paper reviews
the extensive research of multi-echelon inventory management under uncertain demand (de Kok
et al., 2018), and therefore perfectly frames a part of our field of interest. Since the review is with
almost 400 papers thoroughly, conducted recently (2018) and online updated (Rambau, 2019),
the paper is used as a basis of this literature review. The paper discusses high-level findings of
the progress made in the field of research and provides a typology to classify the 400 papers
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and future research. Although the high-level overview does not provide enough details to use as
a literature review, the typology is perfectly useful to define relevant papers for our research.
Therefore, this part does not require a search protocol based on search terms. First, the typology
will be discussed, where after an approach to determine the relevant papers is defined. The
selected papers by this approach will be extensively reviewed and discussed in the analysis.

Typology
To structure and map various papers in literature, a typology is presented. The complete typology
is stated in the paper of de Kok et al. (2018) or can be found online via a hyperlink in the paper.
Summarized, it contains 14 dimensions with a variable number of possible values per dimension.
For example, the dimension Structure, can have the values; Convergent, Divergent, General and
Serial. The dimensions are divided into different sections. The first section considers the system
specification, which provides information about the supply chain as a network. The second
section considers the specification of resources that are active within the network. Next, section
considers the market specification which captures information about the customer demand that
enters the network. The control type specification is considered in the fourth section and relates
to the dynamics of the inventory that flows through the network. The last section captures the
objective of the optimization. These different sections are classified in a typology string, which is
stated below:

< No. of Echelons > , < Structure > , < Time > , < Information > | < Capacity
> , < Delay > | < Demand > , < Customer > | < Policy > , < Lotsize > , <
Flexibility > | < Performance Indicator > || < Methodology > , < Research Goal >

An example of a string typology classified for the paper of Clark and Scarf (1960):

n,DS,D,G|I,C|G,B|N,F,N|C||E,O

To clarify the use of the classification the first section, with four dimensions, is discussed. The
first section classifies that this paper considers a n-echelon network (n), with a divergent or serial
structure (DS). Furthermore, the research considers a discrete time horizon (D), which means
that actions are only possible on specific points in time. At last, information is considered global
(G), which basically relates to the fact that a single optimization function is used where all the
echelons are included.

Selection Criteria
For our research two of the dimensions in the typology are considered relevant. Namely, the
dimension Echelons, which provides the number of echelons considered, and the dimension
Methodology, which considers the technique applied to achieve the results. Both are used to
select the papers of interest that use simulation and consider more than two echelons. Therefore,
relevant papers are defined as papers with:

� < No. of Echelons > = n

� < Methodology > = S (simulation)

Next to the content filter on the typology, accessibility criteria are considered. In terms of
accessibility the papers used need to be:
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� fully online accessible;

� written in English.

These terms are chosen in order to get access to papers that are usable. The second term is
considered irrelevant since the typology only considered papers that are written in English.
However, the first criteria could be relevant since de Kok et al. (2018) might have extended
possibilities to access literature in comparison to us.

Results
Out of the 400 papers, the relevant papers are filtered using the typology. Furthermore, the
accessibility of these papers is reviewed in order to define the papers that are usable in full.
The typology classified 20 papers that consider more than two echelons, uses simulation and
are accessible online. After reviewing these papers, other relevant papers can be added to the
literature review based on citations within the selected papers. These papers are extensively
reviewed and discussed in the next chapters.

H1.3 Part 2: Model Driven Engineering for Simulation

This part focusses on model-driven development of simulation models. Model-Driven Engineering
(MDE), also called model-driven development, is a well-established paradigm in Information
Systems/Software Engineering (IS/SE) (Wagner, 2018b). Therefore, this captures the information
system perspective. A simulation is an approximate imitation of the operation of a process or
system, in this case, the process of managing inventory. The review will focus on a particular form
of simulation, Discrete-event simulation (DES). This form of simulation represents individual
events that happen at a particular point in time and remains in that state for a couple of time.
Since the aspect of model-driven engineering is barely captured in the literature reviewed in the
typology of de Kok et al. (2018), the relevant literature is searched by a search protocol. This
protocol is first discussed, whereafter the relevant research provided by the protocol is discussed.
The goal of this part of the review is stated as follows:

Provide a clear overview of literature about model driven development/engineering for simulation
models?

This goal is used as a basis for the search protocol.

H1.3.1 Search Protocol

This chapter defines the search protocol to systematically perform the literature review. In
order to limit the research bias, search criteria and additional decisions to exclude papers are
clearly stated in this chapter. The chapter starts with determining which sources are searched
for relevant literature. If the sources are determined, the search terms used on these sources are
discussed.

Sources
For this literature review two sources are used. These sources are determined together with the
supervisor of this Master Thesis, H. Eshuis.
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� Web of Science

� Scopus

Web of Science is owned by Clarivate analytics and contains around 18.000 journals and 180.000
proceedings of conferences (Clarivate Analytics, 2019). The articles they provide are peer-reviewed
articles, which is preferred. The same holds for Scopus which is owned by Elsevier and offers
over 23.000 peer-reviewed journals (Elsevier, 2018). The number of proceedings is unknown, but
Scopus offers over 8,3 million conference papers (Elsevier, 2018).

