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Abstract
Companies operating in the food processing industry have to deal with an increasing number of stock
keeping units (SKU’s) due to the on-going trend of product proliferation. However, product proliferation
leads to extra, sometimes unnecessary or unnoticed, complexity. The goal of this research is to provide
an approach for defining, understanding and reducing product portfolio complexity, and to demonstrate
the impact on operational performance in a production plant of a potato product manufacturer. In this
research, an extensive theoretical foundation on product portfolio complexity, the drivers of this type of
complexity and how to measure this type of complexity is given. In addition, a procedure is developed that
rationalizes the product portfolio from the perspective of the production plant. The procedure consists
of three steps and reduces the number of products in the portfolio, the number of unique components
and assesses the similarity of the products. After applying the procedure, product variety is harmonized
which leads to fewer required changeover operations in production. To test this expectation, a production
sequencing model is developed that minimizes the time spent on changeover operations. Holding sales
volumes constant, it is found that the rationalization procedure leads to significant less time spent on
changeover operations.
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Executive summary
Lamb Weston/Meijer (LWM) is facing the increased global competitive pressures created by the on-going
trend of product proliferation. This trend, also known as customization, influences their total number of
stock keeping units (SKU’s) mainly because of the product specific demand for customized packaging,
packaging sizes, prints and/or labels.
However, product proliferation is associated with increased complexity, which can weaken operational
efficiency. A cause and effect diagram is made that displays the possible causes of a decreased operational
performance. This diagram shows that the product portfolio of LWM indeed drives complexity in
operations. Product portfolio complexity mainly negatively affects operational performance by, among
others, increased machine downtime due to changeovers. Accordingly, this research investigates how
to reduce product portfolio complexity, from the perspective of the production plant. Furthermore,
this thesis tests the impact of portfolio rationalization on the time spent on changeover operations in
production. The scope of the research solely focuses on the production plant, and does not take the
other stages in the supply chain into account. Therefore, the research investigates to what extent the
operational performance in terms of changeovers can be improved, by means of rationalizing the product
portfolio of LWM.
To do so, the research is divided in several phases. In this first phase, a theoretical foundation on
product portfolio complexity, the drivers of this type of complexity and how to measure this type of
complexity is given. In this phase, the current level of complexity at LWM is determined by combining
knowledge obtained via interviewing employees, by studying literature and via observations. The relevant
complexity metrics for this thesis are the portfolio size, the total number of unique components and the
commonality index that measures to what extent products are similar to each other. The higher these
metrics, the higher the level of complexity.
Afterwards, in the second phase, a procedure is developed that rationalizes the product portfolio
from the perspective of the production plant. The rationalization procedure consists of three steps and
reduces the relevant complexity metrics. After performing the rationalization procedure, the updated
product portfolio is formed. During the third phase, a production sequencing model is developed that
captures the impact of the rationalization procedure on the time spent on changeover operations. Both
the old and updated portfolio are tested with the production sequencing model in order to make a proper
comparison.

Conclusion
The rationalization procedure reduces the ’Portfolio Size’ metric with 15.04% for semi-finished products,
and 10.80% for SKU’s. Moreover, via the component rationalization process, it is possible to reduce
the ’Number of unique parts per attribute’ with 25%, 38.29% and 13.77% for oil types, potato variety
clusters and foils respectively. Subsequently, the complexity metric ’Commonality Index’ is computed.
For semi-finished products, this index reduces with 15%, while the index increases with 8.30% for SKU’s.
This increase is explained by the fact that the decrease in portfolio size for the SKU’s outweighs the
decrease in the total number of unique components. This indicates that in addition to reducing the
number of foils, more rationalizations should take place to reduce the relatedness between SKU’s.
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Taking the made assumptions of the production sequencing model into account, it is found that
the benefit of reducing the changeover operations is significant and the results guarantee that there are
potential benefits once the portfolio is rationalized. In total, the hours spent on changeover operations
have decreased with 60.30%, 3.36% and 11.58% for production line 1, 2 and 3 respectively. The potential
benefits are thus the most outstanding for production line 1. In terms of money, the potential savings
are estimated on A
C173000 - A
C208000 for production line 1, A
C12000 - A
C14500 for production line 2 and
A
C108000 - A
C130000 for production line 3.

Recommendations
This research does not incorporate customer requirements by which it was possible to hold sales volumes
constant and to combine products into one overall product. However, in practice, some customers are
going to substitute their products for other products in the portfolio or the portfolio of a competitor, while
some decide not to buy the product at all. It is advised to expand the developed rationalization procedure
with a customer behavior analysis. In addition to a customer behavior analysis, it is recommended to
expand the rationalization procedure with a customer attractiveness analysis. Currently, each customer
can order any specific bundle of ingredients or packaging types. However, offering a limited assortment to
low priority customers, allows LWM to fulfill all customer requirements of high priority customers, while
still offering enough variety to low priority customers and not losing efficiency on those customers.
During the research is noticed that employees of LWM do not exactly know the impact of their
department on complexity elsewhere in the company. For that reason, it is advised to create a dashboard
that is linked to data from the SAP system, to have a real-time, dynamic representation of the current
product portfolio complexity. This creates transparency and awareness, by which alignment between
stakeholders from various departments can be created and portfolio rationalization and/or component
standardization can be encouraged. For the same reason, it is recommended to form a cross-functional
team that reevaluates the product portfolio regularly. Frequently reevaluating the portfolio is important
because by simply cutting some products at a specific moment in time, the problem is not solved in the
long run. Furthermore, the creation of a dashboard creates the possibility to manage the portfolio fast
and effective, and supports in becoming more data-driven.
Moreover, the production sequencing model only demonstrates the impact on machine downtime
due to changeovers. However, there are more areas within the supply chain that benefit from a portfolio
rationalization. For example, as suggested in literature, demand forecasting gets easier or inventory
levels decrease. These two areas are also mentioned as drivers for a decreased operational performance
in the created cause and effect diagram. Therefore, in addition to the production sequencing model, a
supply chain simulation or optimization model should be developed that demonstrates the impact of the
portfolio on the overall supply chain performance. The results of this model can be used as an input
to the dashboard. Several ideas on managing the product portfolio rationalization problem by using
mathematical programming are proposed in this thesis.
Lastly, a quantification of actual complexity cost that comes with offering product variety is very
valuable in determining how well a product or attribute is performing. Therefore, it is advised to
substantiate the rationalization procedure with a costing system that can capture these costs.
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Chapter 1

Introduction
1.1

Challenges in the food processing industry

Companies operating in the food processing industry are facing the increasing global competitive pressures
created by the on-going trend of product proliferation. This trend, also known as customization, influences
their total number of stock keeping units (SKU’s) because of the product specific demand for a certain
flavour or packaging format (Claassen et al., 2016). Consequently, in order to keep or increase market
share, the companies have to deal with an increasing number of SKU’s. However, developing new products
may increase revenue, but they do not guarantee profit (Van Hoek and Pegels, 2006). Product proliferation
is even associated with considerable complexity costs (Apostolatos et al., 2004).
In addition, these food processing companies are operating in a dynamic market in which customer
requirements are changing continuously, and where the wholesalers and retailers expect high logistical
demands: fast and dependable deliveries (Van Donk, 2001). According to Van Donk (2001), “these
demands are especially visible in those industries that produce for the consumer market and their direct
suppliers”. This means that food processing companies have to deliver a highly varied product portfolio,
while increasing their logistical performance and keeping the costs at a reasonable level. Therefore, these
companies have to arrange their production systems and planning in a way to be able to respond quickly
to these changing dynamics (Soman et al., 2004).
However, this results in a complex process. In general, these companies are working with capitalintensive processing equipment, which have a significant sequence-dependent set-up and cleaning times
(Lütke Entrup et al., 2005). Those times arise from the sequence in which products are produced, due to
the strong regulations around food safety. For example, the changeover and cleaning of the production
line from producing products that contain multiple allergens to producing products that do not contain
any allergens, takes longer and is more intensive than the other way around.
Moreover, an important aspect in food processing is the perishable nature of the products. This
means that products can not stay in the warehouses for too long; depending on the type of the product
this can vary from several hours or days (e.g., dairy or vegetables) to several months (e.g., beverages or
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frozen products). In case of Lamb Weston/Meijer, the semi-finished products are highly perishable while
the SKU’s can stay up to 6 months in the warehouses. These shelf-life restrictions have a direct effect on,
for example, the inventory level and wastage (Lütke Entrup et al., 2005). To deliver a varied product
portfolio, the companies have to decide on a production plan that makes a trade-off between producing
in large volumes, minimize the number of setups and have high (and expensive) inventory levels, or
having a lower level of inventory by producing in small volumes with faster recurring changeovers between
products. Considering that major food processing companies produce over a hundred or sometimes even
over a thousand different products on multiple production lines, “obtaining efficient production plans is
both important and challenging.” (Mehrotra et al., 2011). Furthermore, the complexity of deciding upon
an optimized portfolio is becoming even more difficult considering the fact that many companies within
the food industry still do not have sufficient business intelligence divisions with accurate data of their
(continuously proliferating) product portfolio (Demartini et al., 2018).

1.2

Introduction to Lamb Weston/Meijer

Lamb Weston is a potato processing company that supplies all kinds of frozen potato products of high
quality in more than 100 countries (LWM, 2020). Lamb Weston/Meijer (LWM) is the Dutch part of this
company, with 6 production plants in Europe; four in the Netherlands, one in the United Kingdom and
one in Austria. LWM encompasses almost the whole supply chain of the potato: only the raw material is
supplied from farmers that cultivate potatoes, but LWM takes care of the distribution to one of their
production plants, in which the potatoes will be processed, packed and directly distributed to one of
their warehouses. Each plant delivers the finished frozen products to a specific warehouse, a so-called
coldstore. This name is as one would expect related to storing frozen products. There are 2 coldstores in
the Netherlands, and each plant outside the Netherlands has its own coldstore. Once customers place an
order, LWM takes care of the distribution of the goods from one of their coldstores to the client.
Lamb Weston has a highly varied portfolio of SKU’s, mainly arising from customized packaging,
packaging sizes, prints and/or labels (Claassen et al., 2016). Currently, they supply around 900 different
products, made from approximately 320 of semi-finished products. Their customer base ranges from small
retailers to large wholesalers and from small restaurants to large restaurant chains, such as McDonalds.
The base is subdivided among five market segments: out of home, retail, multinational chains, comanufacturing and commercial outlet. In addition, they supply countries all over the world. LWM has the
ambition to grow its business, in order to become the global leader on the frozen potato products market.
Before they can achieve the intended growth of 7% a year, LWM wants to gain insight in SKU’s that do
not have the desired contribution to the company’s overall performance and/or profits. According to Closs
et al. (2008), most companies do not know exactly what kind of impact overly complex product portfolios
have. Increasing complexity can weaken operational efficiency and decrease profits. Companies of which
the product portfolio is considered to be complex even reported profit margins that were 3% lower in
comparison with other companies (Hoole, 2006). This means that it can be profitable for companies to
make a trade-off in sales growth through increased product variety and thus product complexity, against
operational efficiency through product rationalization (Salvador et al., 2002). Therefore, LWM wants
to investigate the impact of their product portfolio on its operational performance. The next chapter
explains the design of this research.
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Chapter 2

Research design
This chapter describes the design of the research. The design starts with a problem analysis and the
incentive behind the research subject. The latter results in a research goal. In order to achieve the
research goal, multiple research questions are formulated. Afterwards, the research scope, deliverables
and the outline of this thesis are given.

2.1

Introduction research subject

In this section, the motivation behind the research subject is discussed. It opens with a problem analysis,
in order to understand the research problem completely. Based on this problem analysis, the research
incentive is explained.

2.1.1

Problem analysis

LWM identified its varied product portfolio as a driver for complexity and corresponding complexity costs
in their operations. In order to substantiate this identification, a cause and effect diagram is created as a
preliminary analysis. This diagram displays possible causes for a decrease in operational performance.
The diagram is constructed based on interviewing several employees of LWM, fulfilling positions such as
supply chain planners, plant managers and employees within engineering or inventory control departments.
A total of 7 employees are interviewed, and 24 root causes of a decreased performance are identified. Due
to confidentially reasons, the interviewees are not named in this thesis. The diagram is displayed in figure
1.
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Figure 1: Cause and effect diagram decreased operational performance
Although multiple causes for a poor operating performance are given, most causes are related to raw
material dependency or the amount of different products (in the diagram also referred to as ’labels’). For
example, the number of products in the portfolio not only negatively influences the utilization through
changeovers, but it also creates higher than desired amounts of bulk. Due to the limited preservation
time of bulk, this can result in interventions in the created production schedule. Another example is
that LWM has a varied supply base of potatoes and other external supplies, due to the high amount of
finished products. If one of the supplies needed for making the product is not available, or has to be
used before the best before due date, it can create unstable production schedules or extra changeovers.
Therefore, the diagram shows that a varied product portfolio indeed drives complexity in the operations
department.

2.1.2

Research subject

Accordingly, LWM wants to investigate the possibilities of reducing product portfolio complexity by
rationalizing the product portfolio. Before doing so, it is important to examine how portfolio complexity
is qualified and quantified, in order to integrate this into the portfolio rationalization process. Quantifying
complexity is one of the most challenging aspects in portfolio rationalization (Byrne, 2007). In addition,
it is important to determine the complexity drivers at LWM. Offering a large product portfolio requires
more inventory and changeover operations. However, these added complexity costs are difficult to measure
and not always incorporated in traditional costing systems.
There is no denial in the fact that increased product portfolio complexity leads to decreased utilization
(Trattner et al., 2019), the question for LWM is to what extent the product complexity influences the
utilization. The operations department at LWM is continuously trying to improve the operational
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performance. Simply stated, this is due to the fact that once the total downtime of the production lines
decreases, the plant is able to produce a larger output. Consequently, the fixed costs of operating can be
allocated among a higher volume, which results in lower costs of goods sold (COGS). Lately, the reduction
of changeover operations has been of interest. After small-scale rationalization on one of the ingredients
of the products, LWM is interested in the overall effect of rationalization on changeover operations.

2.2

Research design

The goal of this research is to assist the case company in controlling the product portfolio complexity
from an operations perspective, by means of developing and analyzing a SKU rationalization process.
In particular, it tests whether the proposed rationalization process increases productivity by decreasing
the time spent on changeover operations. In this way the company is able to free capacity to increase
the volume of more profitable products and allocate the fixed costs over a larger output. The company
considered is subject to significant sequence-dependent setup and cleaning times, and produces perishable
semi-finished products with strict food safety regulations. This goal is translated in the following research
question:
To what extent can the operational performance be improved, by means of rationalizing the product
portfolio of LWM?
In order to answer this main research question, several research questions are formulated. These
research questions create a structured approach for performing the research.
• Analysis:
1. How can product portfolio complexity be defined and what causes this type of complexity?
2. How can product portfolio complexity be quantified?
3. How does product portfolio complexity influence operational performance?
• Design:
1. How can the product portfolio complexity be reduced? Develop a procedure that rationalizes
the product portfolio of LWM, specifically including a clustering approach.
2. What kind of impact has the portfolio rationalization on the machine utilization of LWM?
Develop a model that reflects the situation of LWM and that captures this impact.

