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This master’s thesis develops a mathematical model to determine safety stock and
inventory target levels in a realistic environment. In the selection of an appropriate formula
for the mathematical model, it was important that the formula is easy to understand and use
by the responsible inventory managers and unlike other academic approaches, does not
require additional resources or statistical IT tools. In the environment of a case company,
an appropriate model was developed which processes demand and lead time information
which were identified as main drivers of uncertainties a procurement department must deal
with in daily routines. In addition to the selected safety stock formula, the developed
mathematical model uses the support of academic literature about classification of
inventory items which delivers additional parameters suitable for inventory management
decision-making. The selected parameters support the development of an improved
understanding of the characteristics of stock keeping units. To connect the selected
additional parameters with the target of safety stock determination, clear definitions for
each parameter are defined and a scoring model was developed which determines the
appropriate safety stock factor that adjusts the safety stock levels for each investigated item
accordingly. As a result, realistic safety stock level suggestions are presented which
consider multiple inputs processed in the developed mathematical model and help
inventory managers to move forward to a more fact-based inventory decision-making
process.
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SYMBOLS AND ABBREVIATIONS

Roman characters

C Ordering cost per period

d Deviation of even from mean

f Frequency of event

F Annual holding cost (as a fraction of unit cost)
FR Fill rate

I(K) Service function magnitude factor

K Safety stock factor

n Number of time periods/ total observations
P Purchase cost of item

R Annual demand in units

R Average replenishment cycle

S Average daily sales/ demand

SS Safety stock

Y; Actual demand for period i

Y; Forecasted demand for period i

Greek characters

oc Combined safety stock required to consider both variability in lead time and
demand
Og Standard deviation of the replenishment cycle

O Standard deviation of daily sales/ daily demand



Abbreviations

BoM Bill of Materials

CH Chemicals

CW Calendar week

DA Direct Accessories

EOQ Economic order quantity
EPU Economic policy uncertainty
EUR Euro

Fl Fillers

KPI Key Performance Indicator
MAD Mean absolute deviation
MSE Mean square error

NR Natural Rubbers

PO Purchase order

RM Raw material

ROI Return of Investment

RQ Research question

R&D Research & Development
SKU Stock keeping unit

SP Synthetic Polymers

ST Studs

S&B Steel & Beads

TXT Textiles
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1 Introduction

In the world of business companies are forced to compete and to manage their resources
appropriately to support successful outcomes. Next to the economic factors which support a
company’s success, also the quality of products and high customer satisfaction are important
targets to increase the attractiveness of a company. Typically, a company must compete with
several other companies on a market which serves end customers with similar products for
the same purpose and therefore financial control becomes a necessary tool to remain
competitive and attractive to customers. Financial control is a key factor in successful
business management because the logic of the world of business is rather simple: If a
company is able to cover its total costs and achieve margins by its revenue, a company will
have the chance to continue its business and reinvest the money for further development. If
a company fails to make money, this company’s path may end in bankruptcy in the medium
or long term. The financial standings of a company are presented in the balance sheet which
gives a good indication of a company’s current situation. The balance sheet lists assets,
liabilities, and stockholders’ equity. The liabilities as well as the assets are partitioned into
long-term and short-term assets and liabilities, respectively. The balance sheet supports
quick analysis about a company’s finances and e.g., well-known, and worldwide accepted
measures like the calculation of working capital, the liquidity ratio analysis, or the key
performance indicator (KPI) return of investments (ROI) can be calculated by potential
investors or business analysts (Silver et al. 1998, 17). All of them are directly connected to
a company’s assets which highlights their importance. Especially, the short-term assets are
of interest for a company’s management as these assets can be released quicker and it is
easier to higher the liquidity. Further, current assets can be managed more directly by
management and follow the lead of a company’s overall philosophy (Silver et al. 1998, 16).
Next to cash and accounts receivables, inventory completes the list of current assets.
Inventory, defined as “stock on hand at a given time” (Tersine 1988, 3), represents the largest
single investments for most manufacturers and thus embodies a significant part of a
company’s assets (Stock, Lambert 2001, 188). Further, inventory ties up money and causes
opportunity costs for a company which can result in poor financial performance, reduced
reinvestments due to shortage of capital or limit a company’s expansion (Tersine 1988, 3;

Stock, Lambert 2001, 190-192). Additionally, inventory causes conflict of interests within a
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company between business areas (Tersine 1988, 18). Inventory management affects many
different areas of a company operationally and financially. Contrasts of interest which
emerge naturally make inventory management a crucial and very interesting field to
investigate and companies need to have a closer look at inventory specific theory.
Companies need to assure that the inventory management follows the interests of the entire
organization and realizes the maximum effect by the lowest financial expense which may
result in a competitive advantage against competitors on the market by lowering the costs
and increasing the profitability of the product sold (Eraslan, IC 2019, 683). Paradoxical to
the fact that inventory is one of the biggest investments for companies, in an optimal world
inventory would not be necessary. However, uncertainty of customer demand, supply chain
disruptions, forecasting issues or high customer expectations for immediate availability
require companies to invest in inventory. These varieties of factors which come from inside
and outside of an organization and which may influence inventory decisions make this field
a very interesting one to research. Even though the importance of inventory management has
been realized for long, reality shows that inventory management is often handled as a by-
product within an organization and decisions are made regularly on behalf of experience
rather than academic science. To support good decisions on inventory and generate potential
cost savings, this master’s thesis aims to find answers in the academic literature to develop
and suggest a mathematical model which supports the decision-making process for setting
up safety stock levels of inventory managers in the realistic environment of a case company,

and which can be used in the daily routine with the given resources.

The academic literature presents multiple concepts to optimize inventory management
decisions. The majority of reviewed literature agrees that lead time and demand information
and their variability play a significant role to determine appropriate safety stock levels. The
suggested concepts differ as different approaches lead naturally to various solutions. Eppen
and Martin (1988, 1384) found if parameters which are needed to calculate the appropriate
safety stock level are unknown that it is a reasonable method to determine the average
quantity and distribution of demand and lead time by using historical data sets. Molinder
(1997) researched the impacts of lead time variability, demand variability, and the ratio of
stockout cost and inventory holding cost suggesting that safety stocks and safety lead times

should be compared in their efficiency to protect a company from stockouts. Also, van
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Kampen (2010) compared safety stocks with safety lead times as buffer against uncertainty
and simulated different scenarios in which lead time and/or demand variability changed and
found that safety stocks show better results when demand information are unreliable whereas
safety lead time is the better fit for scenarios with high lead time variation. Daellert and
Jeunet (2005) suggested that a dynamic approach for safety stock calculations generates
more beneficial results than static ones as safety stock levels get reviewed in routine and
thus management responses regularly on environmental changes in demand or lead time.
Persona et al. (2007, 153-155) introduced the safety stock factor K to determine the service
level for customers and in line with Molinder (1997, 993) added a ratio of stockout cost and
inventory holding cost to their model to influence the final quantity suggested for safety
stock. They found that if stockout costs become more important to an organization than
inventory holding cost, the readiness of inventory managers to stock more stock keeping
units (SKU) increases which leads to higher service levels. Workman and Scheidler (2009,
6) segregated their safety stock calculation into three different categories which allowed
them to clarify which factors causes most safety stock. Safety stock levels for demand
information, lead time information, and strategic decision are calculated and aggregated.
While the safety stocks for demand and lead time information are based on their average
quantities and variability, the strategical safety stock leaves space for management decisions
which directly influence the quantity of safety stock. Ruiz-Torres and Mahmoodi (2010,
2844) suggested a joint probability model to determine the safety stock levels. Also, in their
model demand and lead time information are used as input and safety stock levels are
suggested on behalf of probabilities for different scenarios and combinations of demand and
lead time quantities and variabilities. While most of the academic literature focuses on a
single situation and narrow down the issue of safety stock determination, Graves and
Willems (2000) focused on the entire supply chain and developed a framework for
determining safety stocks along the supply chain in which all supply chain actors influence
each other. Instead of making safety stock levels separately, it is suggested that supply chain

members should collaborate and fix guaranteed service times to avoid unnecessary stocks.

Most of the academic literature which provides safety stock models suggest highly academic
approaches which partly require a lot of resources. Some require a brilliant understanding of

statistical IT tools; others require time-consuming preparation to generate the necessary data
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sets which are needed to apply the model. In reality, the available resources of a company
are fixed, and additional sources are hard to justify when it is about inventory management
improvements. Thus, the development and usage of a mathematical model needs to be easy
to understand and use. This master’s thesis which was developed in collaboration with a
global acting tyre manufacturer based in Finland will focus on the circumstances a usual
procurement department needs to work with and develops a mathematical model which will
help the inventory managers of the case company to make decisions based on mathematical
suggestions rather than individual experience or feelings. Thus, it is the main target of this
master’s thesis to develop a mathematical model for safety stock determination which shows
results close to reality by using simple mathematical tools which can be understood and used
by all employees easily. This leads to the main research question (RQ) of the master’s thesis

which is shown below:

RQ1: What method can be used in a realistic business environment with limited
resources to reach inventory improvement by the help of safety stock

determination?

In addition to the academic theory about safety stock control this master’s thesis will focus
on additional parameters suggested by the academic literature about classification of SKUs.
Some of these additional parameters might be helpful to improve the sensibility of the
mathematical model towards environmental factors and help to individualize safety stock
results for the case company. The target is to add several additional information about SKUs.
The objective to develop a further understanding about the characteristics of the SKU which
helps to individualize safety stock suggestions emerges out of this additional focus. Further,
this master’s thesis also investigates which of these parameters are more important to a
company’s procurement department. This approach leads to the sub research questions

which are stated below:

RQ2: What parameters are useful to use to determine the safety stock levels

correctly?
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RQ3: What are the parameters/information which influence management decisions

in the definition of the safety stock factor the most?

The additional input from academic literature about the classification of items shall support
the mathematical approach chosen in this master’s thesis. The objectives of the master’s
thesis are an improved understanding of SKU characteristics which leads to results close to
the given realistic circumstances, the achievement of concrete inputs about consumption and
lead time of SKUs and the chosen additional parameters, as well as developing the
understanding which parameters are most important to procurement management when
safety stock calculations are performed. The theoretical framework of this master’s thesis is
presented below in figure 1. A general understanding about inventory management and its
roles and challenges will be the basis for the empirical studies in which an appropriate safety
stock determination method will be identified. The main target of the selection of an
appropriate method is that the mathematical method will be easy to understand and use and
does not require too many additional resources in the future. In addition to the mathematical
model chosen the theory of classification of inventory items will help to determine the

correct safety stock levels.

Inventory management

Identifying safety stock

Classification of SKUs
method

Development of
mathematical model for
case company

Figure 1. Theoretical framework of master’s thesis (Source: own illustration)
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The results of this master’s thesis show that a combination of a simple mathematical model
for safety stock determination with parameters suggested by academic literature about the
classification of SKUs eventuate in good results which can serve the inventory managers as
an excellent input in their safety stock decision-making process. Due to the usage of
additional parameter information, the achieved safety stock suggestions show a close
orientation on the realistic environment of the case company. Also, the preparation of these
parameters used as additional input is simple and can be performed by all inventory
managers and does not require additional resources in procurement. Further, procurement
management indicates that there are differences in the importance of parameters which

follow the logic of internal controllability.

This master’s thesis was accomplished in collaboration with the raw material procurement
department of a Finnish tyre manufacturer. The initiative for this master’s thesis project was
undertaken by the case company. The research for this master’s thesis is supported by
qualitative and quantitative methods. The collaboration with a case company leads to certain
limitations of the paper. The master’s thesis is a single case study in an environment given
by the case company. The research was situated in the raw material procurement department
of the case company which also defines the taken perspective of the master’s thesis being a
buyer of raw materials which deals with suppliers worldwide to secure smooth operations of
the production lines in the case company’s facilities. The focus of this master’s thesis is on
developing a mathematical model which defines close to reality safety stock suggestions.
Other solutions than safety stock to secure the raw material availability for the production
lines are mentioned in the literature review but not taken in consideration in the empirical
part. The financial improvements which may result out of the suggested safety stock
quantities will be mentioned in the literature review but not discussed in detail in the

discussion and conclusions chapter of this master’s thesis.

This master’s thesis continues with a literature review of relevant academic literature in the
following chapter. Afterwards, the research methodology and data collection are presented,

and the empirical part explains how qualitative and quantitative inputs were identified and
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processed. After the presentation of the final results, this master’s thesis discusses about the
developed mathematical model, its findings, and its similarities and deviations to current
academic literature. In the conclusions the research and achievements of this master’s thesis
are summarized, the limitations of this master’s thesis’ approach are listed, and suggestions

for further research are provided.
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2 Literature Review

In this chapter of the master’s thesis a review of the relevant academic literature is provided.
Mathematical formulas to calculate safety stock levels, fill rates and the economic order
quantity (EOQ) are presented. Also, the classification of SKUs and alternatives to safety
stock methods are discussed to provide the reader with an overall overview of the topic.