Search Terms
For the creation of the search terms, the goal of the project is used as a starting point.

Provide a clear overview of literature about model driven development / engineering for simulation
models?

From there the search query is split into three elements:

� Simulation (including plural and variants)

� Model (including plural and variants)

� Model driven development (including variants and synonyms)

The first two keywords are used to define that research is focused on simulations. The second
keyword is included to make sure that the research is about modeling and simulation. Case studies
that are using simulation and a model-driven approach are thereby intended to exclude. The third
element is introduced to define that the simulation has to be built according to a model-driven
development, or similar, approach. The three keywords are connected by an AND-term, which
means that papers that explicitly mention all the three keywords are considered. Next, the
synonyms and variants are connected by an OR-term, which means that either the keyword or
one of the variants needs to be mentioned. Since model-driven development is a means and not a
goal, the term is searched for in the metadata. The metadata includes the title, abstract, and
keywords of an article. The first two keywords need to be mentioned in the title of the article.
To make sure that model-driven development relates to a simulation model, the word simulation
(or variants) must be within two terms of the keyword model-driven development (or variants).

Table H1.1 gives an overview of the keywords and their synonyms and variants.

Index Keyword Synonyms and Variant Source
1 simulation simulate, simulating, DES n.a.
2 model models, modeling n.a.

3 model driven
development

model driven engineering, MDE, model driven
simulation engineering, conceptual modeling (Cetinkaya et al., 2011)

Table H1.1: Search terms

The words in Table H1.1, are combined into a single search query. The two sources used, are
using different operators; therefore, the actual search query differs in notation but are equal in
their processing. The search queries can be found in Table H1.2.
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Selection Criteria
Since the search query does not capture all the desired filters, selection criteria are discussed.
The selection criteria discussed in this chapter are applied after the search query. Two selection
criteria are considered in this chapter, the first one is about accessibility, the second about the
content.

Accessibility criteria
The criteria considering the accessibility of literature used:

� Full online access

� Written in English

These terms are chosen in order to get access to papers that are usable. The first term excludes
literature that is not fully accessible. Some literature only offers a preview or the abstract of their
research. The second term excludes literature that is not written in English. Because almost all
literature is written in English, since it is the standard in scientific research, this restriction is
not considered as rigorous.

Content criteria
The criteria considering the content of literature used:

� Written from an Information Systems/Software Engineering/Simulation Engineering
perspective

� Goal of the article is to discuss the use of model driven development for simulation models.

� Only field studies included that focusing on Inventory models

Since model-driven development is a paradigm developed in IS/SE, the literature must be written
from this perspective. Another option is from the simulation engineering field, which is considered
as the main field of interest. However, since the paradigm is developed in another field, it is not
clear if this paradigm is already adopted in Simulation Engineering. Furthermore, the goal of the
paper needs to be in line with the field of interest. Namely, the use of model-driven development
for simulation models. At last, the simulation model in the Master Thesis will simulate the
management of inventory; however, papers do not necessarily have to be related to this field.
In case literature discusses only a field study, the field study needs to be focused on inventory
models. Case studies based on other areas of research are not relevant for this Master Thesis.
There is no criterion added to the year of publication.

To exclude papers that do not align with these criteria, the title and abstract of the articles are
used. These parts of the articles are available online and will be reviewed.

Results
The results from the search query are shown in Table H1.2. The search resulted in 154 papers over
two sources, which means that the amount of unique literature can be less because of duplicates.
The resulted literature is reviewed with the criteria stated in the previous paragraph.

After applying the criteria, 21 papers are selected to use in the literature review. The authors
that produced more than one paper in the search query, are double checked to get an overview of
the work they published. Missing papers are added, and papers that are revised are excluded
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Index Source Result Search Query

1 WOS 62
(TI=((simulat* OR des) AND model*) AND(TS=((("model driven"
NEAR/2 engineering) OR "conceptual modeling" OR MDE OR
("model driven" NEAR/2 development)) NEAR/2 "simulat*" )))

2 Scopus 92

( TITLE ( simulat* OR des ) AND ( TITLE ( model* ) ) AND
( TITLE- ABS-KEY ( ( ( "model driven" W/2 engineering ) OR
( "conceptual modeling" ) OR ("MDE" ) OR ( "model driven" W/2
development ) ) W/2 "simulat*" ) ) )

Table H1.2: Results search query

from the search. However, the research is not restricted to these 21 papers. By extensively
reviewing these papers, new papers can be added by references used or papers can be excluded
since they did not provide relevant information. After reviewing the 21 papers, 6 extra papers are
added, and 2 papers are removed, which resulted in a total of 25 papers used for the literature
review on this part.
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