2.3

Research scope

The research is conducted in cooperation with the LWM Service & Operations Center of the production
plant in Kruiningen. However, the research is performed in such way that it is applicable to all of the
other production facilities of LWM, but also to production facilities of other food processing companies.
The scope of the research solely includes the production plant, and does not incorporate the other stages
of the supply chain (e.g., the coldstores, transportation, suppliers and customers are not included). This
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also counts for any commercial interests of the sales or marketing departments. The research is thus
performed from an operations perspective.
The goal is to provide an approach for defining, understanding, and reducing product portfolio
complexity, and to prove the impact on operational performance. For that reason, the purpose of the
proposed model that optimizes the changeover operations is to create insight in the influence of product
portfolio complexity on these processes. This indicates that the results of this research can be used as an
opening for discussion about product portfolio complexity and operational performance, or as a decision
support tool.
In addition, it is assumed that all raw material and other external supplies are continuously available.
The rationalization process should be applied on both semi-finished goods level as on finished goods level.
Some products, such as flakes, are excluded from the research.

2.4

Research method

Several research methods are applied in order to be able to answer the formulated research questions.
For some questions an extensive literature study is required, whereas for other questions data analysis
or other information from LWM is necessary. The problem solving cycle of van Aken et al. (2012) is
used.

Figure 2: Problem solving cycle (van Aken et al., 2012)
This theory-based methodology aids in developing a design-oriented solution. Due to the time
limitations of this master thesis, only the first three steps of the problem solving cycle are used. In the
first phase, the actual research problem is investigated and defined. In addition, this phase places the
problem into context by interviewing employees of LWM and the exploration of its business processes. In
that way, the actual research design can be constructed. In the second phase, scientific literature and
6

company data regarding the defined problem are reviewed to create a valid theoretical background and
thorough understanding of the problem. In the first two phases, the main data sources are scientific
literature, insights obtained from employees and some company data. In the last phase, the gained
knowledge is translated into a design solution that is tested in a case study. In this phase, the main data
source is company data and information obtained by brainstorming with employees.

2.5

Deliverables

This section explains the desired outcomes of this thesis. These deliverables aid the company in
understanding their product portfolio complexity, what drives this complexity and how the level of
complexity can be measured. In addition, the company can create insight in how to reduce this
type of complexity, and in what way it affects operational performance. This results in the following
deliverables:
• A theoretical foundation of product portfolio complexity, the drivers of this type of complexity and
how to measure the level of complexity.
• A procedure to rationalize the product portfolio from an operations perspective, specifically including
a clustering approach.
• A model that captures the gain in operational efficiency.
• Further recommendations for reducing complexity within the company and possible improvements
of the model.

2.6

Thesis outline

The following chapters of this research answer the mentioned research questions. In chapter 3, background
information about complexity in general, product portfolio complexity in particular and the drivers of this
type of complexity are discussed. This part answers the first research question. In addition, the challenges
of managing portfolio complexity are explained and examples of achieved benefits of rationalizing the
portfolio are given in chapter 3. These sections address the second and third research question. Thereby,
this chapter discusses all research questions of the analysis part of this research. Before answering these
questions, literature is studied and afterwards applied to the situation of LWM. The chapter ends with
a summary of the analysis part of the research. Chapter 4 introduces the developed rationalization
procedure, and explains which performance metrics are used in order to determine the level of complexity.
Therefore, this chapter answers the fourth research question. In the last section of this chapter the
proposed rationalization process is applied to the situation of LWM. In chapter 5 a model is developed
that can capture the impact of the rationalization process and therefore solves the last research question.
Chapter 7 shows the results and conclusions of this case study, while chapter 8 discusses the limitations
of this research and points out future research directions.
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Chapter 3

Analysis
In this chapter, a theoretical background of complexity is given. After exploring and defining complexity
in organizations in general, the focus narrows down to product portfolio complexity. This part of the
research answers the first research question. Subsequently, the challenges in managing product portfolio
complexity are illustrated. This section also expresses the need for portfolio rationalization. These parts
address the second and the third research question. Afterwards some concrete examples of the benefits
that companies have acquired by rationalizing their product portfolio’s are described. Thereby, this
chapter discusses all research questions of the analysis part of this research. Before answering one of these
questions, literature is studied and afterwards applied to the situation of LWM.

3.1

Complexity definitions

The following section addresses the first research question:
How can product portfolio complexity be defined and what causes this type of complexity?

3.1.1

Complexity background

Complexity
Before exploring product portfolio complexity, the phenomenon complexity in general is explained.
Complexity is a multidimensional concept, which has multiple definitions and can be used in different
functions within an organization. According to Webster (1964), complexity can be defined as: “1a: the
quality or state of being composed of two or more separate or analyzable items, parts, constituents, or
symbols 2a: having many varied parts, patterns or elements, and consequently hard to understand fully
2b: marked by an involvement of many parts, aspects, details, notions, and necessitating earnest study or
examination to understand or cope with.”. This definition of complexity can be applied to different parts
of an organization, and mostly points out the distinct aspects within that organization that all can be
’complex’. Complexity has for that reason been researched thoroughly in different areas, ranging from
physics, biology and chemistry, to operations research or product design (Closs et al., 2008).

8

Complexity in manufacturing
Factors that influence the overall complexity in a supply chain are called complexity drivers (Kohr et al.,
2017). Complexity in a manufacturing environment is driven by internal and external factors, and the
internal structure of the organization is highly dependent on these external complexity drivers (Marti,
2007). External complexity drivers are, for example, customer preferences for customized products, as
explained in the introduction of this research. Other drivers are, for example, the number of customers,
their alternating requirements and the variability of their demand. Combining these dynamic customer
requirements with operating in multiple market segments in different geographical regions, each with
their own preferences, results in extra complexity for the organization. In addition, competitors, suppliers
and legal responsibilities should be taken into account.
Bozarth et al. (2009) divides these external complexity drivers into upstream and downstream
complexity. Upstream complexity refers to the supplier side of a supply chain, while downstream
complexity is driven by the customer side. All these external factors have influence on the product
variety that is offered. The translation of these external factors into a tangible product portfolio is the
internal complexity (Marti, 2007; Kohr et al., 2017). According to Bozarthetall (2009), the internal
manufacturing complexity is formed within the production facility, and denotes the complexity arising
from products, processes and the planning and control systems. The drivers of complexity are the number
of parts/products and the type and stability of the production processes. The internal manufacturing
complexity increases when the number of offered products and parts increases, and negatively affects the
operational performance (Bozarth et al., 2009).
Internal manufacturing complexity thus consists of product complexity and production complexity.
The product complexity is formed by the total number of products in the portfolio, while production
process complexity refers to both the variety in possible production processes as the variety in produced
raw materials and external supplies (Kohr et al., 2017). Wilson and Perumal (2009) also distinguishes
product and process complexity. The third type mentioned in this paper is organizational complexity.
Organizational complexity refers to the number of assets, facilities or entities needed for execution the
necessary processes.
Conceptual framework complexity
Combining above theories of literature into a conceptual framework, it can be stated that the total supply
chain complexity of a manufacturing company is formed by internal and external complexity drivers,
of which the external factors can either be downstream or upstream the supply chain. These types of
complexity drivers can be referred to as circumstantial complexity, considering the fact that it will be
both different for every manufacturer, as not constant over time. In addition, the internal complexity
within the supply chain is formed by complexity arising in product portfolio complexity, production process
complexity and organizational complexity. This concept is visualized in figure 3.
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Figure 3: Conceptual framework complexity
As explained in the problem analysis, this research focuses on the product portfolio complexity of
LWM. This indicates that this research if focusing on the internal complexity of LWM, and that managing
external factors is out of scope. The proposed conceptual framework and complexity definitions are made
in order to illustrate the concept complexity in a manufacturing company in general. In addition, this
theoretical background supports in bringing product portfolio complexity into context.
Product portfolio complexity is considered as the type of complexity that closely interacts with all
other types of internal complexity (Closs et al., 2008). Although this might be intuitive, an example is
given to illustrate this close interaction. Suppose that the commercial department of a manufacturer
introduces a new product to the portfolio to increase market share or to fulfill a specific customer need.
To create this product, the product design and/or R&D department are responsible for developing the
product. In addition, the production department must execute extra tasks, which have to be included in
the production planning and schedule. Employees responsible for procurement must determine if new
supplies must be added to the supply base. These are only some examples of the close interaction and
pervasiveness between the product portfolio and complexity elsewhere in the company (Jacobs and Swink,
2011). Therefore, in reducing the overall complexity of a manufacturing company, the first step is to
focus on the product portfolio complexity. The next section dives deeper into the concept of product
portfolio complexity.

3.1.2

Product portfolio complexity

The concepts product portfolio complexity, portfolio complexity and product complexity do not
have a consistent definition within the scientific
literature (Trattner et al., 2019). The concepts
overlap significantly and can therefore be confusing.
Therefore, this research distinguishes product portfolio complexity in product complexity and portfolio
complexity (see figure 4). Portfolio complexity is
treated as an extension of product complexity. This
Figure 4: Product portfolio complexity

section explain the two concepts and the definitions used throughout this thesis. In addition, the
differences and similarities are discussed.
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Product complexity
Several definitions for product complexity are found in literature. It ranges from the number of finished
products in the portfolio, the number of different parts per attribute, or the commonality between the
products in the portfolio (Trattner et al., 2019). According to Wilson and Perumal (2009), product
complexity can be defined as ”the variety of and within the product or services you offer”. To derive
a general accepted definition of product complexity, several dimensions of product complexity are
investigated by Pasche (nd). Examples of these dimensions are number and type of components, number
and type of relationships between the components and number of unique parts per attribute. The definition
formed by Closs et al. (2008) summarizes the above concepts into the following definition:
”Product complexity is a design state resulting from the multiplicity of, and relatedness
among, product architectural elements” (Closs et al., 2008)
In order to understand this definition, the concepts of multiplicity and relatedness are explained
below.
• Multiplicity is constructed from the number of options within the portfolio, that results in the
amount of different product variants offered. Consider a portfolio of bikes. A portfolio that contains
multiple versions of racing bikes, mountain bikes and city bikes, is more complex than a portfolio
that only offers one of each type of bike.
• The interrelatedness within a product portfolio. Products are related if they offer the same functional
feature. For example, although two brands of mountain bikes are essentially diverse products, they
are both a mountain bike that serve the same functional feature of cycling off the road. Therefore,
it is expected that once a specific mountain bike is eliminated from the portfolio, that it will be
substituted by another mountain bike. The substituted product can either be in the portfolio of the
company, but also in the portfolio of a competitor. A complete understanding of the connections
between products is required for understanding and managing this dimension.
The above understanding of product complexity is used in this thesis. This definition is chosen
because one of the authors builds on this definition in a later research. The expanded definition fits the
definition of portfolio complexity. This type of complexity is introduced in the following section.
Portfolio complexity
Portfolio theory has been researched thoroughly, mostly in the form of intangible portfolios (e.g. a
portfolio of stocks). Since the focus of this research is a portfolio with tangible products, these researches
are not discussed here.
A product portfolio can be defined in multiple ways. Jacobs and Swink (2011) state that a product
portfolio consists of the sum of all product functions and physical components of the elements within
the portfolio. As explained earlier, Marti (2007) explains portfolio complexity as the translation of all
external factors into a tangible product portfolio. The definition used by Closs et al. (2008) indicate that
the portfolio entails all offered product configurations. This definition of product portfolio complexity
is in accordance with the three dimensions of portfolio complexity as explained by Jacobs and Swink
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(2011). These three dimensions are multiplicity, diversity, and interrelatedness. The following definition
of portfolio complexity is given:
”A design state manifested by the multiplicity, diversity, and functional interrelatedness of
products within the portfolio.” (Jacobs and Swink, 2011)
As can derived from this definition, one extra dimension is added to expand product complexity
into portfolio complexity. These three dimensions (not necessarily all together) are commonly used
in literature related to tangible product portfolio complexity (Bozarth et al., 2009; Closs et al., 2008;
Trattner et al., 2019). The last dimension, diversity, is explained below.
• Diversity is formed by the number of different actual products that are offered. Referring back to
the example of a portfolio of bikes, a portfolio is more complex when it offers multiple types of bikes
than if the portfolio only offers city bikes. Even though the number of different products offered
can be the same as in the last example, a mountain bike and a racing bike differ in terms of the
design of the product, the necessary production process, etc.
Diversity is created when a product is offered to fill a specific customer need. This indicates that the
portfolio translates an external factor into an extra complexity within the portfolio.
Product versus portfolio complexity
After deriving definitions for both product and portfolio complexity, the difference and similarity between
the two is clear. Product and portfolio complexity are similar in terms of multiplicity of and relatedness
between the products within the portfolio. The definition of portfolio complexity is expanded with the
diversity dimension. The next section evaluates the current situation regarding product and portfolio
complexity of LWM. According to Jacobs and Swink (2011), the complexity reduces once one of the
dimensions reduces. Therefore, reducing one or multiple of these dimensions is the main focus of the
rationalization process in this thesis.

3.1.3

Product and portfolio complexity at LWM

To connect the above described theories derived from literature with the situation at LWM, the actual
product and portfolio complexity of LWM is evaluated. This process is important to fully understand
the actual complexity problem at the company. In order to do so, employees are interviewed to create
information about how product and/or portfolio complexity is perceived within the company. In addition,
during the interviews is asked what drives product and portfolio complexity. Moreover, their view on
the effects of product and portfolio complexity are discussed. The same pool of interviewees that are
interviewed for creating the cause and effect diagram in the problem analysis, are asked to give their view
on these types of complexity.
After interpreting the answers of the interviewees, the effects of product and portfolio complexity are
entailed among four overall effects. These effects are difficulties in production planning and scheduling,
difficulties in accurately forecasting the demand, inventory levels, or the amount of changeover operations.
Moreover, it is derived that the employees at LWM mostly see product portfolio complexity as the amount
of variants created at each step within the production process. This view is displayed in figure 5. This

12

indicates that LWM sees the drivers of complexity mainly as product complexity: the amount of different
variants that are produced, and the number of unique attributes per part. Connecting the literature with
the insights created from interviewees, the portfolio complexity as seen from LWM is more related to
product complexity than portfolio complexity. Therefore, the focus of this research switches to reducing
product complexity rather than product portfolio complexity. This indicates that LWM is interested
in ways to combine different products within one brand into one overall product, or to change small
characteristics of the products until it fits another existing product. This corresponds to reducing the
two dimensions multiplicity and relatedness between the products in the portfolio. The question of which
products or brands to offer, for example if LWM has to offer sweet potato fries in addition to normal
fries, is thus more a strategic question which is considered to be out of scope.
Moreover, in the extension of this strategic question, questions regarding offering products in certain
market segments or geographical regions are thereby also out of scope. From this is derived that the
portfolio complexity of LWM is driven by the varying customer base, that ranges from small retailers to
large wholesalers, and from small restaurants to large restaurant chains. In addition, operating in five
different market segments in different geographical regions drives portfolio complexity. These factors
leads to external complexity drivers due to alternating requirements, competitors or legal responsibilities.
Besides, complexity is driven by the suppliers, due to the uncertainty that arises of working with farmers
that cultivate potatoes (uncertainty in size, quality, availability).