2.1 Definition of inventory and its roles

In the academic literature inventory management is widely discussed and viewed from
multiple perspectives. One reason for the wide research on inventory related issues is the
high relevance of material costs to the total costs of the final product a company sells on the
market to the end customers (Tersine 1988, 2). Talking about a company’s inventory,
Tersine’s definition of inventory is widely accepted. He defined it as "stock on hand at a
given time (a tangible asset which can be seen, weighed, and counted)" (Tersine 1988, 3).
According to Stock and Lambert (2001, 188) inventory is a company’s largest investment in
assets. The importance of inventory to companies is visible in a company’s balance sheet in
which inventory is listed separately in the section of current assets. Current assets in
combination with fixed assets and net sales directly influence the asset turnover which is an
important input for the calculation of KPIs which are worldwide standards such as RONA
and ROI. A negative impact on these quick-analysis KPIs can lead to a decreased shareholder
value (Silver et al. 1998, 17). Thus, the investment in inventory can directly influence the
analysis if a company is more profitable or competitive than its competitors. Inventory
consists raw materials, semi-manufactured goods during production, and final goods
(Aktepe et al. 2018, 49). Even though inventory is usually not in direct contact with the end
customer of a manufacturing company, inventory is crucial when it’s about availability
towards them as it guarantees smooth material availability for the internal production lines
(Stock, Lambert 2001, 188; Aktepe et al. 2018, 50). When production lines can be operated

smoothly, final goods can be stocked for customer requests and customer satisfaction is high.
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Material which is stocked is defined as stock-keeping units (SKU). Silver et al. (1998, 27)
listed attributes of SKU which define the needs of SKUs. SKUs can differ in its cost, weight,
volume, physical forms which influence the way how SKUs can be stored. Some SKUs also
show shelf-life limitations due to the perishability of some material ingredients; others need
to be stored in e.g., regulated temperature. SKUs can be substituted with each other; some
cannot be stored at same storage location due to safety regulations. Also, the demand,
delivery time, or the worldwide availability can differ significantly and need to be considered

in the inventory management of companies.

The main purpose of inventory management is to secure a company’s goals and objectives
as inventory influences costs directly and revenue indirectly (Tersine 1988, 20). As already
described inventory also plays a significant role in availability. Tersine (1988, 6-7) defined
four functional factors of inventory which are time, discontinuity, uncertainty, and economy.
By time it’s meant that inventory enables a company to produce final goods before
customer’s demand appears which reduces the total lead time of products towards the
customer. Also, seasonal demand variations can be covered (Stock, Lambert 2001, 235).
Further, inventory creates individual freedom while planning the production schedule. Due
to stocked items, the supply chain between supplier and manufacturing company
discontinues and production can be scheduled independently. Stock and Lambert (2001, 232)
talk about a buffer between supplier and manufacturer which is nowadays necessary as
transportation times are longer due to globalization and the geographical separation. The
next factor called uncertainty protects companies from unforeseen events, natural disasters,
economic crisis, pandemics, or simply delays of suppliers or shortages of materials. The
economy factor of inventory mentioned by Tersine (1988, 7) enables companies to order
materials in its economic quantities or perform bulk purchases with discounts. Stock and
Lambert (2001, 228) agree and mention the possibility to use the economics of scale while
purchasing or transporting materials in high numbers to reduce the price per unit. Stock and
Lambert (2001, 229) continued the list of Tersine (1988, 6-7) and added a fifth functional
factor called specialization. A manufacturing company with several plants can specialize its
production lines to a limited number of final goods which shall reduce the cost of production.
By the help of a mixed warehouse which is delivered by all specialized plants, customer

orders for all final good can be fulfilled.
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2.2 Financial aspects of inventory and turnover ratio

Next to the functional factors of inventory, it also shows financial impact on a company.
Money which is invested in inventory items is tied up and cannot be used for other purposes.
This creates opportunity costs for inventory investments which need to be considered before
investing (Tersine 1988, 22; Kroes, Manikas 2018, 133) and need to compete internally with
other investment opportunities (Stock, Lambert 2001, 188). Capkun et al. (2009, 797) which
analysed the financial impact of different inventories categories on US companies’ financial
performance between 1980-2005 found that inventory performance is positively correlated
with a company’s financial performance throughout the entire manufacturing industries,
especially raw material inventory shows a significant impact on financial statements due to
its high possibilities of economics of scale, quality problems, demand and supply deviations,
and obsolescence (Capkun et al. 2009, 797). Further, SKUs cause running inventory holding
cost which origin from the operation of a warehouse, material handling, special requirements
for storing materials, damage, theft, obsolescence, insurance, and taxes (Silver et al. 1998,
45). Thereby most holding cost are not directly connected to the SKU’s material cost and
emerge regardless the item’s value (Muller 2011, 2). Even though, these holding costs are
an important indicator for the cost structure of inventory management and represent one of
the highest costs of internal logistics which are approx. 12-35% of the total inventory value,
there is only a small number of companies which know these costs by the exact amount
(Stock, Lambert 2001, 193-194). According to Silver et al. (1998, 45) inventory is a low-
risk investment as it can be transformed into cash easily. However, Tersine (1988, 22) argues
that poor control of inventory can lead to negative cash flow, ties up large amount of capital
which may prevent other necessary investments. An often-used way to control the quality of
inventory management is the measurement of the inventory turnover ratio which indicates

how often the inventory is consumed in a defined period.

The inventory turnover ratio is defined as: (Tersine 1988, 23))

costs of goods sold

inventory turnover =

1)

inventory
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where costs of goods sold applies to one defined period of time which is usually a 12-months

period, and inventory indicates the total value of inventory at a given time
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Figure 2. Relationships between inventory turnover ratio and inventory holding costs
(Source: Stock, Lambert (2001), p. 214)

The analysis of Capkun et al. (2009, 802) proves that an increase of the inventory turnover
ratio usually results in better financial performance in most industries. Especially in
manufacturing companies which produce goods with relatively short product lifetime the
positive effects are clearly visible. To achieve this, Capkun et al. (2009, 793) and Ancarani
et al. (2013, 64) recommend good buyer-supplier relationship building especially for raw
material inventories to limit supply chain risks and higher reliability to establish smooth
material flow. However, the inventory turnover ratio only focuses on the financial aspect of
inventory and does not give any indication about the quality of a company’s inventory
management as it does not consider material availability rates, quantity discounts in
purchasing, or customer service levels (Tersine 1988, 24). Also, Stock and Lambert (2001,

213-214) value the financial aspects of this measurement as an increase of the inventory
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turnover ratio equals a reduction in inventory holding costs per unit but recommend a
maximum turnover ratio of 8.0 to secure the financial benefits of higher inventory turnover
ratio in comparison with rising logistics and order processing costs which might reverse the
improved cost situation rapidly if processes within the inventory management are not
sufficient. This linkage between increasing inventory turnover ratio and resulting increased
logistics and order processing costs lead to a graph as illustrated in figure 2. The higher the
ratio of inventory turnover ratio becomes, the smaller the additional benefits for the company

due to the additional logistical workload.

2.3 Challenges of inventory management

In the past inventory management decisions were an isolated decision of a single company
which anticipated its environment in simple ways. This regularly caused misjudgement of
supply and demand which did not only harm the company’s profitability but also even
effected the economic growth levels causing recessions, growth booms and inflations. (Pesek
1997). Nowadays, companies know better and realize that decisions on inventory
management are not isolated. These decisions are usually in the responsibility of company’s
procurement department. The management of inventory is complex as many parameters
must be considered by the responsible managers and inventory shows big impacts on other
areas of an organization (Silver et al. 1998, 17). Due to the rising complexity in the decision-
making process which is caused by multiple factors such as production and distribution
systems, expanding product families, uncertainty over demand, Eraslan, iC (2019, 683)
suggest establishing an appropriate inventory management policy to increase material
availability, production utilization, and profitability. Further, Thiel et al. (2010, 305)
highlighted that inventory record inaccuracy needs to be avoided as it may lead on to rising
complexity and problems in the decision-making process of the inventory manager. Also,
Khader et al. (2014, 5055) noticed that academic theory mostly assumes that there are no
errors in the informational system used by a company, however, if errors in inventory
information appear this may have direct impact on a company’s profitability due to
unexpected stockout situations or due to overstock situations. Due to differences in interest,
a natural conflict exists between marketing, production, purchasing, finance, and

engineering (Tersine 1988, 18). Inventory management not only affects several business
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areas, also the decision-making about the location of warehouses might be affected due to
variations in demand or supply or other uncertainties (Schuster Puga, Tancrez 2017, 413).
Further, continuous cost challenges lead to outsourcing or higher specialization rates and
result in an increased dependence on suppliers (Ancarani et al. 2013, 61). Steckel et al. (2004,
459) who watched the challenges of inventory management on a supply chain level noticed
that the cycle time between the company is essential to the question how much inventory
each company needs to stock. During the attend of improving a company’s inventory
management, clear communication is required as human factor plays a significant role in
inventory management improvement along the supply chain. Corbett (2001, 497) and de
Vries (2013, 234) highlighted the importance of communication. Information asymmetry or
the ignorance of important information result in inefficiency and may decrease the overall
performance of the supply chain (Corbett 2001, 497), de Vries (2013, 234) continued and
mentioned that the information needs to be “accurate, complete, relevant and timely” (de
Vries 2013, 234) to assure that the desired outcomes occur. To facilitate the inventory
management along a supply chain, Graves and Willems (2000) recommend using a top-down
approach. Tersine (1988, 8) classified inventory problems in five different categories -
repetitiveness of inventory decisions, supply sources, knowledge of demand, knowledge of
lead time, and inventory system in use. Altogether, Tersine’s classifications cover all
important questions a responsible manager needs to cover while making decision. What do
I need to order? From which supplier? How much and how often? Where is the order needed?
How do | order the required materials? What capabilities does my inventory system need?
Ancarani et al. (2013) researched the human factor in the decision-making process which is
crucial as a manager’s action faced with supply chain uncertainties highly depends on
individual attributes and the availability of risk information at the time a new order is
released. They found that a natural reaction towards uncertainty is pessimism which leads to
an overestimation of material need. Inventory is associated with security and helps to protect
against uncertainties and stockout situations. Due to the rising complexity of inventory
management and the uncertainties which may appear by time, Sterman (1989) described
inventory management as a highly dynamic process in which the inventory manager tries to
keep a certain level of stocks to protect the company from stockout situations. This balancing
act is an interaction between inflow and outflow of material which is constantly changing
and in which the control actions set by inventory management and their effects usually lack
behind the current circumstances given by the environment. Thus, without additional
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statistical models it is likely that inventory management becomes inefficient and costly.
Tersine (1988, 40) noticed that besides all statistical models available to indicate the demand
or order quantity, and/or safety stock levels, the decision-making process is a combination
of quantitative (statistical) and qualitative (judgemental) parameters. The latter one includes
expertise of experts and individual feelings. Silver et al. (1998, 256) agrees and highlighted
the importance of interference of the model user to guarantee that also factors which are not
included in the statistical model can be reflected before making decisions. Another problem
which comes with inventory management is the effect of cost stickiness related to inventory
researched by Kroes, Manikas (2018). The term cost stickiness describes the situation when
revenue decreases, but variable costs or assets do not decrease with the same speed but
increases rapidly once revenue increases. According to Kroes, Manikas (2018, 132) this is
likely to happen with inventory as additional costs for stock adjustments appear (scrapping
costs, handling costs, etc.) and might be higher than keeping the SKUs on stock.
Additionally, aligned with the findings of Ancarani et al. (2013), uncertainty about the future
demand might lead managers to the decision to keep SKUs as security buffer. Another reason
might be the lack of agility of a company to react quickly to environmental changes.
Regardless of the reasoning, cost stickiness in inventory management negatively affects

internal and external performances.