Figure 5: Perceived product portfolio complexity at LWM

3.2

Product and portfolio complexity challenges

This section addresses the second research question:
How can product portfolio complexity be quantified?
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3.2.1

Complexity measures

As explained in 2.1, quantifying the actual state of complexity is one of the most challenging aspects
in product portfolio rationalization. An approach for quantifying complexity is by operationalizing the
product complexity dimensions multiplicity and relatedness. Product complexity itself is not directly
measurable, since it is a consequence of other events. For that reason, operationalizations are used.
Operationalizations indicate the process of constructing measures for these kind of circumstances. Jacobs
and Swink (2011) proposed some operationalizations of product complexity, as shown in table 1. Some of
these operationalizations are found in literature concerning component commonality and modularization.
In order to quantify similarities within a product portfolio, systems comparable to the ones summarized
in the table can be developed (Jacobs and Swink, 2011). Other measures are found in the conference
paper of Pasche (nd). These measures are directly related to product complexity. Although these metrics
will not help in deciding which SKU’s to rationalize and which not, it can give some insight in the actual
state of complexity within the product portfolio.
Complexity Dimension

Name

Measure

Multiplicity

Portfolio size

# of SKU’s

Multiplicity

Products per function

#products/#functions

Relatedness

Commonality index

#unique/#total

Relatedness

Dependency index

#changing/#possible changes

Relatedness

Density

#ties/#max possible ties

Table 1: Metrics for product portfolio complexity (Jacobs and Swink, 2011)

3.2.2

Necessary v.s. non-necessary complexity

According to Apostolatos et al. (2004), there is a difference in ’good’ and ’bad’ complexity. The increased
profit that can be generated from adding products should outweigh the additional costs. Good complexity
can be a competitive advantage, if a company is able to efficiently cope with the complexity (Scheiter
et al., 2007). If that is not the case, the complexity is considered to be ’bad’ and thus should be removed.
(Pasche, nd) states this ’bad’ complexity only counts for extra complexity, but does not add any additional
customer value. Although product complexity is necessary in order to build customer value, a trade-off
should be made in necessary and non-necessary complexities. A visualization of these types of complexity
is shown in 6. Scheiter et al. (2007) also argues that unnecessary complexity can lead to expensive
production processes and the loss of economies of scale. Moreover, Bozarth et al. (2009) shows that
increased variety has a negative impact on the performance of a production facility. In order to achieve the
goal of this thesis, the main challenge is to develop a procedure that maps the actual product complexity
and to investigate the way it affects operational performance (Jacobs and Swink, 2011).
In order to find the optimal level of variety in a product portfolio, the marginal benefits of the variety
should be evened out with the marginal costs. An organization should find the point that keeps the
level of complexity within the organization at a reasonable level, while still offering enough variety to
its customers (Marti, 2007). Therefore, it is important to investigate the actual costs, including related
complexity costs, of offering variety. However, as explained earlier, these complexity costs are difficult
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Figure 6: Necessary vs non-necessary product complexity (adapted from Pasche (nd))

to measure and not always incorporated in traditional costing systems. Some researches argue that
these costs are ’hidden’ to an organization (Byrne, 2007). Regularly, companies use a costing system
that allocate costs to products based on their sales volume. Consequently, costs arising from machine
downtime, inventory, transportation, overhead, etc., are thus evenly divided among a certain volume.
However, this indicates that once a specific product causes for example more machine downtime, frequent
production changeovers, or extra processing, those costs are not properly assigned to these products.
That is why these costs are often referred to as ’hidden’ costs. Although the actual complexity costs of
these products will aid the product rationalization process, it is considered to be difficult to capture. A
different costing system, such as a activity-based costing system, might be more accurate (Disteldorf
and Walberer, 2003). Nevertheless, improving or changing the costing system is not in scope of this
research. It is of interest however how to quantify the costs of the areas that take advantage of the
portfolio rationalization.
In order to do so, it is important to point out the areas where complexity costs can emerge. Examples
of these areas are inventory costs, since some products are in stock longer than other products, or set-up
costs, as some products may be produced in smaller batches than others, or even handling costs in
warehouses (Hvam et al., 2020). To find these possible cost areas, several checklists are found in literature
that function as a basis. Transparency regarding the actual costs of complexity can help in understanding
and reducing complexity in the supply chain (Kohr et al., 2017). To conclude, to quantify product
portfolio complexity properly, the actual costs of providing complexity should be measured in addition to
quantifying the actual level of product portfolio complexity.

3.2.3

Actual state of portfolio complexity LWM

To properly capture the (hopefully decreased) complexity after the rationalization process, the current
state in terms of portfolio complexity is investigated. In order to measure this current state, some
(adapted) measures as shown in table 1 are used. The measures used are chosen in collaboration with
LWM.
The measures ’Portfolio Size’ and ’Products per function’ are used to capture the actual state of
multiplicity. The Portfolio Size metric is quite straightforward: it equals the actual number of SKU’s
offered in the product portfolio. In order to use this metric, data regarding the current product portfolio
of LWM is gathered. Currently, LWM produces approximately 900 finished products, made from around
320 semi-finished products in total. All these SKU’s are dedicated to one of the production facilities
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of LWM in Europe. This research focuses on the portfolio of the plant in Kruiningen, which produces
384 SKU’s, made from 220 semi-finished products. However, data regarding product characteristics are
only available for 113 semi-finished products and 287 SKU’s. Considering the fact that these product
characteristics should be known later in the research, this thesis only focuses on the part of the portfolio
of which data is available.
Product level

Portfolio Size

Semi-finished

113

SKU

287

Table 2: Portfolio Size in Kruiningen
This number alone does not reveal something about the real complexity at LWM, since some fast
moving consumer goods companies can have thousands of SKU’s and still be able to be very efficient. The
major driver of product complexity originates from the amount of different options for both ingredients
for semi-finished products as packaging features of finished products. For example, the semi-finished
products differ in type of raw material, oil, batter, cut size and if the potato has been peeled or not. This
is captured by using the measure ’Products per function’. The products per function is slightly adapted,
and indicates the amount of different option per specific ingredient or packaging format. For example,
there are 10 different types of pallets used. This corresponds approximately to the metric ’Number of
unique parts per attribute’, as proposed in Pasche (nd). This metric is applied on both semi-finished and
finished product level.
Semi-finished products
To do so, data is gathered to measure the number of unique parts per attribute. This concerns the bill
of material (BOM) of the semi-finished products. In order to get the raw data regarding semi-finished
products in the right format with the desired quality to be analyzed precisely, the raw data has been
pre-processed. The following data sets have been collected:
• A list of active semi-finished products, including product description;
• A dataset containing the potato variety cluster a semi-finished product is made of;
• A dataset containing which batter a semi-finished product is made of (only if the product is made
with batter);
• A dataset containing the oil type a semi-finished products is made of.
In order to construct the full bill of material (BOM) of semi-finished products, one dataset is created
that contains separate columns for each ingredient. The grade level, cut size and skin type could be
derived from the product description in the data regarding active semi-finished products. The column
has been splitted into several new columns. Afterwards, the columns for potato variety cluster, oil type
and the batter are added based on the material number of the semi-finished products. Products of which
the data was incomplete are removed from the dataset. In addition, some typo’s in oil types and skin
types have been corrected. Moreover, some products are removed that are not under consideration of
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this research (e.g. flakes, which have a totally different production line). Table 3 shows the complexity
measure ’Number of unique parts per attribute’ for the semi-finished products.
Attribute

Options

Example of options

Potato Variety Cluster

47

125PXLF, 430WEDGES, 9x9REG

Grade Level

11

RFA, RFW, SFW, SFY, SPX, SXL

Batter Type

27

BGW132A-10, BYR205W-03

Cut Size

24

6x6mm, 9x9mm, Twister Fries, 9x18mm

Oil

4

MCD Blend F212 / J, PALMOIL Segregated

Skin type

2

On, Off

Table 3: Ingredients of semi-finished products produced in Kruiningen
From table 3 is deducted that there is not much standardization, mostly in terms of potato variety
clusters. The construction of the clusters, based on the breed, quality, price and color of the potatoes is
complex. That is one of the reasons why LWM is looking for alternative ways to decrease this perceived
non-necessary complexity.
SKU’s
The second main product complexity driver arises from the different packaging options. The data around
packaging formats in the SKU’s were difficult to obtain. However, eventually a data set is constructed
that includes all information regarding packaging. It should be said that according to the employees
involved, the quality of the data set is questionable. However, it is considered to be complete enough to
give an proper indication. The following data sets are collected:
• A set of active SKU’s, and the corresponding semi-finished product;
• A set containing all packaging details of the SKU’s.
Some products of which the data were entirely incomplete were removed. All different possibilities of
SKU’s produced in Kruiningen are shown in table 4.
Packaging formats

Options

Example of options

Bag weights

4

2.5KG, 1KG, 600g, 650g

Foil prints

196

70688, 51129, 108127

Box Length

4

390,000 MM, 387,000 MM, 385,000 MM

Box Width

4

290,000 MM, 257,000 MM, 250,000 MM

Box Height

33

195, 210, 240, 255

Box Quality

17

BKT062BNL, CTT078ELC

Pallet Type

8

BLOKPALLETS-M.O., EUROPALLETS-GEW

Pallet stacking configurations

287

12x8x96x4 BLOKPALLETS-M.O.,

Table 4: Packaging format possibilities of SKU’s produced in Kruiningen
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From table 4 is deducted that in terms of foil prints, box height, box quality and pallet stacking
configurations there is not much standardization. The reasons for the high number of unique parts in box
height, box quality and pallet stacking configurations are mostly related to the customer requirements
regarding the transportation of the products and the handling of the SKU’s in the warehouses of customers.
For example, if a box is not strong enough the frozen fries can break. Therefore, especially for long thin
fries, customers ask for higher quality boxes than for short, thick fries. Furthermore, different pallets are
used throughout the world and the required stacking configurations is depended on the type of boxes used,
the type of pallet and the handling process at the warehouse of the customer. That explains the high
number of possible stacking configurations. The high amount of foil prints is explained by the number
of customers that require customized packaging. Currently, each customer is able to create and get a
specific type of foil print. Especially in terms of the high amount of foils, it is questionable whether this
concerns necessary or non-necessary complexity.
Commonality
The commonality index is used to apprehend the actual state of relatedness. This index shows to what
extent products are related to each other. If the commonality between products increases, the product
variety reduces (Hvam et al., 2020). The commonality index (CI) of Martin and Ishii (1996) is applied.
The index is defined by the following equation:

u
CI = Pvn

j=1

pj

0 ≤ CI ≤ 1

,

(1)

where u denotes the total number of unique parts, pj is the number of ingredients/parts necessary
for creating a product, and vn is the total number of different products offered in the portfolio. The
CI ranges from zero to one, and a lower index indicates a higher level of standardization and thus less
product variety. This means that when the commonality between products increases, the CI decreases.
The CI has to be computed both on semi-finished product level as SKU level. Currently, the indices as
shown in table 5 apply to the product portfolio of the production facility in Kruiningen. These indices
are not that high considering a scale from zero to one, but LWM believes that there is always room for
improvement. Therefore, the indices are mainly used to capture a decrease in complexity.
Product level

Commonality Index

Semi-finished

0.20

SKU

0.24

Table 5: Commonality indices

3.2.4

Complexity costs areas

To evaluate where complexity costs can emerge, the costing system of LWM is investigated. Using
insights gained from literature and information retrieved from employees of LWM, for each cost element
is analyzed if the area is directly affected by product and portfolio complexity and if it can be decreased
by reducing complexity. The results are summarized in table 6.
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Cost element

Includes

Affected?

Preventable?

Raw material

Costs of potatoes

Partly

Possibilities for cost reduction

Cost of grading

Partly

due to economies of scale

Oil

Yes

Possibilities for cost reduction

Batter

Yes

due to component rationalization,

Film

Yes

scale possibilities and reduced

Boxes

Yes

costs of obsolescence

Pallets

Yes

of external supplies

Freezing & storing

No

-

Sanitation

Partly

Costs shared among larger output

costs

Other
material costs

Overhead
costs

Direct labour
Fuel power
water

Factory Burden

Partly

due to freed capacity from reduced

Other direct costs

Partly

amount of changeover operations

Production

Yes

Reducing changeover

Packaging

Yes

operations

Fuel

No

-

Power

No

-

Water

No

-

Table 6: Complexity cost areas
Unfortunately, reliable data regarding these costs were difficult to obtain. Therefore, it is decided
not to include a quantification of actual complexity costs in the rationalization process. This research
thus solely focuses on quantifying the level of complexity. However, it could be interesting to dive into
the quantification of complexity costs in another, succeeding research.

3.3

Complexity and operational performance

This part addresses the last question of the analysis part of this research:
How does product portfolio complexity influence the operational performance?

3.3.1

Impact of complexity

The whitepaper of Apostolatos et al. (2004) addresses where portfolio complexity impacts in the entire
value chain. According to this paper, the impact is the most significant in the production department.
One of the consequences mentioned is for example higher change over costs, lower utilization rates, higher
handling costs due to smaller batches, more effort in planning and scheduling which is also less responsive,
and higher obsolescence costs. According to Marti (2007), complexity mostly affects production and R&D.
Consequences mentioned here are more expensive production control processes, longer change-over times
and therefore increased change-over costs, higher inventory levels and more expensive quality controls.
Martin and Ishii (1996) states that offering more variety leads to a reduction in capacity as a result of
increased amount of changeover operations, and increased costs due to more raw material
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inventory, work-in-progress inventory and finished goods inventory. Complexity costs are thus mainly
related to inventory and reduced capacity due to changeover operations.
Moreover, the utilization rate of capital goods is an important measure of operational performance.
Assuming that the capital goods in a company are fixed, most researches consider utilization and
production volume as greatly correlated. Once the production volume per product increases, utilization
increases as lesser changeover operations are required due to economies of scale. Therefore, if inessential
components are removed from the portfolio, fewer changeovers may be necessary since common components
can be produced in larger batches (Jacobs and Swink, 2011). A comparable approach that reduced
the amount of different product combinations has been applied as a complexity reduction process in a
company operating in the process industry, with satisfying first results (Kohr et al., 2017). In addition, if
demands for several products could be combined into one overall product, the uncertainty in demand can
be reduced. Therefore, forecasting demand gets easier. In addition, the volatility of the volume decreases,
so these flows are more predictable as well and improve operational performance. ”As a result, forecasting
accuracy improves, capacity planning becomes easier, and the risk of underutilized assets is lessened”
(Jacobs and Swink, 2011).

3.3.2

Impact at LWM

Referring back to the cause and effect diagram (figure 1) that is made in the problem analysis, some
effects of product complexity on operational performance are derived. One of these effects are difficulties
that arise due to the availability of and dependency on raw material and external supplies. For example,
the created production schedules are intervened when external supplies need to be used before the best
due date, or when a specific type of potato is not yet available. Additionally, since the raw material have
a limited preservation time (after washing, in bulk, etc.), the production schedule is intervened in order
not to amortize and waste products. This leads to an unstable production schedule and a decrease of the
machine utilization due to extra changeover operations. Reducing the product complexity decreases these
kind of effects.
Moreover, the production lines have a slow startup phase before reaching their optimal settings.
Although a Model Predictive Control system can be used to reach these optimal settings as fast as
possible, it is experienced that this system is not optimally used. Therefore, every time the production
lines start working on a new product, costly machine time is lost. In addition, the inventory levels in the
warehouses reached their capacity. Not only the healthy stock levels are high, the amounts of overstock,
attention needed stock and blocked stock are also higher than desired. This effect is, among others,
driven by the product portfolio. Furthermore, a commonly mentioned impact is the difficulty in demand
forecasting. According to the employees interviewed, the actual demand often deviates from the made
forecast. This leads to difficulties in executing of the production scheduling or to problems in inventory
(stockouts, high inventory levels).
As one could imagine, in order to produce all these different variants as displayed in figure 5, the
production and packaging lines are changed over frequently. These setups take time and costs are involved,
and during the setup the machine is considered to be idle. This leads to an overall lower utilization
rate and production capacity, and thus negatively affects operational efficiency. If LWM continues with
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proliferating their portfolio, they eventually need to invest in capital goods. Another idea is to limit the
amount of changeovers and produce in longer production runs. However, this approach increases the
inventory levels. Considering the fact that the warehouses have reached their capacity limits and that
the products can not stay in the coldstores longer than 6 months, this consequence is not enforceable.
Moreover, these processes are responsible for adding hidden complexity costs to the company. Considering
the fact that this research focuses on the operations department, the focus is set on the changeover
operations.
As explained in section 1.1, companies operating in the food processing industry are subject to
significant sequence-dependent setup and cleaning times due to regulations around food safety. Therefore,
since product complexity significantly impacts the amount of changeover operations as explained above,
the goal of this thesis to optimize the amount of changeover operations through product rationalization
is justified. It is tested whether the utilization of LWM increases if after applying the developed
rationalization process.

3.4

Benefits of complexity reduction

Product portfolio rationalization can have significant results. A commonly known example is the ”Path to
Growth” project of Unilever. The goal of this project was to create a more focused growth strategy, and to
increase the overall return on capital employed. The reason for this project was the decreasing performance
of the company over the years. Unilever offered various low volume brands, and the competition on the
market was significant. It was decided to cut down the product categories to three, and to remove 75% of
the products from the portfolio. This project eventually led to an increase in profits and operational
efficiency (Apostolatos et al., 2004). In addition, Hewlett & Packard (HP) used operations research in
order to determine the optimal portfolio, which expanded its profits and decreased costs of operation. In
addition, they ”improved execution, achieved faster delivery, lowered overhead, and increased customer
satisfaction and market share.” (Ward et al., 2010). Another well-known example is the case of Toyota,
which used standardization as an approach for reducing complexity. This process, mostly referred to as
’lean production’, aims at minimizing waste in products and processes. By means of standardization,
the company was able to offer variety for the customers while minimizing complexity. This is a perfect
example of matching the external complexity with the internal complexity. Although the highly varied
product portfolio, the production costs of Toyota were far lower than of competitors in the automotive
market (Apostolatos et al., 2004).
Product portfolio complexity reduction can thus benefit different aspects in the supply chain. For
example, by reducing the amount of products in the portfolio, the number of components and product
that needs to be incorporated in the production planning decreases, it decreases the variable demand
of some products, and decreases the amount of safety stock, excess and/or product decay. These three
reductions lead to significant benefits in inventory. In addition, the production capacity can be improved
by standardizing product schedules and reducing changeovers (Wilson and Perumal, 2009). The next
chapter introduces the developed approach for reducing product complexity.
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Chapter 4

Rationalization procedure
This chapter introduces the developed approach of the product portfolio rationalization procedure.
Therefore, the following research question is answered:
How can the product portfolio complexity be reduced? Develop a procedure that rationalizes the
product portfolio of LWM, specifically including a clustering approach.
First, common approaches in portfolio complexity reduction are discussed. Afterwards, the actual
developed rationalization procedure is introduced. The last section of this chapter applies the developed
procedure to the situation of LWM.

4.1

Approaches to complexity reduction

A common approach in product portfolio complexity reduction is ”cutting the tail-end” of the portfolio.
This is done via an ABC-analysis or Pareto-analysis. This type of analysis is frequently used in order
to create insight in the performance of products that the company offers. The idea of this analysis is
to divide the product assortment in three groups, based on how much revenue they generate for the
company. In addition, the products are sorted in decreasing order. Commonly, a graph as illustrated in
figure 7 is plotted. The tail-end of this graph denotes the products that do no add much value to the
total overall revenue of the company. The company should reevaluate if its still beneficial to offer these
products, or that it is better to remove them from their portfolio. This process is often referred to as
’cutting the tail-end’ or ’tail-end pruning’. Following the complexity measure ’Portfolio size’ as shown in
table 1, performing an ABC-analysis aims at reducing the multiplicity by reducing the number of SKU’s
in the portfolio.
However, cutting the tail-end can result in a lower total revenue by loss of sales (Gilliland, 2011).
In addition, Van Hoek and Pegels (2006) states that eliminating SKU’s solely based on the tail of the
portfolio can harm important customer relationships. According to Byrne (2007), cutting the tail-end
will have some temporarily benefits, but will not lead to significant changes in the long run. Therefore, in
addition to analyzing the tail-end, an inessential product analysis should be performed. This analysis
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attacks mid- and top performing products, that bring unnecessary complexity into the portfolio. Focusing
on these products in SKU rationalization can lead to production-related benefits such as a lower amount
of changeover operations (Byrne, 2007). A visualization of this process is given in figure 7.

Figure 7: Portfolio rationalization process (adapted from Byrne (2007))
Therefore, an approach for finding these mid- and top performing products that bring unnecessary
complexity into the organization should be developed. According to Jacobs and Swink (2011), product
complexity increases once one of the two dimensions multiplicity or relatedness increases. Therefore,
approaches should be developed that decrease one or both of these dimensions. In order to capture a
decrease, the metrics as used in the previous chapter (portfolio size, number of unique parts per attributes
and commonality index) are used.
An actual successful product complexity reduction approach applied in the process industry is
investigated by Kohr et al. (2017). In this approach, the first step is to evaluate products based on
their production volume and profit contribution. This is comparable to an ABC-analysis. Subsequently,
a similarity analysis among products is done to avoid highly similar products or even duplicates. The
products that are similar to each other and have a low profit contribution are phased out. According
to the company that developed this procedure, “standardized combinations of raw materials allow a
highly efficient production of customer individual products.” (Kohr et al., 2017). The main goal of this
complexity reduction procedure is thus to reduce the amount of possible combinations in raw material and
external supplies. A comparable approach of this procedure is developed specifically for LWM. However,
it is also applicable to other food processing companies.

4.2

Proposed SKU rationalization procedure

In order to reduce complexity, a tail-end pruning analysis and an inessential product analysis is done.
The inessential analysis aims at reducing the the dimensions multiplicity and relatedness of product
complexity.
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4.2.1

Tail-end pruning

This proposed rationalization procedure starts with the tail-end pruning. The focus is thus on the tail-end
of the portfolio, as shown in figure 7. As explained in the previous section, an ABC-analysis is performed
to find the tail-end. Therefore, data about the sales margin of products needs to be collected. Regularly,
the margin of products is computed according to following formula:

sales margin = revenue − costs of goods sold

(2)

The Pareto-rule is applied to distinguish high performing from low performing products. This rule is
proved to work efficiently for dividing products (D’Alessandro and Baveja, 2000).

4.2.2

Inessential product analysis

The rationalization procedure continues with the inessential product analysis, consisting of a similarity
analysis and a component rationalization analysis.
Similarity analysis
The first part of the inessential product analysis, analyzes the similarity between products. This is done
in order to find products with only minor differences. Products that only have such minor differences can
be seen as almost identical and thereby these differences are essentially redundant (Jacobs and Swink,
2011). For example, if a low volume product that does not generate that much revenue, only differs in
the quality of the box that is used in packaging from another high volume, high margin product, it raises
the question whether that quality type of the box is even offered. Bozarth et al. (2009) even states
that the number of distinct parts has a negative impact on the supply chain performance, and that it is
important to reduce this complexity. If the essentially redundant differences are eliminated, common
components can be produced in larger batches, which probably requires less changeovers and therefore
creates the possibility to use economies of scale (Jacobs and Swink, 2011). Moreover, reducing the amount
of similar products offered can lead to lower demand volatility and increases forecast accuracy (Ward
et al., 2010). Assessing the commonality between products and removing unnecessary dissimilarities is
thus an approach for attacking mid- and top performing products.
To do so, a clustering algorithm is applied to cluster products based on their similarity. In this way,
groups of products are formed with only small differences between them. Analyzing these differences in
the clusters creates insight in what kind of differences exist and if these are essential or inessential. The
products are clustered based on all characteristics offered in the portfolio. These characteristics are shown
in table 3 for the semi-finished products and table 4 for the SKU’s (shown in chapter 3). The clustering
process is performed in order to find similarities between products that might be unnecessary, and
thus aims at harmonizing variety. The similarity between products is measured via Jaccard’s similarity
coefficient (Galan et al., 2007), which is computed according to following formula:

Jpq =

a
,
a+b+c
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0 ≤ Jpq ≤ 1

(3)

With a = the total number of parts of both products, b = the total number of parts that is in
product p but is not in product q, and c is the total number of parts that is in product q but not in
product p. The formula is applied to a binary product-part matrix in which all possible variants of a
product are denoted. Logically, if a part is present in the product considered, the value in the matrix
equals 1.
The Jaccard’s similarity coefficient is computed based on the binary product-part matrix, and a
similarity matrix is made containing all similarity coefficients. Once the this matrix is constructed, the
products are checked for duplicates and afterwards clustered to find products with minor differences.
By means of this clustering approach, possible inessential differences are found that are candidates for
rationalization. Thereby, as explained earlier, a company is able to produce common parts in larger
batches, which probably requires less changeovers and therefore creates the possibility of using economies
of scale (Jacobs and Swink, 2011). A complete-linkage clustering approach is used to form clusters. This is
a bottom-up hierarchical clustering approach: each product starts in its own cluster, and pairs of clusters
will be formed as one continues in the hierarchy. The complete-linkage clustering or farthest neighbor
approach is an efficient heuristic that solves the hierarchical clustering problem, which is considered to be
NP-hard. In this type of clustering, the distance between clusters is measured as the distance between
the elements that are most far away from each other, according to equation 4. The clusters are merged
based on the shortest of these distances.

d(u, v) = max(dist(u[i], v[i]))

(4)

for all points i in cluster u and all points j in cluster v. A visualization of how the distance between
clusters is computed can be seen in figure 8, and the pseudocode of the clustering algorithm is illustrated
in appendix A.

Figure 8: Distance computation between clusters in complete-linkage clustering
The result of the clustering algorithm is visualized as a dendrogram, which shows the sequence of
clusters merging and the distance at which each merge took place. The amount of clusters that need
to be formed is determined from the dendrogram. This cut-off value is determined in the application
of this approach, which is explained later in this chapter. Once the amount of clusters is determined
and consequently the clusters are formed, it is possible to combine products if a cluster contains more
than one product. One product is chosen that absorbs the other products by changing one of their
characteristics. If only one product in a cluster with more than one product is not in the tail-end of the
portfolio, this product absorbs the other products in the cluster. If either all products or none of the
products in the cluster are in the tail-end, the product with the highest yearly volume absorbs the other
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products. Considering the fact that customer requirements are out of scope of this research, it is assumed
that each customer accepts the product adjustment. However, it could be interesting to let go this zero
sales impact assumption in another, succeeding research.
Model development
The clustering procedure is applied in the fast
and open source programming language Python.
The algorithm to compute the whole procedure is
displayed in figure 9. Scikit-learn is an open source
machine learning library that runs on Python. This
software offers various techniques for predictive
data analysis, among others the option to cluster
data. Therefore, the complete-linkage clustering
as offered in the scikit-learn library is used.
Component rationalization
The second part of the inessential product analysis
identifies commonly used ingredients or packaging
formats, that are used in a majority of the products
offered and/or the majority of the total volume. As
explained in the previous chapter, this corresponds
to the complexity metric ’Number of unique parts
per attribute’. For example, if only a small amount
of products use a certain type of oil, it raises the
question why this oil is still used. In order to
identify these common ingredients and packaging
formats, scatter diagrams are created that display
all variants of a specific part against their sales
volume and product count. When necessary, the
variants are subdivided among product labels. The
Figure 9: Algorithm for similarity analysis

scatter diagram is divided by lines that denote the
mean values of the sales volume and product count.
This results into four quadrants: high volume and

high product count, low volume and high product count, high volume and low product count and low
volume and low product count. It is advised to rationalize components and/or packaging formats from
the last quadrant. Furthermore, it is assumed that, within component labels, it is possible to interchange
components. Therefore, products containing rationalized components are randomly assigned to another
component with the component label. Products containing rationalized packaging formats are changed to
a specific standard LWM packaging format.
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4.3

Application rationalization procedure

In this section, the rationalization procedure as explained in the previous sections is applied to the
situation of LWM. The first step in this case study is the collection and pre-processing of data. Therefore,
this is discussed first. Afterwards, the application of proposed rationalization procedure is explained step
by step.