Following the real-world, inventory management needs to consider uncertainties. When
inventory parameters are assumed to be stochastic, inventory management becomes more
challenging for an organization (Tiacci, Saetta 2009, 64). According to Hangerliogullar: et
al. (2016, 682) there are three different categories of uncertainty — supply uncertainty,
process uncertainty, and demand uncertainty. Supply uncertainty origins from the
performance of suppliers and includes lead time variation. Process uncertainties include e.g.,
failure rates of production. Bag et al. (2009) and Paul et al. (2014) list imperfect production
and the resulting amount of defect items as a threat to inventory management which needs
to be considered. Demand uncertainty describes all circumstances which affect customer
demand and is one of the main reasons for companies to keep inventory to avoid disruption.
The term of demand splits into two separate definitions which explain how demand is
influenced and behaves. Independent demand is influenced by external factors of the market

which can vary a lot, dependent demand occurs if one SKUs demand depends on the demand



24

of another SKU (e.g., raw material depends on demand of final goods) (Muller 2011, 131).
Altay et al. (2012) talk about cross-correlations between different SKUs which can influence
the accuracy of demand forecasts as demand on SKUs is not always independent and lead
on to wrong assumptions about the inventory levels needed. Huang et al. (2016, 510) add
that also the introduction of new products can lead to demand uncertainties of the new but
also of the old products as the market entry and sales development of the new product can
be only estimated. However, as markets usually develop rapidly and new technologies arise
constantly, the entry of new products which may be close to existing products is a necessity
to company to attract a wide range of customers and thereby increase the total market share
(Zhang et al. 2018, 56). Paul and Rahman (2018, 4377) mentioned that companies regularly
face disruptions in their supply chain which may result in financial loss, loss of reputation,
productivity reduction, or reduction in revenue. According to the last Supply Chain
Resilience Report of the Business Continuity Institute (2019) which was not heavily affected
by the on-going pandemic crisis three out of four companies faced at least one disruption
within the last twelve months (25.6 % of the companies did not have any disruption between
January and December 2018). Even 10.0% of the companies surveyed mentioned to
experience six or more disruptions in the same period. Almost half of the disruptions (48.9%)
occurred with a direct supplier in tier 1 which highlights the importance of good buyer-
supplier relationship mentioned by Capkun et al. (2009, 793) and Ancarani et al. (2013, 64).
The most common reasons for the disruption were unexpected IT issues, adverse weather,
and cyber-attacks which resulted in consequences mentioned by Paul and Rahman (2018,
4377). 16.9% of the companies which experienced disruptions in 2018 lost more than 500
million euros. One reason for this is that customers are used to short delivery times and if
disruptions or stockout situations occur, customers may easily switch to another company
which offer a similar product or reduce their order quantity (Stock, Lambert 2001, 103).
Another cost-adding effect of stockouts is the increase of backorders which occurs when
stockouts need to be remedied by additional orders which were not planned before (Tersine
1988, 187). Paul and Rahman (2018, 4391) investigated the interaction between total cost,
safety stock cost, and backorder costs and demonstrated that stockout situations have the
worst impact on a company’s financial performance. Especially in case of raw material
inventory management Tersine (1988, 5) mentioned that stockouts may cause
extraordinarily high cost due to the directly linkage between material availability and a
company’s production. According to Paul and Rahman (2018, 4388) total costs even
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decreased with rising holding costs for higher safety stock levels because stockout situations
were able to be avoided in their simulation tool which indicates that safety stock is a proper
risk mitigation strategy (Ancarani et al. 2013, 64; Glock, Ries 2013, 43) to secure service
level performance and avoid unnecessary costs (Stock, Lambert 2001, 212-213). Also, Glock
and Ries (2013, 43) highlighted the rising robustness factor of inventory towards
uncertainties when safety stock levels increase and increased customers’ standards require
an increase in safety stock levels to fulfil the demand of customers immediately to avoid loss
in sales (Muckstadt, Spara 2010, 118). Persona et al. (2007, 154) agree on this and weight
the meaning of stockout cost avoidance higher than an increase in holding costs in their
analysis. Further, they even defined a ratio between holding costs and stockout costs to
determine the safety stock factor in their calculations. The lower the ratio value, the higher
the safety stock factor can be. Nevertheless, safety stock causes major costs for companies
which needs to be minimized by appropriate inventory management (Workman, Scheidler
2009, 4). The investments needed for safety stock items highly depend on the price per unit
and the general demand quantities needed. According to Jonsson and Mattsson (2019, 668)
items with high demand and multiple customers show lower demand variation and therefore
do not require a lot of additional safety stock whereas items with low demand and less
customer groups are tougher to estimate and tend to have higher costs which indicates that
the classification of SKUs by the help of an ABC analysis can have a positive impact on
safety stock levels as well (Stock, Lambert 2001, 256-258). Also, the higher the percentage
of the desired service level shall be, the higher the total inventory investments will be. Even
though Gebennini et al. (2009) generally noticed that reaching higher service levels naturally
requires higher safety stock levels and information about the demand, they add that the
decision about the best possible storage location can limit the safety stock needed to achieve
the required service level. Stock and Lambert (2001, 252) noticed that many companies try
to reach higher service levels by simply adding safety stock as these companies are not fully
aware of the holding costs which can result in exponential increase of inventory costs as

illustrated in figure 3.
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Figure 3. Relationship between inventory investment and customer service levels (Source:
Stock, Lambert (2001), p. 253)

The dashed line in figure 3 shows the possible cost improvement while reaching the same
service levels for customers by using appropriate methods to determine safety stock levels.
Regarding different storage locations, Aviv and Federgruen (2001) mentioned that with
increasing complexity of global inventory locations with limited capacity, the decision of
inventory investments become much more complex, and decisions need to be made carefully
to not overestimate inventory level. Further, Schuster Puga and Tancrez (2017, 419-422)
investigated the behavior of safety stock levels at retailers in different location when it comes
to demand variation and noticed that safety stock levels are like to rise if uncertainties
increase. Also, Dbouk et al. (2020) who investigated the inventory behavior during economic
policy uncertainty (EPU) on about 6,500 US manufacturing companies concluded that
inventory levels are likely to rise whenever EPUs occur. Furthermore, the increase of
inventory levels effects all previously described types of inventories and it showed effects
on the working capital of the companies which might led on to an increase of credits and
payables. Also, the expectation of high numbers of sales results in an increase of these
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inventories which has a positive effect on material availability towards customers. However,
as inventory holding cost rise as well, the safety stock levels must be kept on a minimum but
on a sufficient level to avoid any stockout situations which result in high costs (Thomopoulos
2015, 149; Yadollahi et al. 2017, 369; Urlu, Erkip 2020, 395).

2.4 Classification of stock keeping units

After discussing the functionalities and risks of inventory management, solutions need to be
found for procurement to simplify the complexity of inventory management which support
procurement managers to keep an overview of materials. In most companies, procurement
needs to manage a large number of material items and makes decisions for each of them to
control and limit the investments in inventory and guarantee material availability at any time.
This balancing act is not easy to accomplish and requires tools and supporting methods to
help inventory managers in their decision-making process (Teunter et al. 2010, 344). One
way to keep an overview of material items is the usage of an ABC analysis by narrowing
down thousands of material items into three different groups (Ramanathan 2006, 695;
Boylan et al. 2008, 473). Material items are classified as A items (very important), B items
(moderately important), and C items (relatively unimportant). In the classical ABC analysis
annual spend, unit cost, and lead time are considered for inventory classification (Rezaei,
Dowlatshahi 2010, 7107; Hatefi et al. 2014, 776; Fu et al. 2016, 969). However, Ramanathan
(2006, 696), Ng (2007, 345), Rezaei, Dowlatshahi (2010, 7107), and Torabi et al. (2012,
530) agree that the criteria which need to be used in the ABC analysis depend on the focus
of the organization and its environment and multiple criteria shall be used to receive good
classification results which represent the realistic environment of the company. Academic
research about ABC analysis suggests multiple ABC analysis approaches and the amount of
criteria suggested in the academic literature gives an indication of how versatile ABC
analysis can be and how complex it can get (inventory cost, part criticality, lead time,
commonality, obsolescence, substitutability, number of requests for the item in a year,
scarcity, durability, repairability, order size requirement, stockability, demand distribution,
and stockout penalty cost (Ramanathan 2006, 696), cost minimization, demand correlation
maximization, inventory turnover ratio maximization (Tsai, Yeh 2008, 656), availability,

impact of stockouts, (Rezaei, Dowlatshahi 2010, 7107), certainty of supply, costs of review
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and replenishment, design and manufacturing process technology (Teunter et al. 2010, 344)).
Eraslan, iC (2019) who compared applicable ABC analysis noticed that the classic approach
iIs no longer sufficient to use as more criteria need to be added to reach a satisfying
classification in practice. However, most of the criteria listed above are considered to be time
consuming in their analysis which might not be possible to perform in real world scenarios.
Thus, Ng (2007, 345) and Torabi et al (2012, 533) suggest limiting the number of criteria.
Further, some approaches suggested by the academic literature to classify SKUs need
additional statistical programs which perform complex calculations e.g., the model
suggested by Tsai and Yeh (2008) which is based on swarm optimization technology and
compares the criteria values of one SKU with the criteria values of other SKUs to gather a
group of SKUs which show similar attributes according to their criteria values and to classify
them accordingly. Rezaei and Dowlatshahi (2010, 7112) suggested a fuzzy rule-based
classification model in which simple IF-THEN rules are developed by the help of expert’s
expertise and experience. Compared to the approach of Tsai and Yeh (2008) this approach
does not require additional statistical tools and can be used more easily. Ramanathan (2006,
697) suggested a data envelopment analysis method which ranks SKUs based on their
achieved scores. For each criterion a predefined score list is introduced which results in a
final score for all SKUs of the company. Thereby all investigated criteria are weighted
according to their relevance towards the company’s inventory management to add
subjectivity into the classification of items. Also, Ng (2007) who used an analytic hierarchic
process adds subjectivity by allowing the users to rank the importance of criteria according
to their input. The classification model of Teunter et al. (2010, 344) takes the criticality of
SKUs towards an organization into consideration and respects the input of management
about the service level targets for each SKUs before classifying. In contrast to Ramanathan
(2006), Ng (2007), and Teunter et al. (2010) which all accept subjectivity as a valid input
for item classification, Hatefi et al. (2014, 779) and Fu et al. (2016, 970) eliminate the
subjectivity factor to avoid unrealistic inputs and discriminating power among SKUs. In both
approaches of Hatefi et al. (2014) and Fu et al. (2016) the suggested classification method
itself ensures that all criteria in use do not experience unrealistic subjectivity of experts
which might lead on to an excessive ranking of criteria. However, in their comparison of
classification methods, Eraslan, iC (2019, 695) found adding subjectivity as beneficial.
Inventory managers as experts in their field should select suitable criteria and weight them
by an importance factor to receive results which are closer to the specific needs of the
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company. Additionally, the expertise of responsible managers is used and becomes one

criterion itself which is easy to establish.

2.5 Importance of demand forecasts and forecast error determination

No matter which methods are chosen by a company to control and overview its inventory
management, inventory tools rely strongly on a robust and reliable forecast of demand to
predict the future (Tiacci, Saetta 2009, 63; Barrow, Kourentzes 2016, 24). According to
Tersine (1988, 186) and Ancarani et al. (2013, 70) inventory management is not the ultimate
answer to cover all uncertainties but is still one of the most important risk mitigation tools
companies must use to avoid stockout situations which interrupt the material flow or lead to
unsatisfied end customers. Watching the formulas which help to calculate the EOQ or safety
stock, one can notice that demand information is always part of the calculation to estimate
the required quantities. This affects customer service levels and defines inventory
investments (Silver et al. 1998, 74). However, forecasting demand accurately is one of the
main challenges for an organization. Inaccuracy in demand forecasting can either lead to
overstock situation in which the chosen safety stock was too high (Schoenmeyr, Graves
2009, 658) or stockouts in which the safety stock was too low, both situations are not
desirable (Beutel, Minner 2012, 637). Further, an inaccurate forecast may cause nervousness
along the supply chain as stockouts may occur and lead on to additional actions to adjust the
current situation on a short notice (Dolgui, Prodhon 2007, 272-273). Silver et al. (1998, 74)
and Stock and Lambert (2001, 260) agree that the only certainty which is given in any
forecasting model used by a company is that the forecast will not be 100% correct.
Environmental factors and the development of the general business cycle influence forecast
accuracy on a macro level, while any kind of unpredictable supply chain interruption and the
mathematical calculation tool which specifies values for its parameter influence it on a micro
level (Tersine 1988, 186, 189; Silver et al. 1998, 74-75). The goal is to keep the accuracy on
the highest level possible. Persona et al. (2007, 148) suggested to manufacturing companies
to use the information of bill of materials (BoM) to develop a reliable forecast to avoid
stockouts. The more accurate a forecasting model can calculate the future demand, the less
money in inventory a company will need to invest due to the positive effects on safety stock

levels calculated (Bahroun, Belgacem 2019, 64). However, forecasting results can only be
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seen as a good prediction for future demand (Ancarani et al. 2013) and forecast errors should
be tracked routinely by the help of mean absolute deviation (MAD), mean square error
(MSE) or bias to monitor the error rate which should help the organization to keep it at a
minimum (Tiacci, Saetta 2009, 63; Schoenmeyr, Graves 2009, 658). MAD and MSE are
similar tools to determine the error, but MSE penalized larger errors stronger than smaller

one whereas MAD penalizes each error equally (Tersine 1988, 43).