4.3.1

Data gathering and preparation

In order to perform the SKU rationalization procedure, data from the case company is required. In
collaboration with LWM is chosen to use data from the year 2019, for the sake of consistency. In addition,
a whole year is chosen, considering the fact that it covers a full period including aspects such as seasonality,
trends or promotions. First of all, data is collected to compute the margins of the products. Afterwards,
data is collected about sales volumes. With these datasets, it is possible to find the tail-end of the
portfolio. For performing the inessential product analysis, data about all possible product configurations
is gathered.
Tail-end pruning
In order to analyze this step of the research, the following data sets are gathered:
• A set containing the active SKU’s in Kruiningen;
• A set containing the sales margin per SKU;
• A set containing the weekly sales volumes of the year 2019 per customer.
Since weekly sales volumes cannot be negative, the negative values were removed from the dataset.
In addition, the volumes were grouped according to SKU instead of per customer. A new dataset is
constructed by merging these gathered datasets in order to perform the ABC-analysis. This set contains
the active SKU’s produced in Kruiningen including its sales margin and yearly volume. Recently, a
project comparable to an ABC-analysis has been done at LWM, with as main focus to detect slow moving
products in inventory. The performance measure used in that project also required the sales margin of
the SKU’s. Therefore, the data regarding sales margins are reliable.
Inessential product analysis
For performing the similarity analysis, the datasets that are created in section 3.2.3 are used. In order to
find commonly used ingredients or packaging formats, these datasets are updated with data concerning
actual yearly sales volumes (in tonnes) of all products.
Final dataset
In order to create one overall dataset containing all necessary information, the datasets as constructed
in previous sections are merged. As a result of this merging, it appeared that data of some products
were incomplete. However, the developed rationalization procedure requires complete information of all
products involved. Therefore, these products are removed. The final dataset therefore consists of 113
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semi-finished products and 287 SKU’s. The following sections apply the rationalization procedure to the
data as collected and described in the previous sections.

4.3.2

Tail-end pruning

An ABC-analysis of the SKU’s produced in Kruiningen, as can be seen in figure 10, reveals that only
20.9% (60 SKU’s) of the total amount of SKU’s are responsible for 80% of the total sales margin. 15%
of the total sales margin comes from only 21.6% of the SKU’s, while 6.96% of the SKU’s even have a
negative sales margin. 95% of the total margin comes thus from only 42.5% of the SKU’s. This proves
the existence of excess complexity and the urgency to rationalize the product portfolio. However, as
explained earlier, simply ”cutting the tail-end” of the portfolio can result in lower total revenue by loss
of sales (Gilliland, 2011). For example, LWM supplies some low volume products that do have a high
profit margin. Therefore, further analysis of the inessential products in the portfolio is needed in order
to let the reduction in costs of SKU rationalization outweigh the reduction in revenue (Gilliland, 2011).
However, the SKU’s in the tail-end of the portfolio are marked as candidates for rationalization. The
products that are in the tail-end are the products that only contribute 5% to the total sales margin. That
indicates that, if it is possible to change one ingredient or packaging format of the candidates until it can
be absorbed by another high volume, high performing candidate, those SKU’s will be rationalized.

Figure 10: Sales margin contribution of SKU’s produced in Kruiningen

4.3.3

Inessential product analysis

The similarity analysis starts examining the semi-finished products. Afterwards, the SKU’s are analyzed.
During the similarity analysis, it is determined which components and packaging formats to consider in
the component rationalization analysis. This analysis also starts investigating the semi-finished products
and ends with analyzing the SKU’s.
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Similarity analysis
The similarity analysis starts investigating the semi-finished products. Each semi-finished product is
dedicated on one of the production lines of the production plant in Kruiningen. This allocation is fixed.
Therefore, the products are divided among the three production lines. In addition, since LWM is subject
to food safety regulations, the products are divided among the containment of allergens. This is measured
through the batter type of the semi-finished products. Lastly, the skin on/off options of the products are
considered as essential differences, considering that this difference creates an essentially different finished
product. Therefore, the products are divided among these two groups as well. This process results in
multiple sets of products per production line. From these sets the similarity between the products is
computed, based on the characteristics as illustrated in table 3 and using Jaccard’s coefficient as explained
in previous sections.
Once the similarity matrix is made, the products are clustered according to their similarity. However,
before applying the clustering algorithm, the results are checked for duplicates. According to the
ingredients as described above, a total of 16 duplicates is found (these products are shown in appendix
D.1). Before identifying these duplicates as possible candidates for rationalization, it is verified with
LWM whether these are valid duplicates. The products were not exactly identical; but only differed in
something small such as small differences in bounds on solidity or color. Therefore, in this research these
products are marked as duplicates and it is proposed to combine these products into 8 products.
After the verification of the duplicates, the products are clustered using the algorithm as explained
in 4.2.2. For each set of products per production line, a dendrogram is made in order to determine the
amount of clusters. All dendrograms are displayed in appendix C.1. The cut-off value for determining
this amount is set on 0.3, which indicates that the clusters of semi-finished products only differ in one
ingredient category. An example of how the clustering results are displayed is appendix D.2.
Subsequently, the results of the clustering approach are reflected thoroughly in collaboration with
employees of LWM. Taking these results into account, it is decided that differences in skin type, batter
type and the cut size does add value to products, and create essentially different end products. Therefore,
the most inessential product differences are the different oil types and the high amount of different potato
variety clusters that LWM offers. Assuming that all oil types are interchangeable, and that within a potato
variety cluster label the clusters are interchangeable, another 18 products can be rationalized into lesser
products. This results in the product combinations as shown in appendix D.3. Accordingly, the complexity
metric ’Portfolio Size’ for measures the multiplicity reduces with 15.04% for the semi-finished products (see
table 7). The next section analyzes the similarity between SKU’s. The component rationalization section
later in this research dives deeper into reducing product complexity by reducing the found inessential
differences in oil types and potato types.
The 287 SKU’s are also divided among production lines, allergen containment and skin type, due to
the fact that they are directly linked to semi-finished products. No duplicate SKU’s are found. Once
again, a dendrogram has been made for each set of products per production line. All dendrograms can
be found in appendix C.2. The cut-off value for determining the amount of clusters is set on 0.4, which
indicates that the clusters of SKU’s can differ in three packaging format categories.
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Afterwards, the results are reflected thoroughly in collaboration with employees of LWM. Taking
these results into account, it is decided to focus on the packaging characteristics that lead to changeover
operations in the packaging department. The packaging machines have to be changed over when there is a
foil change, a change in box size or a change from small to large packaging size or vice versa. The division
of products into small and large packaging sizes is considered to be fixed. Therefore, the inessential
differences in SKU’s are the high amount of different foils and boxes that LWM offers. Assuming that
new foils can be created or interchanged and box sizes can be interchanged, 31 SKU’s are advised to
rationalize. This results in the product combinations as shown in appendix D.4. Thereby, the complexity
metric ’Portfolio Size’ reduces with 10.80% for the SKU’s (see table 7). Considering that each box is
depended on the foil, the most inessential difference is the amount of foils. In the second part of the
inessential product analysis, the component rationalization, is investigated which foils to keep and which
to remove.
Component rationalization
As explained in previous sections, in collaboration with employees of LWM is decided that the most
inessential differences in semi-finished products are the high number of potato variety clusters and the oil
types that LWM offers. This indicates that there is potential in reducing product complexity by reducing
the amount of different oil types and potato variety clusters. Therefore, this section dives deeper into
these ingredients to decide which oils and potato types to rationalize. As explained in section 4.2.2, this
section analyzes if some ingredients are used by the majority of products and/or majority of the total
volume. For oil types, this analysis is depicted in figure 11. The scatter diagram is divided by lines that
denote the mean values of the sales volume and product count. From this figure is derived that ’Sunflower
oil 100% high Oleic’ is only used in two semi-finished products, with a yearly volume 72 tonnes. This is
due to the fact that one specific customer requires this specific type of oil. However, considering that
oil changeovers are one of the most time consuming and frequent changeover of LWM, it is advised to
rationalize this oil type. The products containing this type of oil are randomly assigned to another type
of oil, assuming that the customer(s) of this product accept another oil. As a consequence, the complexity
metric ’Number of unique parts per attribute’ for oil types reduces with 25%, which indicates a decrease
in multiplicity.

Figure 11: Oil types
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Furthermore, there is also potential in reducing product complexity by reducing the amount of potato
variety clusters. Before analyzing which clusters are used by the majority of the products, the clusters
are divided among the following product labels: Premium Extra Long Fries (PXLF), Long Fries (LF),
Regular Fries (REG) and Wedges (WEDGES). This is done considering the fact that extra long fries or
wedges use essentially different potatoes. For each label, the analyses are shown in figure 12. As explained
earlier, components that have a low product count and low volume are rationalized. Products containing
these potato types are randomly assigned to potato types in the other quadrants, assuming that potatoes
within the labels are interchangeable. The results in a total of 18 lesser types of potato variety clusters.
7 variety clusters are removed from the PXLF label, 10 from the LF label and 1 is removed from the
Wedges label. Both potato variety clusters of the REG label remain in the portfolio. As a consequence,
the complexity metric ’Number of unique parts per attribute’ for potato types decreases with 38.29%.
This indicates another decrease in the multiplicity of the products in the portfolio.

(a) PXLF

(b) LF

(c) REG

(d) WEDGES

Figure 12: Potato variety clusters
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As explained in section 4.3.3, the most inessential differences in packaging are the box sizes and foils.
Considering that each box is depended on the foil, the most inessential difference is the amount of foils.
The scatter diagram therefore displays which labels are used by the majority of products and/or majority
of the total volume. The diagram is shown in figure 13. The volume and product count of these product
is considered to be too low to offer the customers their own foil, especially considering that a foil change
in the packaging department takes half an hour. Out of 196 labels, 27 labels are proposed to rationalize.
Products containing these labels are assigned to a newly created, standardized label.

Figure 13: Product labels

4.3.4

Conclusion rationalization procedure

This section summarizes the results of the rationalization procedure. The ABC-analysis showed that
165 SKU’s only contribute 5% to the overall sales margin. This proves the existence of excess product
portfolio complexity. These SKU’s are marked as candidates to be rationalized by means of absorbing
the SKU with another SKU.
Given the assumptions as explained in previous sections, 17 semi-finished products and 31 SKU’s in
the portfolio are absorbed by other products. As a consequence, the complexity metric ’Portfolio Size’ for
measuring multiplicity decreases with 15.04% and 10.80% respectively. This improvement is captured in
table 7.
Product Level

Portfolio Size before

Portfolio Size after

∆%

Semi-finished

113

97

-15.04%

SKU

287

256

-10.80%

Table 7: Reduced Portfolio Size in Kruiningen
Moreover, the similarity analysis showed inessential differences in the amount of potato types, oil
types and foils. By means of the scatter diagrams in the component rationalization analysis, the complexity
metric ’Number of unique parts per attribute’ for measuring multiplicity is reduced with 25%, 38.29%
and 13.77% for these attributes respectively. This is displayed in table 8.
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Attribute

Options before

Options after

∆%

Oil

4

3

-15%

Potato Variety Cluster

47

29

-38.29%

Foils

196

169

-13.77%

Table 8: Reduced unique parts per attribute
Subsequently, the complexity metric ’CI’ for measuring the relatedness of the portfolio is computed.
This index is dependent on both the portfolio size and the total number of unique parts per attribute.
The updated indices are displayed in table 9. The table shows that in terms of relatedness, the CI only
decreases for the semi-finished products in the portfolio. This is explained by the fact that the decrease
in portfolio size for the SKU’s outweighs the decrease in total number of unique parts per attribute. This
indicates that in addition to reducing the amount of foils, more rationalizations should take place to
reduce the relatedness within the portfolio.
Product level

CI before

CI after

∆%

Semi-finished

0.20

0.17

-15%

SKU

0.24

0.26

+8.3%

Table 9: Updated commonality indices
The results of the similarity analysis are shown in appendix D.3. It is remarkable that only semifinished products from production line 1 and 3 are rationalized. However, there are SKU’s that are packed
in the packaging department of production line 2 that are rationalized. In total, 9 semi-finished products
and 7 SKU’s are rationalized on production line 1, 7 SKU’s are rationalized on production line 2 and 7
semi-finished products and 11 SKU’s are rationalized on production line 3.
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Chapter 5

Optimization of changeover
operations
This chapter introduces the model that is developed to test if the rationalized portfolio reduces the time
spent on changeover operations. It therefore addresses the fifth research question:
What kind of impact has the portfolio rationalization on the machine utilization of LWM?
Develop a model that reflects the situation of LWM and that captures the impact.
First, background information about the production process of LWM is given. Afterwards, the
production sequencing model is introduced. The last section of this chapter applies the developed
production sequencing model to the situation of LWM.

5.1

Production process and planning

As explained in section 3.4, LWM is interested if it is possible to increase their production capacity
without investing in capital goods. Therefore, it is investigated whether it is possible to reduce changeover
operations by rationalizing the product portfolio. In order to measure whether the proposed rationalization
indeed results in less time spent on changeovers, a model is developed that captures this result. In
cooperation with LWM is decided that this model is an optimization model that minimizes the total time
spent on changeover operations.
Before explaining the developed model, some background information about the production process
and therefore the related production planning process is given. In the food processing industry, a ’makeand-pack’ production is often used (Günther et al., 2006). As the name itself suggests, a ’make-and-pack’
environment consists of a production stage and a packaging stage afterwards. Figure 14 shows the
simplified schematic process of what each product goes through, since each product follows the same
route.
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Figure 14: Make and pack production
In the first stage, the food processing stage, the raw material is converted into a frozen semi-finished
product. The process is considered to be a continuous process; once raw material enters the production
line, the line works continuously on that specific recipe for the semi-finished product. After being
processed, the semi-finished products have to be packed. At this point, the semi-finished products do not
have the desired temperature of -18 °C to be preserved. For that reason, the semi-finished products can
not stay too long in the intermediate storage. Therefore, the processing stage and packaging stage have
to be considered and planned as one process, without intermediate storage possibilities. The absence of
intermediate storage possibilities is mostly the case in food processing companies (Akkerman and van
Donk, 2008).
In addition to planning these processes as one process, there are some important characteristics that
have to be taken into account. Production planning and scheduling in manufacturing is considered to be
a complex process in general, due to the number of characteristics and its interactions. Especially in the
food processing industry, where typical food-related characteristics such as the product decay and the fixed
production sequences because of food safety, add extra complexity to the problem (Akkerman and van
Donk, 2008). Within a production cycle in a food processing company, the production starts producing
the most ’plain’ products, and ends with the products that contain the most allergens. Currently, a
production cycle in LWM takes three weeks.
However, during the production cycle expensive inventory is build to be able to meet the demand of
the product during the cycle. Logically, this inventory cannot be too large due to quality requirements
of the customers. Depending on these requirements, the products can stay up to 6 months in the
coldstore. Determining an efficient production sequence is therefore of great importance (Mehrotra et al.,
2011).

5.2

Production sequencing model

As explained in the previous section, the processing stage and packaging stage have to be considered and
planned as one process. However, the processing stage and packaging stage require a different approach
to minimize their changeover time. For that reason, two problem formulations are constructed. The
sections addressing these formulations clarify why the stages require a different approach. Afterwards, the
problems are merged into one overall production sequencing model by adding one extra constraint.
First, the mathematical formulation of the minimization of changeover time in production is explained.
Afterwards, the same is done for the packaging department. Lastly, the constraint that is required to
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merge the two problems is given. The overall production sequencing model is able to find a production
sequence that simultaneously minimizes changeover time in both the processing stage and the packaging
stage.

5.2.1

Production stage

Sequencing problems are, among others, used to find production sequences that minimize the time spent
on changeover operations. The sequencing problem chosen for the processing stage is expanded with
precedence constraints, to incorporate the fixed sequence due to allergen containment. The problem is
introduced in the following sections.
TSP
The minimization of changeover time in a production system can be modeled as a traveling salesman
problem (TSP). The TSP is a famous optimization problem. The goal in a TSP is to find the shortest
route for a salesman that has to visit several clients at different locations and afterwards get back to
the starting point. The problem is often denoted as a graph in which the nodes denote the locations to
be visited and the arcs the possible routes. The value of each arc corresponds to the distance between
two nodes. The objective is to find the route that visits all locations with the least total distance. An
asymmetric traveling salesman problem (ATSP) indicates that the distance from location A to location B
is not equal to the distance from location B to location A. Logically, this is the other way around for the
symmetric problem.
In case of LWM, a production sequence is found that produces all production orders with the
minimum amount of changeover time. The production stage is modeled as an ATSP, since switching the
machines from producing product A to product B can last longer or shorter than the other way around.
Moreover, LWM is subject to a fixed production sequence due to food safety regulations. Consequently,
some products should be produced for others. This is achieved by adding precedence constraints to the
ATSP. A simple visualization of this problem is illustrated in figure 15, and the corresponding example is
explained below the figure.

Figure 15: Visualization of a simple ATSP with precedence constraints
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Consider three production orders A, B and C. The order B contains allergens and therefore must be
produced after order A and C. In figure 15, this is denoted by the directed edges that only go from node
A and C to B, but not from node B to the other nodes. In addition, if order C is produced after order A,
a changeover time of 2 is required, while only a time of 1 is required if order A is produced after order C.
This clearly shows the asymmetry of the problem. In this simple example, the production sequence C - A B minimizes the total changeover time and does not violate the food safety regulations constraints.
Mathematical formulation ATSPPC
The problem as described in the preceding section is translated into a mathematical formulation in this
section. In this thesis, the ATSPPC as proposed by Sarin and Sherali (2005) is used. The following sets
and indices are used:
P = production orders, including the dummy variable 0;
p,q,r = indices used for semi-finished products;
precq = precedence relations of semi-finished product q.
The decision variables are:

ypq =


1, if semi-finished product q is produced directly after semi-finished product p;

(5)

0, otherwise

zpq =


1, if semi-finished product q is produced after semi-finished product p;

(6)

0, otherwise
The mixed integer linear problem (MILP) formulation of this problem is (Sarin and Sherali,
2005):

min

P
P
X
X

copq ypq

(7)

p=0 q=0,p6=q

s.t.

P
X

ypq = 1

∀q ∈ P

(8)

ypq = 1

∀p ∈ P

(9)

p=0,p6=q
P
X
q=0,q6=p

zpq ≥ ypq

∀p, q ∈ P \{0},

p 6= q

(10)

zpq + zqp = 1

∀p, q ∈ P \{0},

p 6= q

(11)

zpq + yqp + zqr + zrp ≤ 1

∀p, q, r ∈ P \{0},

zpq = 1

∀q ∈ P \{0},

ypq ∈ {0, 1}

∀p, q ∈ P,

p 6= q

(14)

zpq ≥ 0

∀p, q ∈ P,

p 6= q

(15)
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p 6= q 6= r

∀p ∈ precq

(12)
(13)

The objective 7 makes sure that the total changeover time (changeover time between production
order p and q is denoted as copq ) is minimized. Constraint 8 and constraint 9 guarantee that each
semi-finished product is only produced once. If semi-finished product q is produced after semi-finished
product p, constraint 10 makes sure that zpq is nonzero. The following constraint, number 11, makes
certain that once semi-finished product q is produced after semi-finished product p, it not possible to
produce semi-finished product p after q. Together with constraint 12, they turn the continuous variable
zpq into a binary variable considering the fact that ypq is binary valued. In addition, constraint 12
denote the subtour eliminations constraints. Constraint 13 ensures that the precedence relations hold by
forcing zpq to be one in a feasible solution. The last two constraints provide the nature of the decision
variables.

5.2.2

Packaging stage

After being produced, the semi-finished products have to be packed. In the packaging area, the semi-finished
products are allocated to multiple available packaging machines. This corresponds to a parallel machine
scheduling problem or vehicle routing problem. The following sections introduce this problem.
VRP
The minimization of changeover time in a production system with multiple available identical machines
can be modeled as a vehicle routing problem (VRP) (Guinet, 1993). The VRP is a generalization of
the TSP, by the introduction of multiple vehicles (or, in terms of the example as given in section 5.2.1,
multiple salesmen). The goal in a VRP is to find the optimal route for every single vehicle. Optimal
routes, in this case, are not defined as the minimization of total length of the routes, but rather as the
minimization of the length of the longest single route among all vehicles (Perron and Furnon, 2019). This
indicates that all vehicles visit their locations as fast as possible. In machine scheduling, this corresponds
to the minimization of total completion times of all production orders.
In case of LWM, a production sequence is found that minimizes the total completion times of all
packaging orders. In the packaging department, focusing solely on the minimization of changeover times
does not generate the desired solution. This is illustrated by a simple example, as visualized in figure
16. Suppose that two pairs of packaging orders are scheduled after each other on two machines due to
a low changeover time between the two orders. In the figure, the changeover times are denoted by the
grey blocks. However, if two orders in one pair are both high in quantity, the machine is working long on
those orders, while the other machine is already done and therefore left idle. Idle time is expensive and
therefore not desired. Moreover, it can cause disruptions in the further processing of other packaging
orders. Thus, despite the longer changeover times between the products, the total completion times or
longest single sequence among all available machines has to be minimized.
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Figure 16: Visualization of minimization of completion times

Mathematical formulation VRP
The problem described in the preceding sections is translated into a mathematical formulation in this
section. In this thesis, the formulation as proposed by Guinet (1993) is used. The following sets and
indices are used:
S = packaging orders, including the dummy variable 0;
M = machines in the packaging area;
i,j,h = indices used for packaging orders.
The decision variables are:

xijm =


1, if SKU j is packed directly after SKU i on machine m;

(16)

0, otherwise

ai = makespan af ter packing SKU i

(17)

The MILP formulation of this problem is (Guinet, 1993):

min

S
X

ai

(18)

i=1

s.t.

S
M
X
X

∀j ∈ S\{0}

xijm = 1

(19)

i=0,i6=j m=1
S
X

xihm −

i=0,i6=h
S
X

S
X

∀h ∈ S\{0},

xhjm = 0

i 6= j 6= h,

∀m ∈ M

(20)

j=0,j6=h

x0jm ≤ 1

∀m ∈ M

(21)

j=0

aj ≥ ai + copij + pj − BM ∗ (1 −

M
X

xijm ) ∀i, j ∈ S\{0},

i 6= j

(22)

m=1

xijm ∈ {0, 1}

∀i, j ∈ S,

ai ≥ 0

∀i ∈ S,
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i 6= j,
a0 = 0

∀m ∈ M

(23)
(24)

The objective 18 makes sure that the total makespan of the packaging machines is minimized.
Constraint 19 makes sure that each SKU is only packed once on one machine. The second constraint,
constraint 20, guarantees that each SKU has a predecessor and a successor, and that each packaging
machine only has one production sequence is done via 21. Constraint 22 computes that makespan of a
packaging machine, and assures that the total makespan with the succeeding SKU increases with the
changeover time copij and processing time pj of that SKU on that machine. In addition, this constraint
assures that a SKU can either be a predecessor or successor of another SKU, but not both. The so-called
Big M method is used in this constraint, which works with the simplex algorithm. If xijm is zero, the
large constant (BM) guarantees that the constraint is still satisfied. If xijm is one, the last part of the
equation equals zero and the corresponding ai is updated. The last two constraints provide the nature of
the decision variables.

5.2.3

Production sequencing model

In case of LWM, the sequences of production orders and packaging orders are determined simultaneously.
Therefore, the sequencing problems as described in sections 5.2.1 and 5.2.2 are solved simultaneously to
minimize the total amount of changeover time. The sequencing problems are merged into one overall
production sequencing problem by adding one extra constraint. Moreover, some assumptions are made in
order to make the problem applicable to the situation of LWM and its available data. This is summarized
in the following characteristics:
1. The objective of the model is to minimize the total changeover time of the production line and
simultaneously minimize the makespan of the products to be packed on the available packaging
machines (both in hours);
2. Each semi-finished product and SKU on the planning must be produced;
3. The available packaging machines can work on one product at the time;
4. The available packaging machines are assumed to be identical and thus each SKU can be packed on
any machine;
5. Pre-emption is not allowed;
6. There are precedence relations between the semi-finished products, and consequently between
SKU’s;
7. Changeover times in both production and packaging are assumed to be predetermined and deterministic;
8. Processing times in the packaging lines are assumed to be predetermined and deterministic, and
constant for each packaging line.
Later in this chapter, the model is tested with historical data of LWM. Therefore, it is assumed
that the actual total processing times are known, by multiplying the confirmed output quantities by the
average processing times (in tons/hr) of the packaging lines. In addition, the changeover times in both
production and packaging are assumed to be known and constant. As explained in chapter 2, the purpose
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of the production sequencing model is to create insight in the influence of product portfolio complexity
on changeover operations. Taking this into consideration, LWM decided that using deterministic and
predetermined values are sufficient for creating this insight. Moreover, there are only minor differences
between the packaging machines of LWM. For that reason, they are assumed to be identical.
To combine the two sequencing problems into one production sequencing problem, a constraint is
added that makes sure that SKU’s are only packed if the corresponding semi-finished product is produced.
This is done by setting the requirement that xijm only equals one when the related semi-finished product
is produced and thus the variable ypq is one. The set prec2 is used to denote the relations between
semi-finished products and SKU’s. The following constraint is formulated:

prec2p prec2q

X

X

xijm <= ypq

∀p, q ∈ P \{0},

p 6= q,

∀m ∈ M

(25)

i=1 j=1,j6=i

The two sequencing problems are merged and constraint 25 is added for optimizing the changeover
time for LWM. The objective is to minimize both changeover time and makespan simultaneously. The
merged formulation is given in appendix E.

5.2.4

Model development

The production sequencing model is implemented in the open source programming language Python.
Optimization software is used to test the MILP model with data of LWM. The results of the comparative
analysis of optimization solvers of Anand et al. (2017) show that GuRoBi and IBM ILOG CPLEX
Optimization Studio generate the best optimization solutions. Both software are capable of solving MILP.
Due to the experience of working with GuRoBi, it is chosen to use this optimization software. Before
obtaining the required academic license of GuRoBi, the model is tested with random, smaller data sets in
Google’s notebook Colab with an open source MILP solver.
The goal of the optimization of changeover operations is not to find the optimal solution, but to
decrease the amount of and time spent on changeover operations. In addition, the mathematical model is
developed to show the magnitude of the possible improvement of the rationalized portfolio. Therefore, a
time limit is set on the execution of the production sequencing model. Moreover, the parameter MIP
focus of the GuRoBi library is set to one. The optimization solver continuously seeks for new feasible
solutions while proving that the current best solution is optimal. However, in general, good and feasible
solutions are found quickly. The MIP focus parameter allows the model to find feasible solutions quickly
rather than proving optimality. After some test rounds with actual data is found that the model takes
too long to prove optimality, while the results of executing the program under a time limit and MIP focus
of one are also of good quality. Therefore, the execution of the model is done with a time limit and the
MIP focus parameter.
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5.3

Application production sequencing model

In this section, the constructed production sequencing model is applied to the situation of LWM. Once
more, the first step is to gather data and to pre-process the data. This is discussed first. Afterwards, the
old and updated portfolio are tested with the model.

5.3.1

Data gathering and preparation

For determining an efficient production sequence, data regarding changeover times is required. Moreover,
a historical production order book is gathered.
Changeover times
A changeover matrix is required to minimize the changeover times and compute the makespan. In
this matrix, all necessary changeover times if the production is switched from producing product A to
producing product B are denoted. However, this explanation of changeover time is rather simplistic and
a deeper understanding is required to replicate the actual situation of LWM. The complete changeover
time can be defined as ”the total elapsed time from the last unit of good production at normal speed and
efficiency of the preceding run to the first unit of good production of the succeeding run at normal speed
and efficiency” (Henry, 2012). A schematic representation of changeover time is depicted in figure 17. In
this thesis, there is solely focused on the setup times. This is due to the fact that the time it takes to
reach the full production output level or to ramp down the production lines is not fixed, and not only
depends on the type and quality of the products but also on aspects such as employees controlling the
production line.

Figure 17: Total changeover time

Unfortunately, LWM does not document information regarding the actual setup times properly.
It was expected to find the actual setup times in the machine downtime reports, but it was difficult
to retrieve. For example, the logs for either production changeover or product changeover within the
downtime report did not match the production order book. Other errors that occurred were empty logs
or logs allocated among the wrong downtime classifier. That is why only approximations of the actual
setting up times are collected. These approximations for the production lines are shown in the tables from
appendix B. In collaboration with LWM is chosen to work with these estimates, due to the unavailability
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of the correct data. Although no exact solution is derived with estimates, it is expected that the estimates
denote the magnitude of the possible improvement. In order to compute this magnitude, the baseline is
constructed by calculating the changeover time of the old portfolio according to the developed production
sequencing model.
Production orders
Furthermore, the production order book of the year 2019 is gathered. In collaboration with LWM is
chosen to use the production order book of a full year, since it incorporates aspects such as seasonality,
trends or promotions. A production order book contains which semi-finished products and SKU’s are
produced, and the actual output (in tonnes). In 2019, one production cycle lasted two weeks. A shorter
cycle time can be beneficial for the inventory levels in the coldstores, but the coldstores are not within
the scope of this research. That is why a cycle time of two weeks is considered to be fixed.
Before using the data, products that do not exist in the final dataset, as constructed in section 4.3.1,
are removed. In addition, orders that have a confirmed quantity of zero are removed. Missing dates of
SKU’s were inserted based on the production date of the corresponding semi-finished product. Lastly,
repack orders are not taken into account.