MAD, MSE and bias are defined as: (Tersine 1988, 44-45)
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bias = M (4)

n
where ¥; = forecasted demand for period i, Y; = actual demand for period i, and n = number

of time periods

One regularly used approach to forecast the future demand is to consider the demand of the
past and trends which apply for the future. Tersine (1988, 41) calls it time series analysis,
Silver et al (1998, 82) name it a statistical forecast in which past information give an
indication on how demand in the future will continue. According to Silver et al (1998, 77)
it’s a reasonable approach when most of the demand comes from external customers. Tersine
(1988, 41-42) mentions five components which are essential for forecasting — level, trend,
seasonal, cyclic, random. Once identified how demand develops, the right forecasting
method can be chosen. Also, the forecast length plays a significant role in the accuracy of
demand forecasts. Dellaert and Jeunet (2005, 752) found that the longer a forecasting
window is, the less accurate it will be and will affect the cost performance of a company.
Overall, the forecast procedure must result in a benefit for the company (Tersine 1988, 38)
and total costs for it should be kept on a minimum and must not exceed the cost of operating
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the forecast and the cost of the resulting forecast errors. Additionally, human involvement
which helps to interpretate and adjust the statistical results are important (Silver et al. 1998,
75). Barrow and Kourentzes (2016, 24) suggested combining multiple forecasting methods

to reach optimal results and limit the quantity of safety stocks in the long run.

2.6 Economic order quantity

One way to prevent overstock situations which result in additional undesired costs is the
optimization of the order quantity which results in a control of the general inventory target
level. Academic researchers have developed numerous mathematical methods to calculate
the optimal order quantity of which some are standard today (Hangerliogullar1 et al. 2016,
681). However, Silver et al. (1998, 50) noted that on many occasions it is more useful to
perform a problem diagnosis considering behavioural and political circumstances than to use
complicated mathematical models to determine the most accurate order quantity. Instead,
they suggest using the basic EOQ formula to reach a value for orientation. Even though the
classic EOQ formula is made for deterministic environments in which all parameters need
to be certainly known (Tersine 1988, 94; Stock, Lambert 2001, 237-238) and it considers
only financial aspects of the order quantity (Silver et al. 1998, 168), its simplicity makes it
possible to install it as a routine tool in every company’s inventory management and the
penalties compared to other more complex formulas which give slightly better results are
small considering the additional effort and resources needed to achieve higher accuracy. The
cost of data collection is rather low for the EOQ formula and adjusting the EOQ value by
inventory managers in a following step is usually more beneficial than optimizing the EOQ
formula as such. Especially technical issues such as storage capacity limitation, minimum
order quantities and bulk discounts from suppliers, or shelf-life limitations should be
considered by inventory managers and adjustments to the suggested EOQ should be made.
(Silver etal. 1998, 168-169). Further, Tersine (1988, 95) and Stock and Lambert (2001, 100)
added that also the number of back orders, defined as additional orders needed to fulfil
demand on short notice, should be monitored to receive feedback about the performance of

the initial inventory management settings.
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The EOQ formula is defined as: (Tersine 1988, 93)

EOQ = |-+ (5)

where C = ordering cost per period, R = annual demand in units, P = purchase cost of item,

and F = annual holding cost (as a fraction of unit cost)
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Figure 4. EOQ - total cost development regarding order quantity (Source: own illustration)

In addition to the advantages the installation of the classic EOQ formula model brings,
Tersine (1988, 114-116) performed a sensitivity report which detected that the effect of
errors of R, C and F on the EOQ formula is rather low in respect to total variable costs if
only one out of the three parameters show a significant error. Stock and Lambert (2001, 239)
support the assumption of insensitivity of the EOQ formula to small errors by mentioning
the flat curve of the total cost (TC), illustrated in figure 4. The TC development results out
of the ordering costs (OC) and holding costs (HC). Ordering small quantities reduces HC
but increases OC and vice versa (Stock, Lambert 2001, 241). As discussed, the TC curve is
relatively flat around its minimum point which represents the EOQ and makes small

adjustments or errors tolerable.
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2.7 Safety Stock

Unlike in the deterministic theory, safety stock is needed in a stochastic real-world
environment (Dellaert, Jeunet 2005, 757). The implementation of safety stock levels shows
two effects — first, it provides additional protection against stockout situations which as
previously discussed may results in very high extra cost, second holding costs continue to
rise and may have negative effects on a company’s performance (Dolgui, Prodhon 2007,
271). Thus, the determination of safety stock levels needs to consider both and provide
additional safety with a minimum of costs. The safety stock level shall cover the variation
of demand, lead time of suppliers, and the combination of both as demonstrated in figure 5
below (Stock, Lambert 2001, 233; van Kampen et al. 2010, 7465; Bahroun, Belgacem 2019,
64; Jason et al. 2019). Demand variation may be caused by differences of volume, changing
mix of product types ordered by end customers, or changes in the production schedule (van
Kampen et al. 2010, 7465). Latter one was researched by Yano and Carlson (1987, 230) who
found that flexible scheduling of production processes may cause major trouble for safety
stock determination and service level achievement. Consequently, companies which have
flexibility in their production setups shall do changes with care to avoid stockout situations
and verify if the current safety stock levels are appropriate for the indicated changes in
production. The term lead time includes the order time of inventory management, order
transit time to supplier, order fulfilment time of supplier, transportation, and warehouse
handling time until the unit is available (Silver et al. 1998, 48). Additionally, safety stock
provides protection against forecast inaccuracy and production delays. According to
Chaturvedi and Martinez-de-Albéniz (2016, 77) also limitations in production capacity lead
on to the necessity of safety stock. Capacity is necessary to respond to demand variation of
end customers but with limited capacity the degree of adjustments on a short notice is small.
In contrast, additional capacity can also prevent the need of huge amount of safety stocks.
Huang et al. (2016) compared adding safety stock quantities with increasing the capacity of
production. As a result, they concluded that safety stock is not the appropriate answer for
every kind of demand variation. If the increase of demand is expected to be slow and for a
longer time period safety stock increasement is less efficient than increasing the production
capacity as well as if the peak of demand is expected to be reached not immediately but
comes with a temporal delay. Whereas safety stock shall be used if uncertainties rise, and
more flexibility is demanded (Huang et al. 2016, 522). Also manufacturing lead times vary
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and require safety stocks (Ruiz-Torres, Mahmoodi 2010, 2841). In respect to manufacturing,
Persona et al. (2007, 147) claimed that some production strategies such as make-to-stock
production systems which aim to offer high service levels for end customers and immediate
availability require inventory management and therefore safety stock levels which need to
be managed. Muckstadt and Spara (2010, 4) mention the decoupling strategy of some
manufacturing companies in which the total production process is separated into multiple
workstations to be a reason for safety stock requirements. While operating the production in
different sections, every section requires a safety stock to guarantee that production can be
operated smoothly, and small disruptions can be buffered. Another reasoning for safety stock
is the imperfection of a company’s production (Bag et al. 2009). Safety stock levels need to
be able to cover a certain failure rate of production to avoid stockout situation towards

customers.
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Figure 5. Inventory management under uncertainty (Source: Stock, Lambert (2001), p. 234)
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Silver et al. (1998, 243-247) summarized four different approaches how to determine safety
stock levels — safety stock calculated by using a simple-minded approach, safety stock level
determination by a minimum cost approach, safety stock level calculation based on the
desired customer service level, and the safety stock approach which considers pre-defined
considerations such as a fixed budget for inventory management decided by upper
management. Following the first approach, Hsu and El-Najdawi (1991, 222) suggested
calculating the safety stock levels by the help of the MAD error value (as defined in (2)) of
the forecasted quantities and using a constant safety stock quantity as a base against
uncertainties. While Krupp (1997, 9) agrees with the usage of MAD as a statistical parameter
to determine safety stock, he also realizes that no statistical approach can protect a company
at any time. Therefore Krupp (1997, 9) suggested a flexible safety stock approach which
recalculates the safety stock levels by the help of a rolling 12-month period of demand.
Further, the suggested method of Hsu and EI-Najdawi (1991, 224) and Krupp (1997, 10)
expect the demand to follow the logic of standard deviation. To control the validity of this
expectation, Krupp (1997, 10) suggests calculating the bias between forecasted quantities
and actual demand as shown in (4). Silver et al. (1998, 244) strongly disagrees to use so
called simple-minded approaches which calculate safety stock levels only out of one factor

such as forecasting error or customer service level requirements due to their inaccuracy.

To determine the safety stock levels appropriately, information about demand, lead time,
and holding costs are essential (Tersine 1988, 184-185; Silver et al. 1998, 232, 247, 250;
Ruiz-Torres, Mahmoodi 2010; Bahroun, Belgacem 2019, 64). Dellaert and Jeunet (2005,
761) add that the outcome of the safety stock determination must always be watched as
artificial as future demand is predicted and not certainly known. Thus, safety stock only
protects against the demand which was expected in the past. Jonsson and Mattsson (2019,
667) agree on this as demand is an estimation for the future and no safety stock level set by
procurement can protect from stockouts by 100%. Tersine (1988, 189) suggested to install
mathematical models which describe the demand, lead time and cost in a realistic way. But
companies should be careful to use extremely accurate models as they can be very expensive
in practice and will also not assure the avoidance of stockout situations. Instead, results from

deterministic mathematical models can be used as a good starting point of the decision-
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making process (Tersine 1988, 40; Yadollahi et al. 2017, 369). Also, Jonsson and Mattsson
(2019, 667) claimed that most of the mathematical models suggested by academic literature
are focused on single items and follow their own conditions and service level targets
determined within the calculation and therefore result in similar suggestions. Thus, all
mathematical methods are equally efficient, and companies should focus on how easy the
necessary information can be investigated. In alignment with the equality argument of
Jonsson and Mattson (2019, 664), Silver et al. (1998, 241-242) previously noticed that there
are no strict rules to be followed by management to select the appropriate approach for safety
stock determination. Therefore, finding the ideal method of calculating safety stock has been
ground for numerous research articles in which different approaches were compared to each
other by stressing the mathematical models with different demand and lead time variations.
Hsu and EI-Najdawi (1991, 228-233) stressed lot-size models (e.g., EOQ) under different
simulated cost structures and found that every cost structure has its own best combination to
be used to receive the best results. The EOQ formula was among the best solutions for one
of five scenarios tested which led them to the conclusion that the EOQ formula is not suitable
for all circumstances. Schmidt et al. (2012) investigated different safety stock models and
found partly huge differences in the resulting safety stock suggestions and concluded that
there is no superior method of safety stock calculation a company should use as the tested
mathematical methods take different parameters into account which let them weight inputs
variously. A similar comparison of safety stock methods was performed by Bahroun and
Belgacem (2019, 82) who found that the classic approaches overestimate safety stock levels
and depending on the degree of variation in demand the traditional safety stock calculation
is insufficient and does not show good results. In contrast to these findings, Prak et al. (2017,
454) found that traditional safety stock approaches can result in safety stock levels which
are up to 30 percent too low and lead to unsatisfying service level results for customers.
Aware of the critical reviews of some academic literature, Ruiz-Torres and Mahmoodi
(2010, 2844) designed a joint probability model which takes the probabilities of different
combinations of demand and lead time variation into account to receive more realistic
results. Workman and Scheidler (2009, 6) suggested to split the safety stock calculation into
different sections in which safety stock level caused by demand variation, lead time
variation, and strategic decisions can be identified easily to support the inventory managers
in their daily work. Van Kampen et al. (2010) compared the efficiency of safety stocks with
safety lead times and found that safety lead time approaches show better results in single
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product simulations and when supply variability appears. Additionally, the safety lead time
approach gives more flexibility to the inventory manager, especially when supply
uncertainty is high. However, in case of demand variability and possible product type
changes safety stock models were found to be more efficient and lead to higher performance
levels than safety lead time approaches. Similar findings were found in earlier research
performed by Molinder (1997) who researched the performances of safety stock and safety
lead time when demand and/or lead time variability occurs. In alignment with van Kampen
(2010, 7478) safety stock was the method to be preferred when demand variability was on a
high level and lead time variability on a low level. Further, it was proven that this applies
for several product structures and if ratio of stockout and inventory cost are low safety stock
Is the right choice for every variability scenario. To limit the variability of lead time, multiple
sourcing was found to be effective as smaller lot sizes can be ordered and shorter lead times
can be realized (Glock, Ries 2013, 49). Another approach than holding safety stocks to
higher the service level of customers while lowering demand variation is the possibility of
demand switching which was researched by Hsieh (2011). It was suggested to aggregate
demand among similar products to keep demand variation on a low level which results in
reduced need of safety stock. Also, probabilistic selling and inventory substitution are tactics
which may help a company to avoid stockout cost and/or additional safety stocks. While
inventory substitution works well if products are similar to each other, and customer are
product-insensitive, probabilistic selling helps to generate additional revenue from
customers while offering additional products during the ordering process (Zhang et al. 2018,
56).