5.3.2

Changeover optimization

For each production line, two situations are tested. The first situation computes the changeover times
under the current product portfolio. The second situation is the portfolio after the rationalization process.
This results in graphs as displayed in figure 18 on the succeeding page of this report.
These graphs especially show that it is possible to reduce the time spent on changeovers in the
packaging department. In all three production lines, the hours spent on changeovers in packaging have
decreased. The decrease in percentage is 72.39%, 14.61% and 13.65% respectively. As expected, the
smallest improvement is made in production line 2. As explained in chapter 4, only some SKU’s are
rationalized of production line 2. Most SKU’s are rationalized on line 1 and 3. In addition, the same
number of semi-finished products are still in the portfolio of production line 2.
The improvement in the packaging department of production line 1 is impressive. This is due to
the fact that semi-finished products and SKU’s of this line that are produced frequently are rationalized.
Thereby, it is possible to retrieve a larger improvement. Lastly, the improvement in production line 3 is
mostly due to the rationalization of foils. Production line 3 is known to be the production line with the
most small volume products with own labels. This improvement denotes the possibility and even the
urgency to remove labels from the portfolio.
Moreover, the changeover times in production of line 2 increased with 8.31%. Considering that no
semi-finished products are rationalized for production line 2, this is not surprising. The changeover times
in production of line 1 and 3 decreased 52.51% and 8.60% respectively. The significant improvement of
production line 1 is also explained by the fact that semi-finished products that are produced frequently
are rationalized. In total, the hours spent on changeover operations have decreased 60.30%, 3.36% and
11.58% for production line 1, 2 and 3 respectively.
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(a) Production line 1

(b) Production line 2

(c) Production line 3

Figure 18: Results optimization of changeover times
In terms of money, the potential savings are estimated on A
C173000 - A
C208000 for production line 1,
A
C12000 - A
C14500 for production line 2 and A
C108000 - A
C130000 for production line 3. This is computed
based on multiplying the reduction in hours per production line with the average processing output per
hour. This number indicates the potential extra output in tonnes that LWM can produce. The potential
savings are based on an average revenue between A
C1000 - A
C1200 per ton product.
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Chapter 6

Conclusion, limitations and
recommendations
In this final chapter, the key findings of this thesis are discussed. The first section summarizes the main
insights and answers the research questions as defined in chapter 2. Afterwards, the limitations of the
thesis are given, together with future research directions. Lastly, the recommendations for LWM are
illustrated.

6.1

Conclusion

This section gives the key insights of the thesis. Subsequently, each of the research questions are
answered.

6.1.1

Main insights

A common belief in companies and industries is that product proliferation is necessary to meet all
dynamic customer requirements. After conducting interviews is noticed that employees of LWM share
this belief. However, by providing the theoretical foundation for product portfolio complexity, it is
demonstrated that product proliferation leads to extra, sometimes unnecessary, complexity. Moreover,
the constructed cause and effect diagram illustrates that the product proliferation of LWM leads to a
decreased operational performance via, among others, increased machine downtime due to changeovers,
scheduling and timing issues or high inventory levels. Furthermore, during the research is noticed that
employees of LWM do not exactly know the impact of their department on complexity elsewhere in the
company. However, creating this awareness is important to create alignment concerning product portfolio
management between stakeholders from various departments within the company.
The performed ABC-analysis proves the existence of excess portfolio complexity at LWM: from the
287 SKU’s that are analyzed, 165 SKU’s only contributed 5% to the total generated sales margin. 20
SKU’s even have a negative contribution. In addition, the developed rationalization process shows that
there are redundant unique parts within the potato variety clusters, the oil types and the labels of the
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products. The results of the similarity analysis and component rationalization procedure demonstrate
reductions in the used complexity metric ’Portfolio Size’ and ’The number of unique parts per attribute’
for measuring multiplicity. However, the results only indicate a reduction in the used complexity metric
’Commonality Index’ for measuring relatedness for semi-finished products. As explained, this is due to
the fact that the size of the portfolio reduced more than the total number of unique parts. Altogether,
the results of the rationalization procedure exemplify that there are possibilities for reducing product
complexity.
After performing the rationalization procedure, the updated product portfolio is formed. By means
of the formation of a production sequencing model, the relationship between product complexity and
operational performance in terms of changeover operations is mapped. Both the old and updated portfolio
are tested with the production sequencing model in order to make a proper comparison. The scope of this
research did not include customer requirements by which it was possible to hold sales volumes constant.
Therefore, the production order book of 2019 could be used. Taking these assumptions into account, it
is found that the benefit of reducing the changeover operations is significant and the results guarantee
that there are potential benefits once the portfolio is rationalized. These potential benefits are the most
outstanding for production line 1. Therefore, this research improved the machine utilization of LWM and
thereby its profitability by reducing the overall production costs of the production plant in Kruiningen.
A further developed complexity reduction process will facilitate the future strategic goals of LWM.

6.1.2

Research questions

The main research question of this thesis is:
To what extent can the operational performance be improved, by means of rationalizing the product
portfolio of LWM?
To answer this main research question, five research questions are answered. These answers are given in
the following sections.
Research question 1: How can product portfolio complexity be defined and what causes this type
of complexity?
This research distinguishes product portfolio complexity in product complexity and portfolio complexity. Definitions of both concepts are derived from literature and used throughout the thesis. After
interviewing employees of LWM, it is concluded that they mainly experience product portfolio complexity
as product complexity. Product complexity is driven by the dimensions multiplicity and relatedness.
Multiplicity refers to both the number of products in the portfolio and the number of unique components,
while relatedness indicates to which extent the products are similar to each other.
Portfolio complexity is treated as an extension of product complexity. In addition to the dimensions
multiplicity and relatedness, portfolio complexity is driven by diversity. Diversity is created when a new
product brand is offered to fill a specific customer need. The aspects that drive portfolio complexity at
LWM are investigated. However, considering that the customer side of the supply chain is out of the scope
of this thesis, the diversity dimension is not taken into account in the rationalization procedure.
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Research question 2: How can product portfolio complexity be quantified?
Quantifying complexity is one of the most challenging aspects in product portfolio rationalization.
Product complexity itself is not directly measurable. Therefore, the operationalizations of product
complexity ’Portfolio Size’, ’Number of unique attributes per part’ and ’CI’ as proposed by Jacobs and
Swink (2011) are used. The first two metrics are related to the multiplicity of the products, while the
commonality index is used to denote the relatedness of the products. These metrics give an indication of
the amount of complexity in the company. Moreover, after applying the rationalization process, these
metrics are able to capture the magnitude of the complexity reduction.
Another way to quantify complexity is by investigating the actual costs, including related complexity
costs, of offering variety. Literature suggests that complexity costs are hidden to an organization because
traditional costing systems are not able to capture complexity costs accurately. In addition, literature
suggests that transparency regarding the actual costs of complexity aid in understanding and reducing
complexity in the supply chain (Kohr et al., 2017). Therefore, the areas where complexity costs emerge
in LWM are examined. The main areas are the raw material and other material costs, overhead costs
and direct labour costs. Unfortunately, data regarding the actual complexity costs are difficult to obtain.
Therefore, this research does not include a quantification of complexity costs.
Research question 3: How can product portfolio complexity influence the operational performance?
A cause and effect diagram is made using information retrieved from interviews with employees. This
diagram displays several reasons that lead to a decrease in operational performance. A total of 24 root
causes of a decreased performance are identified. The majority of these causes are related to product
complexity. The three most mentioned causes of a decreased operational performance are increased
machine downtime due to changeovers, scheduling and timing issues or high inventory levels. Considering
the fact that this research focuses on the operations department of the production plant in Kruiningen,
the focus is set on reducing and optimizing the amount of changeover operations.
Research question 4: How can the product portfolio complexity be reduced? Develop a procedure
that rationalizes the product portfolio of LWM, specifically including a clustering approach.
The complexity reduction process consists of three steps: an ABC-analysis, similarity analysis and
component rationalization. The clustering approach is inserted in the similarity analysis. By means
of these steps, the procedure reduces the number of products in the portfolio, the number of unique
components and assesses the similarity between products. It therefore aims at reducing the dimensions
multiplicity and relatedness of the products within the portfolio. The procedure is applied on both
semi-finished product level as SKU level.
After performing the complexity reduction process, the complexity metrics ’Portfolio Size’ and
’Number of unique parts per attribute’ for measuring multiplicity decrease for both semi-finished products
and SKU’s. The ’Portfolio Size’ metric decreases with 15.04% for semi-finished products, and 10.80%
for SKU’s. The ’Number of unique parts per attribute’ decreases with 25%, 38.29% and 13.77% for oil
types, potato variety clusters and foils respectively. The complexity metric ’Commonality Index’ for
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measuring the relatedness between products only decreases with 15% for the semi-finished products. The
increase of 8.30% the index for SKU’s is explained by the fact that the decrease in portfolio size for
the SKU’s outweighs the decrease in the total number of unique components. This indicates that in
addition to reducing the number of foils, more component rationalizations should take place to reduce
the relatedness between SKU’s. Nevertheless, the developed rationalization procedure reduces the overall
level of complexity, in terms of multiplicity of the portfolio.
Research question 5: What kind of impact has the portfolio rationalization on the machine utilization of LWM? Develop a model that reflects the situation of LWM and that captures this impact.
In order to minimize the amount of time spent on changeover operations, without violating the allergen
sequences, a production sequencing model is formulated. The model fits the make-and-pack production
of LWM and simultaneously decides upon the production and packaging sequence. A changeover matrix,
denoting the changeover times for switching from producing a product to all other products, is needed for
executing the optimization model. However, the actual changeover times are not documented properly.
Therefore, it is decided to work with estimates. The production order book of the year 2019 is used to
compute the magnitude of the possible improvements. A full year is chosen considering that it incorporates
aspects such as seasonality, trends or promotions. Executing the model with the estimated changeover
times results in a total decrease of the hours spent on changeover operations with 60.30%, 3.36% and
11.58% for production line 1, 2 and 3 respectively.

6.2

Limitations and future research directions

The SKU rationalization procedure, production sequencing model and the thesis in general are subject to
some limitations. This section discusses these limitations. According to these limitations, future research
directions are proposed.

6.2.1

Data availability, reliability and compatibility

Sample of total portfolio
Both the SKU rationalization procedure and the production sequencing model require sufficient and
qualitative data to be analyzed precisely. Unfortunately, collecting these datasets turned out to be difficult.
Although plenty of data was retrieved, the gathered datasets were scattered between departments within
LWM and therefore inconsistent or even incompatible. That is why, for example, only a sample of the
total portfolio produced in Kruiningen is taken into account in this research: 113 SKU’s and 287’s SKU’s
are included for the rationalization procedure, while the production plant is producing more than 225
semi-finished products and almost 400 SKU’s. Analyzing the complete product portfolio will enhance the
rationalization procedure and the results of the production sequencing model.
Quantification of complexity cost
Moreover, as explained in the literature part of this thesis, there are several examples of companies that
rationalized their portfolio’s which even reported higher revenues afterwards. So, it should be quantified
which product variety indeed generates extra revenue and which not. This research does not include a
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quantification of complexity costs due to incomplete data or unreliable data. However, the quantification
of these costs will show which complexity is necessary and creates additional customer value and which
not. Moreover, this quantification is very valuable in determining how well a product is performing.
Therefore, this should be investigated in a succeeding research.
Reliable input data
Additionally, the rationalization procedure and the production sequencing model are dependent on the
quality of the input data. As a result, errors in the input data affect the output of the process. Considering
the fact that the quality of the data regarding packaging formats is questionable, it is advised to make a
careful consideration while interpreting the results. However, it is expected that the product managers in
LWM have the knowledge and experience to denote these errors.
Furthermore, the production sequencing model runs with estimates of changeover times instead of
actual changeover times. It was expected that a full changeover matrix could be developed from the
machine downtime reports. However, the logs within this report did not match product descriptions, were
empty or wrongly allocated. The estimations of the changeover times are based on an ideal situation,
which can result in an unrealistic outcome of the production sequencing model. For a more complete
approximation of reality, an accurate changeover matrix should be developed.
Change of research subject
Lastly, due to the difficulty of retrieving data, the initial research subject changed. An additional literature
study was required for a thorough understanding of this new subject. Thereby, valuable research time
was lost.

6.2.2

Narrow scope rationalization procedure

Sales impact
A common belief within LWM is that removing products or even rationalizing components has unfortunate
consequences, such as a loss of customers or loss in demand due to substitution for products of competitors.
Such customer behavior is not taken into account in this research, since the scope of this thesis only includes
the interests of the operations department of the production plant in Kruiningen. The rationalization
procedure therefore assumes that all customers are going to accept an adjustment in their product and
thereby that sales are not affected. However, in deciding which products or components to rationalize,
this scope is considered to be too narrow. In practice, sales are going to be affected. Without showing
the actual impact, the problem owners are not going to accept rationalizations.
For that reason, it is interesting to assign a specific risk to each product. For example, products
can be divided in either high or low risk of sales impact, according to, for example, the priority of the
customer buying the product, its sales volume or its demand variability. In this way, only products with
a low risk of impacting sales are rationalized. The requirements for assigning products to low or high risk
of sales impact should be established in a succeeding research.
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Customer preferences
The risk of removing products from the portfolio can also be minimized by incorporating preferences of
customers. The similarity analysis and component rationalization in this thesis rationalize products only
based on their product characteristics. By means of analyzing the preferences of customers, the similarity
analysis can be enhanced by incorporating a weighting factor for each product characteristic. The factor
indicates the importance of the product characteristics from a customers’ perspective. In addition, by
using these customer preferences, components can be found that might be redundant from a customers’
perspective. These preferences can, for example, be gathered by conducting a survey among the customer
base. The survey should entail questions from which can be determined which product characteristics are
the most important and create the most essentially distinct end products. Customer preferences can also
be analyzed through consumer choice models, such as the multinomial demand model, exogenous demand
model or locational choice model. These models are used to gain insight in the value customers allocate to
a specific product or product characteristic. These models are, for example, used in assortment planning
to maximize utility. To conclude, a succeeding research should look into customer preferences.
Product complexity
The research incentive started with the desire the rationalize the portfolio. However, during the research,
the focus narrowed down to reducing product complexity rather than portfolio complexity. The developed
rationalization procedure is based on the theoretical background of product complexity. However,
product complexity reduction approaches might be related to component standardization approaches,
mass customization or the implementation of lean production modules. Further research is needed to
dive deeper into the theory behind these concepts, and if those concepts can enhance the developed
rationalization procedure or can aid LWM in another way.
Portfolio complexity
Moreover, the main portfolio complexity of LWM is that they drive business in five different market
segments within different geographical regions. This complexity is driven by the alternating preferences,
requirements and legal responsibilities of each market segment in each region. As explained in this
research, these complexity drivers correspond to the complexity dimension diversity. Although reducing
this dimension is important in rationalizing the portfolio, this is not taken into account in this research
due to time limitations and data availability. A customer attractiveness analysis can aid in reevaluating
the client base of LWM and thereby reducing portfolio complexity. For example, distinguishing high
and low priority markets and offering more product variety to a high priority customer than to a low
priority customer, might be interesting. Prioritization techniques can be used to distinguish these
customers according to certain characteristics, such as growth potential, total order volume or the
sales margin contribution. The division of customers can be made within each market segment. By
means of this customer attractiveness analysis, the importance of each customer in the client base from
LWM’s perspective is apprehended. Further research is necessary to investigate which characteristics are
important for making this division. From this customer attractiveness analysis, it can also be determined
how to divide products between high and low risk sales impact.
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Stationary procedure
Furthermore, the rationalization approach developed in this thesis takes a snapshot in time and applies the
process to the current portfolio (of which data is available). However, the portfolio should be reevaluated
regularly. As suggested in both literature and best practices, the tail-end replaces itself when the portfolio
is rationalized once in a while. Therefore, it is necessary to reevaluate the portfolio in every tactical
planning span of LWM, which is 13 weeks.
Clustering approach
In the rationalization procedure, a complete-linkage clustering algorithm is used to find similar products.
The algorithm applied is a heuristic, which indicates that some combinations of products might be missed.
However, it is an approach for finding similar products and gives a fast indication. Moreover, the results
of the clustering results are satisfactory, which indicates that the use of a heuristic is adequate.