Following the idea of an easy-to-use approach for inventory management, Stock and
Lambert (2001, 246) use a mathematical model which considers the deviation of demand
(os) (7) and lead time (or) (8). Both deviations follow the standard deviation logic as
illustrated in figure 6 and in combination they result in a combined safety stock (oc) as
defined in (6). Together with the arithmetic mean defined as a measure of central tendency
which is part of the calculation of (7) and (8) this approach uses the two best-known
statistical parameters to define the safety stock levels (Tersine 1988, 189). The combined
safety stock (oc) represents a joint probability distribution of both demand and lead time and

covers the range from the smallest to largest demand information and the shortest and longest



38

lead time (Tersine 1988, 208). This is essential to define the correct safety stock as in real
business scenarios companies are usually faced with both uncertainties at the same time
(Dolgui, Prodhon 2007, 274; Ghadimi, Aouam 2021). Further, a company can receive
immediate feedback on the supply performance of suppliers and a SKU’s demand deviation.
In respect to supply performance the findings of Bollapragada et al. (2004) indicate that
especially for high value items it is important to know how suppliers deliver their products
to indicate possible cost reduction opportunities for the manufacturing company. The
approach of Stock and Lambert (2001, 248-249) further differentiates the terms service level
and fill rate. The customer service level is defined as how many percent of expected demand
will be covered by the safety stock calculated. The fill rate is defined as the magnitude of
stockout situations and therefore describes how often demand can be fulfilled by the stock

amount whenever a demand is present while considering the previously calculated EOQ.

Combined safety stock: (Stock, Lambert 2001, p. 245)

Oc = \/R(Us)z + 52(0p)? (6)

where oc = units of safety stock needed to satisfy 68 percent of all probabilities, R = average
replenishment cycle, o5 = standard deviation of daily sales/ daily demand, S = average daily

sales/ demand, and oy = standard deviation of the replenishment cycle

The deviation of sales/demand is defined as: (Stock, Lambert 2001, p. 245)

Yfaz
% = T )

where g = standard deviation of daily sales/ demand, f = frequency of event, d = deviation

of even from mean, and n = total observations

The deviation of replenishment cycle /lead time is defined as: (Stock, Lambert 2001, p. 246)

(8)
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where g = standard deviation of replenishment cycle/ lead time, f = frequency of event, d =

deviation of even from mean, and n = total observations
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Figure 6. Standard deviation graph and customer service level (Source: Stock, Lambert
(2001), p. 247)

The graph shown in figure 6 illustrates the course of a standard deviation. As noted in the
definitions of oc, os, and or shown in (6), (7), and (8) respectively, the standard deviation is
used for all the above defined deviations. The results of the standard deviation cover a range
of 68.26% of all probabilities which are situated around the arithmetic mean value of
demand, lead time or their combined factor. Consequently, in the example of demand
deviation shown in figure 6 every demand smaller than quantity 120 can be covered by using
the information of the arithmetic mean and the standard deviation value. As a result, the
service level for customers would be 84.13%. If the required service level of a company is
higher, the use of an additional factor which multiplies the standard deviation can be helpful.

By multiplying the standard deviation value, the range of demand which is covered by the
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standard deviation value increases which results in higher service levels for end customers

but also requires bigger amount of safety stocks and holding cost increase.

Table 1. Summary of alternative service levels

Service Level (in %) | Number of standard deviations (oc) needed
84.1 1.0
90.3 1.3
94.5 1.6
97.7 2.0
98.9 2.3
99.5 2.6
99.9 3.0

(Source: own presentation, origin: Stock, Lambert (2001), p. 248)

In table 1 a detailed overview about the service level development in relation to the standard
deviation factors used is shown. The number of standard deviations needed are also known
as safety stock factor K (Silver et al. 1998, 244). As already illustrated in figure 6 the service
level can reach higher percentages when safety stock factor K is used to stretch the range of
standard deviation. Consequently, if safety stock factor K is decided to be 1.3 the standard
deviation value will increase by 30% and results in higher safety stock levels (Thomopoulos
2015, 154). As shown in table 1 the theoretical service level increases from 84.1% to 90.3%
if K equals 1.3. In real-world scenarios these numbers may differ due to environmental
dynamics which can influence the service level results after the determination of safety stock
levels (Krupp 1997, 12). As a result, another mathematical model can be formulated which

is shown below.

Safety stock model including safety stock factor K: (deduced from Stock, Lambert 2001, p.
248)

SS =K * o, 9)
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where SS = safety stock, K = safety stock factor, and oc = combined safety stock required to

consider both variability in lead time and demand

The usage of standard deviation for safety stock calculations has been discussed by multiple
researchers. Eppen and Martin (1988, 1381) noted that the reality cannot follow the logic of
standard deviation by 100% which results in possible stockout situations. Jonsson and
Mattsson (2019, 667) agree on this criticism and predict that the achieved service level will
not match the desired service level used in the calculation. However, Ruiz-Torres and
Mahmoodi (2010, 2855) argue that it is likely that the deviation of demand and lead time
will be overestimated which results in higher service levels as expected. According to them,
the overestimation origins from the assumption of normality which is not ideal but due to a
lack of information and resource to define the real deviation of demand and lead time in
practice it is a good way to achieve a tendency of deviation which support the goal of having
an estimation for inventory managers. Another important factor of the safety stock
calculation is the definition of service level which should be achieved (Ruiz-Torres,
Mahmoodi (2010, 2843). Teunter et al. (2010, 343) agree on that but notice that there is no
clear guidance from academic literature which service level percentage should be achieve or

taken as standard. Consequently, the definition of service level is an individual decision.

The definition of safety stock factor K traditionally follows the required service levels
defined by inventory management (Krupp 1997, 12). However, the definition of service level
towards customers is not the only way to determine the correct value of K. Silver et al. (1998,
260-274) presents several approaches to define the correct safety stock factor. One approach
is in line with the service level approach shown by Stock and Lambert (2001, 248). A service
level which is predefined support the definition of the correct value for K. Another technique
to define the safety stock factor K considers the ratio of stockout costs and holding cost
similar to Molinder (1997, 993). Further, also unit costs and additional variables are listed
to support the definition of K. Also, Krupp (1997, 12) mentions that financial return
considerations can help to define the safety stock factor K, in details he considers inventory
holding cost and loss of profit. The break-even-point of both curves define safety factor K.

However, depending on the variable in use in the determination the suggested values for K
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vary significantly and there is no standardized approach to be used. Instead, Krupp (1997,
12) suggested to use the experience of inventory management and empirical analysis to find
an appropriate way to define the correct value. Also, Silver et al. (1998, 256) noticed that on
some occasions the results for safety stock factor K might not represent the specific
requirements of the company due to no stock recommendations or very cost sensitive results
which are not acceptable. Thus, it is suggested that the management of the company

predefined allowed values for K which gives the inventory manager a range of values.

Next to the service level also the fill rate gives a good indication how much demand can be
covered by immediate availability on stock. The formula below shows how to calculate it
considering the EOQ according to (5) and defined combined safety stock level by (6).

Fill rate. (Stock, Lambert 2001, p. 249)

FR=1- ﬁ[I(K)] (10)

where FR = fill rate, oc = combined safety stock required to consider both variability in lead
time and demand, EOQ = economic order quantity according to (5), and I(K) = service

function magnitude factor

The defined formula (9) can also be used to define the necessary safety stock if a desired fill
rate is defined: (Stock, Lambert 2001, p. 249)

I(K) = (1 — FR) (EOQ) (11)

oc

As previously described K is defined as safety factor and equals the safety stock defined by
inventory managers divided by oc (Stock, Lambert 2001, 249). By the help of the value of
K and the information found in appendix 1, the correct value of 1(K) can be found.



43

3 Methodology & data collection

This master’s thesis was accomplished by the help and support of a Finnish automotive tyre
manufacturer which produces and distributes tyres made for cars and heavy vehicles around
the world but mainly in Europe, Russia, and North America. The case company which is
specialized in the development of winter tyres had more than 4,900 employees worldwide at
the end of 2021 and achieved a net sale of 1,714.1 million EUR in the same year. The
company finds itself in a competitive environment with several other global tyre
manufactures which requires good strategical management, cost control, and fact-based

investments.

By the initiative of the case company, a master’s thesis student was searched to research
possibilities to optimize the current handling of the case company’s procurement department
which optimally results in cost savings, improved understanding of inventory management
theory, and optimized material availability for its production sites. The duration of
collaboration was limited from February 1% until July 31%, 2022 and is based on a mutual
agreement between the raw material procurement department of the tyre manufacturer, the

student’s university, and the selected student.

During the agreed period, full access to internal data systems was given to the author of this
master’s thesis by the case company. By having access to internal IT systems, it was possible
to sample historical data especially about demand information of raw materials and tyres,
forecast numbers of raw materials and tyres, consumption quantities of raw materials and
tyres, number of sales of tyres, purchased quantities of raw materials, contract details with
raw material suppliers, inventory turnover ratio development, delivery lead times of raw
material suppliers, general supplier information, raw material shortages, detailed
information about logistics services, and order quantities of raw materials. Due to the on-
going pandemic of Covid-19 and the recommendations in place set by the Finnish

government, most of the research was performed in remote work which required a working
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device and online platform to communicate with the persons of interest which was provided

by the case company

The research for this master’s thesis was supported by qualitative and quantitative methods.
First, an in-depth literature review was conducted to develop an understanding of relevant
inventory management theories which can support the matter of this master’s thesis. A set
of methods and measurements related to the material inventory management was sampled.
Academic articles were searched in the online library of LUT University and Aalto
University by the main code words “inventory management”, “safety stock™, “stock
management”, “demand variation”, and “supply performance”. Also, the online platform of
Google Scholar was used to identify relevant academic articles related to the same key
words. During the study of the academic articles and books which were found during the
literature collection phase, relevant publications were filtered and led on to additional
findings in the academic literature which included several topic directions such as stochastic
demand, variability of lead time and demand, risk management, ABC analysis of storage
materials, and control of demand and/or lead time uncertainties. Especially, the literature of
SKU classifications (ABC analysis) was studied in-depth to develop a deeper understanding
of the available methods and apply it to the mathematical model which will be developed

and suggest in this master’s thesis.

Second, interviews helped to develop a general understanding of the case company’s internal
processes and later supported the author of the master’s thesis to receive answers in more
advance questions. Interviews were made with employees from several departments which
directly or indirectly affect the work of the raw material procurement of the case company.
In detail, the interviewees belonged to raw material procurement, research and development
(R&D), production planning, customer demand, IT, and logistics. In most interviews single
employees were questioned by the author of this master’s thesis, but also group interviews
with several employees being asked were performed. The titles of interviewees were
procurement director, category manager, purchasing specialist, global demand planning
manager, production & studding planning manager, production planning specialist,
transportation manager, concept owner IT supply chain and financials, development
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manager, and senior manager materials development & innovation. The interviews were
semi-structured and included standard questions formulated by the author of the master’s
thesis and random questions which either fit to the current discussion and led on to a deeper
understanding of the discussed topic or to confront the interviewee with statements made by
other employees in previous interviews. The standardized questions included questions
about the collaboration processes with raw material department, the role of the employee
within the material availability process, the daily routines of each interviewee at the case
company, and IT tools in use. In case the interview was performed with an employee of the
raw material department, the standardized questions included questions about the
characteristics of raw material categories and suppliers, decisions on inventory management,
and more detailed contract information. In total, 16 interviews were conducted which lasted
from 32 to 75 minutes. Due to the remote working method in use, all interviews were
performed by the help of the Microsoft software Teams. Additionally, all interviews were
recorded unless the interviewee did not agree to do so. The recording of the interview was
done to assure given information cannot be forgotten and answers to an issue must be given
only once. In case an interviewee denied the recording opportunity, detailed notes of the
interview’s content were made on a sheet of paper. The language used during the interviews
was English. All interviews were reviewed again and given information during the
interviews were collected and saved in an Microsoft Excel spreadsheet. After the collection
of all relevant information given by the interviewees, data were organized into different
categories. After sampling and categorizing the given information, additional questions were
formulated and asked via another interview, Microsoft Teams chat, or mail. One result of
the interviews is the development of a process map which reflects the process of demand
forecast and demand determination with all involved departments and their actions
(Appendix 2). The process map was created to support the understanding of the master’s
thesis’ author about the internal collaboration and processes in place and to identify

important drivers during the forecast development cycle.

Third, the main contact point of the case company and the author of this master’s thesis
agreed on a weekly meeting to discuss newly received information, ideas, time schedule,
general updates, etc. The scheduled time of the weekly meeting was one hour. Considering

the total time of the collaboration between author and case company, the average time of the
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weekly meetings was closer to 30mins. The main target of the weekly meetings was to
receive immediate feedback and quick contact details if needed to support the overall speed

of data collection.

In addition to the above-mentioned qualitative research methods, the internal IT systems of
the case company was used to generate additional quantitative data. As mentioned above all
quantitative data which was used for the development of this master’s thesis is historical data
and the main target of the data sampling was the achievement of an overview of the past.
Not all data sets were available with the same quality or built up with the same logic which
requires attention in the analysis and usage of the data sets which will be explained closer in
the empirical part of the master’s thesis. All quantitative data sets contain information
regarding the raw material department. To receive the desired quantitative data sets the case
company’s IT system offered a user interface in which preselected queries about the demand
of raw materials, lead time of suppliers, purchase order information, forecast quantities of
raw materials, current stock and safety stock levels, raw material inventory turnover ratio,
BoM, raw material cost, deviation of forecast and actual demand of raw material items, raw
material time data, and detailed supplier information were available. Additionally, the IT
system’s queries offered filtering options to assure the results of the questionnaire only
contains relevant information the author of this master’s thesis was interested in. The results
of the questionnaire were downloaded as an Excel spreadsheet and further processed in
Microsoft Excel. During further processing of downloaded results, the data sets were sorted,
filtered, compressed, analyzed, and additional calculations to analysis e.g., the arithmetic

mean and the deviation of demand or lead time were performed.

The use of both qualitative and quantitative research methods was very important for the
progress of the master’s thesis’s work. The qualitative data was used for framing the content
of this master’s thesis, developing an overall understanding, and guaranteeing qualified input
by the faculties’ experts. The usage of quantitative research methods was an important part
of this master’s thesis work which represents a case study that used original data sets from
the case company to provide research results which are based on the case company’s realistic
scenarios. Thus, the research itself becomes more concrete and provides a completer and
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more realistic picture because academic literature theories found during the qualitative
research are applied to real-world circumstances. Further, the findings of this master’s thesis
will be close to the case company’s realistic environment Which increases the relevance of
this master’s thesis not only to the case company but also to other companies which face

similar circumstances and inventory management issues.
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4 Empirical studies

In the following part of the master’s thesis, the empirical studies of the research will be
described in detail. The chapter will start with a brief overview about the case company’s
raw material (RM) procurement department and continue with the explanation of the
analysis and calculations which were performed to develop the mathematical model for
safety stock determination which shall support the case company in improving the inventory
management in the future. Due to confidentiality requirements of the case company this
master’s thesis will not be able to mention detailed names of especially RM items which will
be discussed in this part. Thus, RM items will be named by using abbreviations to avoid
publishing confidential information.

4.1 The case company’s procurement department

The case company’s procurement department and its responsible category managers manage
in total eight different RM categories which are direct accessories (DA), chemicals (CH),
fillers (F1), natural rubbers (NR), steel and beads (S&B), synthetic polymers (SP), textiles
(TXT), and studs (ST). Among these RM categories there are about 200 individual RM items
for which daily purchasing and stock level decisions need to be made. The procurement
department collaborates with over 100 active suppliers from more than 30 countries which
deliver three different factory warehouses located at the production facilities in USA, Russia,
and Finland. Additionally, the case company has a hub warehouse which is also located in
Finland and delivers the factory warehouses in Russia and Finland. Most deliveries to the
case company’s facilities are performed by sea or road. The responsibility of shipping is
regulated according to the contract agreements with the suppliers. It is the procurement
department’s responsibility to guarantee stock availability for all production facilities to
support smooth operation and to avoid additional stockout costs. Further, it is the
responsibility of the category managers to maintain an excellent buyer-supplier relationship
which allows trustful collaboration to communicate changes in demand, negotiate new price
agreements, and discuss delivery issues in good faith. As the procurement department is

responsible for the stock level management of each RM item, it thereby actively decides how
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much safety stock each RM item should have to avoid disruptions in production. According
to interviews with category manager, purchasing specialist and procurement director this
decision is currently not fact-based and rather an individual feeling of experts. Internally, the
procurement department is in close collaboration with mainly three different departments
which are R&D, production planning, and customer demand (sales and operations planning).
The collaboration of all departments is mainly concentrated on forecasting of demand, new

product development, and product improvement (Appendix 2).

4.2 Predefinition of work scope

Prior to the actual analysis and development of an appropriate mathematical model, it was
considered as useful to predefine the work scope of analysis on which the master’s thesis
focuses on. As described above the case company’s procurement department is currently
responsible for about 200 RM items which belong to eight different RM categories. It was
noticed that a proper in-depth analysis cannot be done for all RM items as the time limit of
this master’s thesis project which was six months was too short. Thus, it was the goal to
select some RM items which support the development of a mathematical model which can
be applied to all remaining RM items afterwards by the procurement department’s

employees.

In a first step of the selection process, the inventory turnover ratio of the last 25 months
(January 2020 — January 2022) was analyzed to detect which RM categories are relevant for
the scope of this master’s thesis. The turnover ratio was calculated by using the formula
shown by (1). Besides ST all RM categories were analyzed. ST were not included as
procurement management predefined ST as highly relevant for the scope of the master’s
thesis due to its importance to the production of special winter tyres which represents a
speciality of the case company. The measurement of inventory turnover ratio was chosen
because it represents the main quality measurement tool of the case company’s procurement

department. The results of this analysis are shown in figure 7.
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INVENTORY TURNOVER RATIO (EUR)

Figure 7. Inventory turnover ratio per RM category (data from case company (2022))

The graphs in figure 7 show the development of inventory turnover ratio during the past 25
months (January 2020 — January 2022). The impact of the Covid-19 pandemic can be noticed
clearly as from April 2020. A sudden and significant drop of demand and incoming
deliveries from suppliers urged the large drop of inventory turnover ratio values of all RM
categories The decrease in July 2021 was caused by holiday season in which the production
output is very low while incoming deliveries from suppliers fill the stocks. In general, the
observation shows that most of RM categories show similar inventory turnover ratio values
around 6.0 (+/- 1.0). DA show the lowest values from 0.2 and 2.8 which signalizes that this
might be a RM category which is of interest to this master’s thesis. In comparison to all other
RM categories, FI show a high value of inventory turnover ratio. Especially in the last
months from August 2021 until January 2022 the ratio of FI shows higher values between
9.2 and 10.7.

In a second step, the monetary values of the consumption of RM categories were controlled.
This was conducted to receive additional information on how RM categories are consumed
and which of them are most relevant to the case company’s procurement department. Same
than in step 1, the time interval is January 2020 until January 2022 and all RM categories,
but ST were analyzed. In addition to the analysis of RM categories’ monthly consumption

(in EUR), the share of RM categories’ consumptions of the overall RM total consumption
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and the minimum and maximum share value for each RM category was determined. To
receive minimum and maximum values of only two complete calendar years, the share
values of January 2022 were excluded which means that table 2 shows the result from
January 2020 until December 2021. The results of the consumption analysis can be seen
below in figure 8 and the share of each RM category can be seen in table 2.

Consumption Raw Material Categories (EUR)
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Figure 8. Consumption of RM categories (data from case company (2022))

The consumption values of the RM categories shown in figure 8 indicate that all RM
categories but DA show a consumption value which is relevant to the business of the case
company. Again, the impacts of the Covid-19 pandemic (as from April 2020) and the yearly
holiday season (especially in July 2021) can be noticed, but also the recovery from the
pandemic is clearly visible in the monetary consumption of RM categories. This is mainly
caused by the increase of production due to the rising demand from customers after the
pandemic crisis. Especially, as from August 2021 when the effects of the Covid-19 pandemic
vanished and the consumption of FI, NR, S&B, SP, and TXT per month show values of
minimum 3.91 million EUR (minimum: S&B consumption, December 2021). In contrast,
the consumption of DA shows relatively small values by only reaching once a value higher
than 0.5 million EUR per month in October 2021. The difference between DA and the
remaining RM categories becomes even more visible in table 2 in which the RM categories’

share of total consumption is presented for all RM categories. As already indicated in figure
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8, table 2 shows that the relevance of DA consumption in comparison to the other RM
categories is very low by not even reaching 1.0% on average in the years of 2020 - 2021 and
a maximum value of 1.3% which was reached in March 2020 and October 2021. All
remaining RM categories show an average share above 10% which makes them relevant to
this master’s thesis as the equal share of 14.2% (1 out of 7) is only slightly above. As a result
of this analysis, improvements in the RM category of DA would show only minor effects on
the overall performance of the procurement department which is why DA were excluded

from the scope of investigation of this master’s thesis.

Table 2: Share of RM categories

RM Category TOTAL MIN MAX

DIRECT ACCESSORIES 0.7% 0.2% 1.3%
CHEMICALS 16.4% 14.1% 17.9%
FILLERS 16.3% 15.3% 18.2%
NATURAL RUBBER 21.4% 18.1% 26.0%
STEEL-AND-BEAD 10.2% 9.1% 11.3%
SYNTHETIC POLYMERS 24.1% 21.2% 26.8%
TEXTILES 10.9% 10.0% 11.8%
TOTAL 100.0% 100.0% 100.0%

Source: own illustration (data from case company (2022))

After the selection of relevant RM categories, the number of RM items had to be narrowed
down to guarantee an in-depth investigation of those items within the time period of
collaboration between the case company and the author of this master’s thesis. In
collaboration with the procurement director, it was decided that two RM items of each of the
selected RM categories (in total 14 RM items) should be investigated in-depth to receive
enough data and examples for the development of the mathematical model. For the selection
of RM items, the category managers were asked to identify two ‘interesting” RM items of
each of the RM categories under their responsibility. The term ‘interesting’ was not further
defined as the expertise about the RM categories is with the category managers and it was
trusted that they would add appropriate RM items to the scope of this master’s thesis.
Further, it was irrelevant to the actual process of developing a mathematical model which
RM items would be investigated but by involving the responsible category managers in the

selection process of RM items, the relevance of investigation to their daily working life
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would increase. As a result, 14 RM items were identified (two RM items per RM category)
which will be named RMNR1, RMNR2 (RM category NR), RMSP1, RMSP2 (RM category
SP), RMFI1, RMFI2 (RM category FI), RMTXT1, RMTXT2 (RM category TXT), RMSB1,
RMSB2 (RM category S&B), RMCH1, RMCH2 (RM category CH), RMST1 and RMST2
(RM category ST) henceforth. In a separated analysis the share of the selected RM items on
their RM category’s total consumption in 2021 was checked. The results of this analysis are

shown in table 3.

Table 3: Share of selected RM items on RM category’s total consumption in 2021

RM Category RM Item Share [2021]
o,
Natural Rubber RMNR1 56.0% 62.4%
Natural Rubber RMNR2 6.4%
Synthetic Polymers |RMSP1 0.8% 14.0%
. (]
Synthetic Polymers |RMSP2 13.3%
1 o,
F!IIers RMFI1 10.1 % 55 1%
Fillers RMFI2 15.0%
1 o,
Text!Ies RMTXT1 29.2 % 42.1%
Textiles RMTXT2 12.9%
o,
Steel and Beads RMSB1 24.5% 62.0%
Steel and Beads RMSB2 37.5%
H o)
Chem!cals RMCH1 1.0% 3.0%
Chemicals RMCH2 20%
Studs RMST1 31.3%
40.4%
Studs RMST2 9.1%

Source: own illustration (data from case company (2022))

The results of the additional analysis in table 3 show that most of the selected RM items are
significant drivers within their RM categories. Column 3 shows the single share of the RM
items and column 4 the combined share of the two selected RM items in their RM categories.
Especially in the RM categories of NR, TXT, S&B, and ST the relevance of the selected RM
items to the total consumption of the RM category is significant by showing share values
higher than 40.0%. The relatively low share of RMCH1 and RMCH2 can be explained by
the large number of RM items within the RM category CH (in total: 66 items) which is the

largest group of raw materials managed by the case company’s procurement department.
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Considering this information, also the share of the selected chemicals reaches a value which
is satisfying.

4.3 Analysis of demand

After the definition of the RM items, the focus of this work was to sample information which
help to fill the safety stock formula as suggested in (6). As described in the theory chapter,
(6) requires the input of (7) which defines the standard deviation of demand. To avoid
misunderstandings, it must be said that the case company often discussed about the
consumption of raw materials while in academic literature the term demand is usually used.
This is caused by the fact that the case company’s production facilities consume the raw
materials. Thus, the case company’s perspective of raw material usage differs. However, to
fill (7) with demand information the arithmetic mean and the standard deviation of demand

had to be determined.

Table 4: Example of calculation (arithmetic mean and standard deviation)

Sales per Day  |Frequency (f)| Deviation from Mean (d ) | Deviation Squared (d?) fd?