6.2.3

Limitations production sequencing model

Deterministic, static optimization
The production sequencing model is a first attempt at optimizing the changeover operations at LWM.
The model assumes predetermined and deterministic processing times and changeover times. However, in
practice, deviations occur in the duration of these operations. For example, raw material is lost during the
production process. If more is lost than expected, the production run increases to get the intended output
volume. This of course decreases processing times (computed as tons/hr), due to the yield loss. It is not
known exactly when such deviations will occur, or what the magnitude or frequency of the deviations will
be. That is why it is not implemented in the model. Looking into this stochasticity and incorporating this
in the model is therefore of importance in future research. In addition, it is assumed that the machines in
the packaging department are identical. Although there are only minor differences, these differences are
not taken into account in this model. In a future research, this could be improved.
Furthermore, the model is specifically aimed at finding a production sequence with the minimum
amount of changeover time in the production lines and minimum amount of makespan in the packaging
department. It takes the production orders and length of the production cycle as given and computes the
changeover times. Therefore, it only includes a limited number of variables. It is assumed that a product
can always be produced, e.g., that all raw material and external supplies necessary for producing the
product are available. However, as explained in this thesis, this is generally not the case. Production
schedules are intervened frequently due to unavailability of the right raw material or external supplies.
Moreover, due dates of the products are not incorporated. In addition, decreasing the length of the cycle
time can be beneficiary for the inventory levels. Therefore, aspects such as release times, due dates and
inventory costs should be incorporated for a complete approximation of reality.
Moreover, when too many variables and production orders are involved in the optimization model, the
model gets slow. That is why this thesis implemented an additional parameter to look for good, feasible
solutions instead of the optimal solution. If LWM wants to implement an optimization model for creating
their production sequence, it should be investigated whether an exact method outperforms a heuristic, or
if a simulation better fits the purpose of displaying the impact of a portfolio rationalization.
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Changeover operations
The production sequencing model specifically focuses on the reduction of changeover operations. However,
there are more areas within the supply chain that benefit from both a product complexity reduction
approach as a portfolio complexity reduction approach. For example, as suggested in literature, demand
forecasting gets easier by the reduction of the uncertainty and the volatility of the demand. Further
research is necessary to substantiate this expectation. Since multiple employees declared that errors in
demand forecasting are a cause of a decreased operational performance, it is interesting to investigate the
impact of reducing product complexity on demand forecasting.
Moreover, the coldstores of LWM have reached their capacity limits. Literature and best practices
identified significant potential benefits in inventory after a portfolio rationalization. This indicates that
LWM could benefit from the developed product complexity reduction approach in terms of inventory.
Further research is necessary to substantiate this. For example, it might be interesting to build another
mathematical model, in the form of a supply chain simulation or optimization. An optimization model can
be build that maximizes the profit generated from the portfolio, incorporating not only the constraints
regarding changeover operations, but also constraints regarding inventory, production costs, complexity
costs, transportation costs, etc. The model then computes which products to include in the portfolio
and which to rationalize. In this model also aspects such as customer behavior can be included, by for
example penalty for loss of sales or via utilities.

6.3

Recommendations

According to the conclusions, limitations and further research directions as described in the previous
sections, this section explains the recommendations for LWM.
Scoping the rationalization procedure
The approach developed in this thesis does not include the customer side of the supply chain. Therefore,
it is advised to expand the developed approach with both customer behavior analysis and a customer
attractiveness analysis. Several ideas for these analyses are proposed in the future research directions.
Using these analyses, the risk of affecting sales can be minimized. Moreover, the developed procedure
should be expanded with an approach for reducing the portfolio dimension diversity. Additionally, it is
advised to look into theory behind component standardization, mass customization or lean production
modules. These concepts can enhance the rationalization procedure. Lastly, this approach only includes
the portfolio of the production plant in Kruiningen. The approach should be expanded with all products
of LWM.
Product portfolio management
By simply cutting some products within the portfolio at a specific moment in time, the problem is not
solved in the long run. Therefore, the portfolio should be reevaluated regularly. Hence, it is advised to
comprise a cross-functional team within LWM, which regularly (every tactical planning period) reevaluates
the product portfolio. This team also aids in creating alignment concerning product portfolio management
between various stakeholders. This is important because during the research is noticed that employees of
LWM do not exactly know the impact of their department on complexity elsewhere in the company.
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Creation of awareness and transparency by means of dashboards
Moreover, to create more awareness about the actual level of complexity, it is advised to create a dashboard
linked to data from the SAP system, to have a real-time, dynamic representation of the current product
portfolio complexity level at LWM. This creates both transparency and awareness, by which alignment
between stakeholders from various departments can be created. Moreover, it creates the possibility
to encourage portfolio rationalization and/or ingredient and packaging standardization. For example,
a continuous representation of the sales margin contribution of the products creates an intention or
proves the urgency to rationalize the portfolio. Furthermore, the scatter diagrams as displayed in the
rationalization process were received as simple yet powerful visualizations of the actual state of the
offered product variety. In addition, it creates the possibility to manage the portfolio fast and effective.
Additionally, considering that companies operating in the food sector embrace digital technologies slower
than other industries, creating a dashboard sets a first step in becoming more data-driven.
Optimize offered variety options
Currently, the same list of options regarding product ingredients and packaging features is provided
to all market segments and geographical regions. This allows every customer to order any specific
bundle of ingredients or type of packaging. However, it is advised to identify low priority customers,
market segments or regions in which a low variety assortment that only offers several ingredients or
packaging configurations is offered. On the other hand, high priority customers, market segments or
regions are offered either a personal assortment or a more elaborated assortment that is constant for all
high priorities. In this way, LWM is still able to offer enough variety to important customers and to fulfill
their requirements, while not losing efficiency for low priority customers.
Quantification of complexity costs and reevaluation of cost system
Due to the unavailability of data, a quantification of complexity costs is not taken into account in this
research. However, the actual complexity cost that comes with offering product variety is very valuable to
determine how well a product, ingredients or packaging features are performing. Therefore, it is advised
to develop a system that can quantify the actual costs of offering variety. Moreover, the current costing
system does not capture the actual complexity costs very well. Therefore, in the extension of identifying
actual complexity costs, it is advised to improve or change the costing system in a way that is able to
incorporate and capture complexity costs.
Expansion of optimization model
The optimization model that is developed only focuses on minimizing changeover operations. It is
recommended to expand this model to get a more accurate approximation of reality, for example by
incorporating due dates, release dates and inventory costs or investigating the stochasticity of the
production system. The results of this expanded model can be used as an input for the dashboard, by
which the impact of product variety on operational performance is mapped continuously.
Central datapoint
Although the company has a Master Data team, datasets are still scattered around departments and not
compatible with each other. A central point within the company aids the development of a complete
rationalization process and prevents errors or miscommunication. Therefore, it is advised to create a
central data point containing all data.
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Appendix A

Pseudocode clustering algorithm
Algorithm 1: Complete-linkage clustering algorithm
Input: Distance function dist(c1 , c2 )
Output: Cluster C
Data: Set of products {x1 , x2 , ..., xn }
1
2

for i in products do
ci = x i

3

C = { c1 , ..., cn }

4

while C.size > 1 do

5

(cmax1 , cmax2 ) = max. dist(c1 , c2 ) for all ci , cj in C

6

Remove cmax1 and cmax2 from C

7

Add {(cmax1 , cmax2 )} to C
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Appendix B

Estimations changeover times
Changeover type

Minutes

Hours

Color change

160

2.67

Pepper change

40

0.67

Oil change

45

0.75

Cut size change

20

0.373

Raw material change

10

0.167

Table 10: Estimations changeover times of the production lines
Line 1

Line 2

Line 3

Changeover type

Minutes

Hours

Minutes

Hours

Minutes

Hours

Foil change

25

0.42

25

0.42

25

0.42

Box size change

10

0.167

10

0.167

10

0.167

Foil size change

45

0.75

-

-

45

0.75

Table 11: Estimations changeover times of the packaging lines
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Appendix C

Dendrograms
C.1

Semi-finished products

Figure 19: Production line 1:

Figure 20: Production line 1:

non-batter, skin off

non-batter, skin on

Figure 21: Production line 2:

Figure 22: Production line 2:

non-batter, skin on

non-batter, skin off
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Figure 23: Production line 2: green

Figure 24: Production line 2: green

batter, skin off

batter, skin on

Figure 25: Production line 2: yellow

Figure 26: Production line 2: yellow

batter, skin on

batter, skin off
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Figure 27: Production line 3:

Figure 28: Production line 3: non

non-batter, skin on

batter, skin off

Figure 29: Production line 3: green

Figure 30: Production line 3: green

batter, skin off

batter, skin on

Figure 31: Production line 3: yellow

Figure 32: Production line 3: yellow

batter, skin on

batter, skin off

C.2

SKU’s
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Figure 33: Production line 1:

Figure 34: Production line 1:

non-batter, skin off

non-batter, skin on

Figure 35: Production line 2:

Figure 36: Production line 2:

non-batter, skin on

non-batter, skin off

Figure 37: Production line 2: green

Figure 38: Production line 2: green

batter, skin off

batter, skin on

Figure 39: Production line 2: yellow

Figure 40: Production line 2: yellow

batter, skin on

batter, skin off
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Figure 41: Production line 3:

Figure 42: Production line 3: non

non-batter, skin on

batter, skin off

Figure 43: Production line 3: green

Figure 44: Production line 3: green

batter, skin off

batter, skin on

Figure 45: Production line 3: yellow

Figure 46: Production line 3: yellow

batter, skin on

batter, skin off
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Appendix D

Results rationalization procedure
D.1

Duplicates semi-finished products
SAP Numbers

Difference

61097, 43576

Same variety cluster, but different potato breed

94886, 52748

Slightly different color

52792, 94882

Slightly different color

94711, 109609

Different salt level

100761, 52719

Slightly different bounds in solidity

52705, 94890

-

94888, 52784

Slightly different color

71348, 85272

-

Table 12: Duplicates found in similarity matrix
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4
5
6
7
8

109327

106995

96396

52754

2

109493

102258

1

60723

4

1

50305

52769

0

110664

3

0

109513

94414

Cluster

Component

65
8/cut

9x19crl

19x19x23

26/28

F34/320

F34/320

9x9

26/28

19x19x23

5x25x322

7x16

7x16

CutSize

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

skinoff

Skin

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 100% Hi Oleic

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 20/80 - K without toco

Sunfl. oil 100% Hi Oleic

Oil

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

Batter

430WEDGES

262LF

265LF

237LF

251LF

250LF

202LF

251LF

264LF

264LF

252LF

252LF

Potato

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

LINE3

Line

D.2
Example of similarity analysis results

D.3

Results rationalization procedure semi-finished products

The products within these clusters are merged into one overall semi-finished product.
Component

Cluster

Material

Cluster

61097

0

98722

1

43577

0

94882

1

43576

0

52792

1

71348

0

52719

7

85272

0

100761

7

94888

8

109513

0

52784

8

110664

0

109609

1

52769

4

94711

1

102258

4

52705

2

108184

0

94890

2

52757

0

62061

0

64207

4

68172

0

37117

4

55131

2

52748

3

61808

2

66980

3

90861

3

52745

3

42758

0

52223

0
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D.4

Results rationalization procedure SKU’s

The products within these clusters are merged into one overall finished product.
Material

Cluster

Material

Cluster

Material

Cluster

320

2

420

2

88416

1

46869

2

65351

2

106918

1

47060

3

418

0

54475

5

62517

3

65350

0

65379

5

92541

13

36977

1

20743

13

101924

13

65366

1

65358

13

43617

4

64242

3

65357

18

60869

4

55969

3

1472

18

100265

6

68677

4

100438

2

66765

6

100683

4

68667

2

21251

7

90889

5

103019

0

65363

7

68182

5

93797

0

103096

0

73315

30

68013

2

82382

30

70144

2

68691

2

85273

30

100861

2

297

2

31129

2

65345

2

100686

1

96548

10

68674

1

102482

10

49349

3

65348

2

65374

3

100253

2
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Appendix E

Production sequencing problem

min

P
P
X
X

copq ypq +

p=0 q=0,p6=q

s.t.

P
X

S
X

ai

(26)

i=1

ypq = 1

∀q ∈ P,

p 6= q

(27)

∀j ∈ S,

i 6= j

(28)

p=0
S X
M
X

xijm = 1

i=0 m=1
S
X

∀h ∈ S\{0},

xhjm = 0

i 6= j 6= h,

∀m ∈ M

(29)

j=0,j6=h

i=0,i6=h
S
X

S
X

xihm −

x0jm ≤ 1

∀m ∈ M

(30)

j=0,j6=0

aj ≥ ai + copij + pj − BM ∗ (1 −

M
X

xijm ) ∀i, j ∈ S\{0},

i 6= j

(31)

m=1
P
X

∀p ∈ P,

ypq = 1

p 6= q

(32)

q=0

zpq ≥ ypq

∀p, q ∈ P \{0},

p 6= q

(33)

zpq + zqp = 1

∀p, q ∈ P \{0},

p 6= q

(34)

zpq + yqp + zqr + zrp ≤ 1

∀p, q, r ∈ P \{0},

zpq = 1

∀q ∈ P \{0},

p 6= q 6= r

∀p ∈ precq

(35)
(36)

prec2p prec2q

X

X

∀p, q ∈ P \{0},

xijm <= ypq

p 6= q,

∀m ∈ M

(37)

i=1 j=1,j6=i

xijm ∈ {0, 1}

∀i, j ∈ S,

ai ≥ 0

∀i ∈ S

ypq ∈ {0, 1}

∀p, q ∈ P,

p 6= q

(40)

zpq ≥ 0

∀p, q ∈ P,

p 6= q

(41)
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i 6= j,

∀m ∈ M

(38)
(39)