600 10 -400 160000 1600000

700 20 -300 90000 1800000

800 30 -200 40000 1200000

900 40 -100 10000 400000

1000 50 0 0 0

1100 40 100 10000 400000

1200 30 200 40000 1200000

1300 20 300 90000 1800000

1400 10 400 160000 1600000

Mean = 1000 n =250 Ifd? 10000000

| f&¢  [10,000,000 200
%= Ja=1" | 250-1

Source: own illustrations (based on Stock, Lambert (2001), p. 246)
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The internal data system of the case company offered the information from 2020 until 2022
which was taken as the basis for the following results. For every RM item demand
information from January 2020 until June 2022 were downloaded and according to the
calculation example shown in table 4 sorted and processed. As a result, the arithmetic mean
and the standard deviation of each RM item was determined which are presented in table 5.

Table 5: Determination of mean and standard deviation values of RM items (01/2020-
06/2022)

Results

Time periods: [01/2020-06/2022

RM items Avg. daily demand |Std. dev. of daily demand
RMNR1 68,916 18,839
RMNR2 10,938 6,435
RMSP1 1,289 997
RMSP2 17,523 5,695
RMFI1 17,474 5,325
RMFI2 25,399 9,454
RMTXT1 9,436 3,097
RMTXT2 4,153 1,307
RMSB1 16,302 4,461
RMSB2 25,092 7,438
RMCH1 742 216
RMCH?2 1,518 850
RMST1 721,702 315,128
RMST2 138,339 146,241

Source: own illustration (data from case company (2022))

During the analysis of demand information, it was noticed that the impact of the Covid-19
pandemic effected the demand quantities of all RM items heavily in 2020. In a comparison
of the monthly demand quantities of February 2020 and April 2020 (Covid-19 pandemic hit
Europe in March 2020) the average decrease of demand was 56.7% (RMCH2 excluded due
to special effects on demand during the same time period), reaching its peak of -88.1% for
RMFI1. Logically, such an impact heavily influences the safety stock termination according
to (6) as the values of arithmetic mean and standard deviation are directly determined by the
help of the RM items’ demand quantities. One good example to notice this extraordinary
impact on demand are the results of RMST2 shown in table 5 in which the value of standard
deviation exceeds the arithmetic mean value. Thus, a second time period was chosen to

receive more realistic results of the current operations of the case company. To avoid the
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biggest effects of the Covid-19 pandemic the second time period was set from July 2021
until June 2022. The results for this time period and the comparison with the results of the

first time period can be found in table 6.

Table 6: Determination of mean and standard deviation values of RM items (07/2021-
06/2022)

Results Difference
Time periods: |01/2020-06/2022 07/2021-06/2022
RM items Avg. daily demand |Std. dev. of daily demand |Avg. daily demand |Std. dev. of daily demand |Avg. daily demand |Std. dev. of daily demand
RMNR1 68,916 18,839 80,266 14,578 16% -23%
RMNR2 10,938 6,435 15,402 7,453 41% 16%
RMSP1 1,289 997 972 532 -25% -47%
RMSP2 17,523 5,695 21,642 4,178 24% -27%
RMFI1 17,474 5,325 19,755 4,210 13% -21%
RMFI2 25,399 9,454 30,469 8,862 20% -6%
RMTXT1 9,436 3,097 11,789 2,163 25% -30%
RMTXT2 4,153 1,307 5,099 964 23% -26%
RMSB1 16,302 4,461 18,868 2,798 16% -37%
RMSB2 25,092 7,438 29,567 5,652 18% -24%
RMCH1 742 216 874 147 18% -32%
RMCH2 1,518 850 2,081 777 37% -9%
RMST1 721,702 315,128 907,724 321,460 26% 2%
RMST2 138,339 146,241 255,847 96,484 85% -34%
24% -21%

Source: own illustration (data from case company (2022))

Table 6 provides an overview of the results of both time periods. As expected, the impact of
the Covid-19 pandemic had significant impact on the arithmetic mean and standard deviation
value of almost all RM items. The value of arithmetic mean shows on average a higher value
of +24% and almost for all RM items the arithmetic mean value increased significantly (only
RMSP1 shows a decrease of -25% which was caused by special effects). Also, the value of
average standard deviation of demand reduces by -21% as demand after the Covid-19
pandemic was more regular again (only RMNR2 and RMST1 show an increase of 16% and
2% respectively). These are important findings which need to be considered in the safety
stock determination. After a discussion of the results with the management of procurement,
it was decided that the results of the second time period (07/2021-06/2022) represent a more
realistic picture of normal circumstances and that these demand results will be used as an

input later on in the mathematical model.
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4.4 Analysis of lead time

The definition of the combined safety stock as described in (6) requires the input of lead
time information as defined in (8). As described in the academic literature, (8) shall represent
the entire replenishment cycle of materials which consists not only the lead time of suppliers,
but also the order processing lead time before a purchase order (PO) is placed. In practice,
the time period before placing a PO is hard to define as multiple factors influence the
ordering process lead time. During interviews, procurement director, category managers, and
purchasing specialist made several suggestions to determine the lead time of order
processing before a PO is entered into the IT system. However, an analysis of all suggestions
did not result in a clear definition of this time period which is why this master’s thesis
simplifies this issue by using the available time stamps of a PO which are saved by the case
company’s IT system. The first available time stamp is the creation date of the PO which
means that the previous lead time of order processing will be ignored. Further, the case
company orders material to mainly four different destinations which are Finland (2x),
Russia, and USA. In the following analysis the lead time determination consists information
of all above mentioned destinations but determines one single average lead time for RM
items and thereby simplifies the process of lead time determination.

In a first step PO information of all 14 RM items from January 2020 until June 2022 were
downloaded as an Excel spreadsheet from the IT system. The downloaded file consisted of
13,213 PO lines with several information for each PO line. The most important information
for the analysis of this master’s thesis were information about the suppliers, PO dispatch
location, PO destination, incoterms, ordered RM item, ordered quantity, and current PO
status. By the help of the PO destination an additional column was created manually to add
information of the destination country. The same was performed to receive an additional
information about the PO dispatch country. This will become relevant for the determination
of transport cost which will be described later. In a second step the receiving dates of all PO
lines were searched. The IT system of the case company offered an opportunity to download
information of received POs in a separate Excel spreadsheet. By the help of Excel’s
VLOOKUP function the receiving dates of all PO lines were added to the first Excel

spreadsheet. The third step of data sampling was to delete all PO lines for which no receiving
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date was found, and which showed the current PO status “CANCELLED”. In case one PO
line showed the current PO status “OPEN” but a receiving date was founded, the PO lines
was not deleted and considered as successfully closed. Additionally, a separated column was
entered which calculated the time between PO creation date and PO receiving date in days.
The time between PO creation date and PO receiving date was defined as lead time of RM
items. Some results indicated that either PO creation date or PO receiving date was set
incorrectly and PO lines with a lead time bigger than 400 days were deleted as well. The
final data sample consisted of 9,020 PO lines. Afterwards, the final data sample was
separated into 14 different samples — one sample for each RM item. By the help of these RM
item samples the arithmetic mean and the standard deviation of supply was determined. The
technique used was the same than for demand information and can be reviewed in table 4.

Instead of sales per day, the input was lead time in days.

Table 7: Determination of mean and standard deviation values of RM items (01/2020 -
06/2022) and (01/2022 — 06/2022), comparison of both results

01/2020 - 06/2022 01/2022 - 06/2022 Differences
RM Item |Avg. Lead Time Std.Dev. Lead Time |[Avg. Lead Time Std.Dev. Lead Time |Avg. Lead Time |Std.Dev. Lead Time
RMNR1 142.8 42.8 120.4 33.6 -15.7 % -21.6 %
RMNR2 103.7 31.0 112.3 19.1 82% -38.3%
RMSP1 112.3 30.3 N/A N/A N/A N/A
RMSP2 20.0 17.7 20.7 13.2 3.5% -25.6 %
RMFI1 39.8 25.3 28.1 10.0 -29.4 % -60.3 %
RMFI2 33.9 29.6 20.0 7.1 -41.0% -76.0%
RMTXT1 118.7 50.3 75.8 29.8 -36.1% -40.7 %
RMTXT2 86.0 59.6 25.0 8.8 -70.9 % -85.2 %
RMSB1 64.3 46.1 91.9 46.4 42.9% 0.8%
RMSB2 43.0 40.3 39.8 42.8 -7.6 % 6.3 %
RMCH1 72.4 55.1 42.2 36.1 -41.8 % -34.5%
RMCH2 57.0 40.9 79.0 49.0 38.7% 20.0%
RMST1 107.9 40.2 87.9 9.2 -18.5% -77.1%
RMST2 77.7 62.6 59.0 54.0 -24.2 % -13.7%
-14.8 % -34.3%

Source: own illustration (data from case company (2022))

The impact of the Covid-19 pandemic crisis was also noticeable in the analysis of lead time
information. According to the interviewees of procurement and logistics department the
crisis had mayor effects on supply lead times at the end of 2020 and especially in 2021 as

transport capacities were short globally and caused delays. Thus, two approaches to
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determine the required lead time information were selected. The first approach calculates
arithmetic mean and standard deviation of the entire time period from January 2020 until
June 2022, the second approach includes only PO information of 2022. The results of both
approaches are shown in table 7 and differ significantly. The average lead time of supplies
from January 2020 until June 2022 reaches a much higher level than the average lead time
of 2022 which provides proof that the Covid-19 crisis effected material availability and
global logistics services drastically. The lead time of supplies is on average 14.8% longer
for the entire period than for the months of 2022. The average of standard deviation shows
an even bigger difference by a decrease of -34.3% if only 2022 is considered. The exceptions
of this development are marked in red. In case of RMCH2 the exceptional deviations on
average lead time and standard deviation of lead time can be explained by the small amount
of only six PO lines which are available for 2022. The increase of average lead time on
RMNR2 and RMSB1 indicate that some materials are still affected by the impact of the crisis
and the peak of delivery issues has not been reached yet. In case of RMSP2 the difference
can be ignored as it only represents 0.7 days which will not affect the daily operation heavily.
Same applies to the differences in standard deviation for RMSB1 and RMSB2 which show
a difference of only 0.3 and 2.5 days respectively. Results for 2022 only are not available
for RMSP1 which is why table 7 shows not available for this RM item.

4.5 Calculation of combined safety stock

After the investigation of demand and lead time information, the combined safety stock can
be calculated by using (6). As described in chapter 4.3 the more realistic time period of
demand (07/2021 — 06/2022) will be used for all upcoming calculations of safety stock
levels. In case of the lead time information, both approaches will be used to receive two
results. For RM item RMSP1 which did not show any results for 2022 the results of the
period 01/2020 — 06/2022 will be used for both approaches. Consequently, there will not be
a difference in the results of both approaches as the input is identical for RMSP1. The results
of the combined safety stock will be calculated in units and translated into calendar weeks
in a separated column by using the average daily demand quantities determined in chapter
4.3. Additionally, table 8 will present the differences in combined safety stock results of both

approaches.
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Approach | |Demand Input 07/2021 - 06/2022 Lead Time Input (01/2020 - 06/2022)

RM Item |Avg. Daily Demand |Std. Dev. Daily Demand |Avg. Lead Time |Std. Dev. Lead Time |Combined Safety Stock |SS (in weeks)

RMNR1 80,266 14,578 142.8 42.8 3,441,670 6.1

RMNR2 15,402 7,453 103.7 31.0 483,069 4.5

RMSP1 972 532 112.3 30.3 29,994 4.4

RMSP2 21,642 4,178 20.0 17.7 383,132 2.5

RMFI1 19,755 4,210 39.8 25.3 499,907 3.6

RMFI2 30,469 8,862 33.9 29.6 903,159 4.2

RMTXT1 11,789 2,163 118.7 50.3 592,969 7.2

RMTXT2 5,099 964 86.0 59.6 303,822 8.5

RMSB1 18,868 2,798 64.3 46.1 869,243 6.6

RMSB2 29,567 5,652 43.0 40.3 1,192,137 5.8

RMCH1 874 147 72.4 55.1 48,119 7.9

RMCH2 2,081 777 57.0 40.9 85,295 5.9

RMST1 907,724 321,460 107.9 40.2 36,684,520 5.8

RMST2 255,847 96,484 77.7 62.6 16,030,791 9.0

Approach Il |Demand Input 07/2021 - 06/2022 Lead Time Input (01/2022 - 06/2022)

RM Item |Avg. Daily Demand |Std. Dev. Daily Demand [Avg. Lead Time |Std. Dev. Lead Time |Combined Safety Stock |SS (in weeks) | Difference (in%)
RMNR1 80,266 14,578 120.4 33.6 2,701,106 4.8 -21.5%
RMNR2 15,402 7,453 112.3 19.1 304,897 2.8 -36.9%
RMSP1 972 532 112.3 30.3 29,994 4.4 0.0%
RMSP2 21,642 4,178 20.7 13.2 285,316 1.9 -25.5%
RMFI1 19,755 4,210 28.1 10.0 199,323 1.4 -60.1%
RMFI2 30,469 8,862 20.0 7.1 220,245 1.0 -75.6%
RMTXT1 11,789 2,163 75.8 29.8 351,789 4.3 -40.7%
RMTXT2 5,099 964 25.0 8.8 45,113 1.3 -85.2%
RMSB1 18,868 2,798 91.9 46.4 875,908 6.6 0.8%
RMSB2 29,567 5,652 39.8 42.8 1,266,871 6.1 6.3%
RMCH1 874 147 42.2 36.1 31,527 5.2 -34.5%
RMCH2 2,081 777 79.0 49.0 102,326 7.0 20.0%
RMST1 907,724 321,460 87.9 9.2 8,884,995 1.4 -75.8%
RMST2 255,847 96,484 59.0 54.0 13,833,830 7.7 -13.7%

Source: own illustration (data from case company (2022))

The usage of (6) combines both demand and lead time information. The results can be seen

in table 8. Approach | on the top of the table uses the lead time information (01/2020 —

06/2022) and approach 1l is calculating the combined safety stock by the help of the lead

time information (01/2022 — 06/2022). As expected, the results differ significantly and for

almost all RM items a reduced safety stock suggestion can be noticed in approach Il. Only

in case of RMSB1, RMSB2, and RMCH2 an increase of safety stock can be recognized. As
already discussed in chapter 4.4, the lead time information (01/2022 — 06/2022) of RMCH2

are based on a very limited number of PO lines and the results of this period are not

meaningful. In case of RMSB2 we can notice that the standard deviation shows a higher

value than the arithmetic mean which indicates that supply lead times still vary significantly.

The increase of combined safety stock on RMSB1 can be ignored.
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4.6 Development of a framework to determine the safety stock factor

After the use of (6), (7), and (8) to determine the combined safety stock, the calculated
quantities result in a theoretical service level of 84.1% as discussed in chapter 2.7 and shown
in figure 6. In case of a company’s procurement department which must guarantee material
availability of raw materials to the production facilities such a service level percentage can
be recognized as insufficient. Thus, the resulted combined safety stock needs to be specified
by the needs of a company to guarantee that the safety stock levels take possible changes of
the environment into account and is able to cope with changes in demand or lead time.
Hence, in (9) the combined safety stock is multiplied by the safety stock factor K. As
discussed in the literature review, K extends the standard deviation which leads to higher
service levels as illustrated in table 1 and displayed in figure 6. However, academic literature
does not provide a unique approach on how to define K but only suggests several methods.
Further, it is suggested that management should predefine possible values of K. It is the
intention of this master’s thesis work to develop a framework to determine K which takes
many parameters into account to assure that the suggested safety stock level is sufficient to
be able to cope with multiple factors which may influence the demand or lead time of RM

items.

4.6.1 Defining parameters

If K shall consider many parameters, those must be identified. While identifying appropriate
parameters the scientific approaches of SKU classification provided by the academic
literature as described in chapter 2.4 offer multiple parameters which can be considered for
this matter. By the combination of literature suggestions, interviews with responsible
employees, and the usage of the case company’s IT system, it was possible to identify
available parameters which have important influence on inventory management, and which
can be determined while respecting the limitations of available resources. An overview of
literature suggestions which were described in chapter 2.4 and identified parameters can be
found in table 9.
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Table 9: Overview of parameters

Suggested parameters for SKU classification | Parameters identified at the case company
1 | Number of requests for the item in a year Quality of forecasts
2 | Part criticality Dependence on tyre families
3 | Part criticality Usage of RM item
4 | Substitutability Substitution of RM item
5 | Scarcity Number of suppliers
6 | Stockout penalty cost Stockout cost
7 | Inventory cost Holding Cost

As illustrated in table 9, the suggested parameters of SKU classification theories supported
the identification and development of seven parameters which are quality of forecasts,
dependence on tyre families, usage of RM item, substitution of RM item, number of

suppliers, stockout cost, and holding cost.

Prior the analysis of forecast quality of raw materials, it was important to develop an
understanding on how raw material forecasts at the case company are created. Appendix 2
presents a simplified process map of raw material forecast development which was created
after several interviews with employees of the involved departments in which they described
their collaboration and/or involvement within this process. In brief, it can be summarized
that first a forecast on tyre family demand is developed which is discussed with the supply
chain and production planning teams to agree on the quantities which can be realized
considering the capabilities of production and current supply chain challenges (definition of
tyre family: several tyres which have the same equipment in the BoM but differ in their sizes
are consolidated in one tyre family group). Once the total production quantities are defined,
the production planning team creates production plans for each facility. An IT tool combines
the information of production plans, current raw material inventory, and BoMs and
calculates the raw material forecast quantities. In case of new developments or BoM
adjustments R&D has a special function, which might influence sales, operations and/or raw
material procurement on short notice. This process is repeated every month to be able to

react immediately to customer demand changes. The created forecasts show tyre family
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demand for at least 12 months and single tyre item demand for the upcoming three months.
Thanks to the understanding of this process, it can be noted that there is a direct linkage
between sales of tyres and raw material demand. To define the parameter of forecast quality
of RM items, an understanding of the forecast quality on tyre family level needs to be
developed. In collaboration with one employee of customer demand who is responsible for
market analysis and forecasting, the forecasts of tyre families from 2018 until 2021 were
controlled. The first data sample consisted of 56,237 single forecasts of tyre families and
was based on a monthly level. The forecast length in this data sample was selected to be
three month and the forecast quantities were compared to actual sales numbers. The
statistical tools of MAD, MSE, and bias as described in (2), (3), and (4) were used to measure
the deviation between forecast quantities and actual sales numbers. The values of bias
indicated that there are regular over- and underestimations which might balance each other
if a rolling three-month period would be controlled. Further, it was stated in interviews with
employees of the procurement department that it usually does not have big effects when a
RM item with a high forecast e.g., in January would show a delayed increase of raw material
consumption in February or March. Thus, a rolling three-month period for forecast quality
control seemed appropriate. Additionally, also the forecast length was adjusted because a
three-month forecast is not sufficient for all RM items. As noted in table 8, some RM items
have smaller or shorter lead times which needs to be considered while controlling the
forecast quality. In a second data sample the additional criteria were considered and
consisted of 12,308 forecast information of all tyre families from 2018 until 2021. The added
forecast lengths called lags were 0-2 months, 3-5 months, 6-8 months, 9-11 months, and as
some items come with a forecast of up to 18 months also 12-14 months was controlled. An
example of the control procedure can be seen in Appendix 3. In case of January 2020 and
lag 0-2, the forecasted quantity represents the average forecast quantity for January 2020
which were made zero to two months before January 2020. The remaining lags follow the
same logic. In addition to MAD, MSE, and bias an additional indicator was added to show
the bias results in percentage (see Appendix 3 %-value). Due to confidentiality the results
cannot be presented in detail. Therefore, the results in table 10 show the average value of
MAD, MSE, bias and bias (in %) of all tyre families.



64

Table 10: Average results of tyre family forecasts

MAD
Lag
Year 0-2 3-5 6-8 9-11 "12-14
2018 17,288 17,264 17,386 17,661 18,401
2019 16,984 17,382 17,256 17,562 17,961
2020 12,719 12,632 12,295 12,165 13,269
2021 11,379 15,581 24,412 63,142 -
Avg 14,593 15,715 17,837 27,633 16,544
Bias Bias (in%)
Lag Lag
Year 0-2 3-5 6-8 9-11 "12-14 0-2 3-5 6-8 9-11 "2-14
2018 - 13,809 - 13,790 - 13,887 - 14,107 - 14,698 118% 106% 108% 113% 109%
2019 - 12,664 - 12,960 - 12,866 - 13,094 - 13,392 117% 116% 129% 124% 111%
2020 - 5,155 - 5119 - 4,983 - 4,930 - 5,377 108% 102% 94% 90% 88%
2021 - 4,353 - 5,960 - 9,339 - 24,154 - 106% 101% 94% 90%
Avg - 8,995 - 9,457 - 10,269 - 14,071 - 11,156 113% 106% 106% 104% 103%
MSE
Lag
Year 0-2 3-5 6-8 9-11 "12-14
2018 1,019,122,884 1,279,267,294 1,278,297,257 2,400,491,014 3,337,244,219
2019 954,962,937 1,361,370,019 2,905,352,279 3,516,785,177 3,185,475,334
2020 502,751,671 1,829,414,725 1,596,649,712 2,116,414,700 3,189,607,526
2021 428,378,821 1,202,977,857 1,531,517,832 2,228,048,431 -
Avg 726,304,078 1,418,257,474 1,827,954,270 2,565,434,830 3,237,442,359

Source: own illustration (data from case company (2022))

The results of table 10 generally demonstrate that the closer the forecasted month, the better
are the forecast results. Almost all statistical measurements show continues improvement in
the average values. Only the added indicator bias (in %) (deviation between actual sales
quantity and forecast quantity divided by actual sales quantity) measures a higher deviation
between forecast and actual sales for periods which are closer to the forecasted month. This
can be explained by the huge over- and underestimations of sales numbers in lag 9-11 and
lag 12-14 which balance each other in the average of all years. Analyzing the years separately
it can be seen that in 2021 and 2020 the forecast accuracy improved while in 2018 and 2019
it did not. These general findings of forecast quality differences between different lags are
important when RM item forecasts are controlled and need to be adopted due the direct

linkage between tyre sales and raw material consumption.

The analysis of RM item forecasts was performed with IT system information. Due to the
differences in lead time of RM items and the findings on forecast quality of tyre families, it
was necessary to separate the analysis in three different categories. The first category
controls the forecast quality of RM items within a four-week period (one month), the second
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one within a 12-week period (three months), and the last one within a 26-week period (six
months). The different periods represent roughly all lead times of the investigated RM items
(compare results of table 7). The downloaded Excel spreadsheet consisted of monthly
forecasts of all 14 RM items. The data sample presents the expected quantities for an entire
month on a calendar week (CW) basis and shows results from CW 06/2021 until
CW13/2022. For example, the data present what quantities for RM item X was forecasted
for June 2022 in calendar week 01, 02, 03, .../2022 etc. According to the selected category
the CW results of the four, 12, or 26 weeks prior to the forecasted month were sampled,
averaged, and compared with the actual consumption data of RM item to receive an overview
of forecast quality from April 2021 until March 2022. An example calculation can be found
in table 11.

Table 11: Example calculation of RM item forecast quality

Example Month February 2022

RM item Avg. Forecast Quantity (26) Avg. Forecast Quantity (12) Avg. Forecast Quantity (4) |Actual Consumption |Deviation (26) Deviation (12) Deviation (4)
RMitem 1 200 250 240 230 -13% 9% 4%
RM item 2 450 430 400 410 10% 5% -2%
RMitem 3 480 410 440 430 12% -5% 2%
RMitem 4 700 670 650 630 11% 6% 3%
RMitem 5 650 610 600 610 7% 0% -2%

In alignment with the example calculation in table 11, the forecast quality of every month
for all 14 RM items was calculated. The deviation is calculated with bias (in %) as previously
defined. The details of this analysis can be found in Appendix 4. According to the average
result of forecast quality, an additional definition was added which will be used later in the
suggested framework to simplify the usage of the tool. Results which have a deviation of +/-
5% are defined as “excellent”, results of +/- 10% are defined as “good”, results of up to +/-
20% are “solid” and all results which have a higher deviation value than +/- 20 are defined
as “improvable”. Table 12 provides an overview of the results in combination with the RM
items’ lead times. The colours indicate which category must be collected for the lead time
stated on the right of the table. Red marked are the appropriate selections for lead time
(calculated from 01/2020 — 06/2022), yellow marked are the appropriate selections for lead
time (calculated from 01/2022 — 06/2022), and blue marked are all fields for which the
appropriate selection is the same for both lead times options.
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RM Item |4 weeks 12 weeks 26 weeks Lead Time (01/2020 - 06/2022)  Lead Time (01/2022 - 06/2022)
RMNR1 [(GOOD GOOD EXCELLENT 142.8 120.4
RMNR2 |IMPROVEABLE IMPROVABLE 'GOOD 103.7 112.3
RMSP1 |(GOOD IMPROVABLE EXCELLENT 112.3 112.3
RMSP2 |IMPROVABLE GOOD SOLID 20.0 20.7
RMFI1 GOOD EXCELLENT GOOD 39.8 28.1
RMFI2 IMPROVABLE |IMPROVABLE |IMPROVABLE 33.9 20.0
RMTXT1 (GOOD GOOD GOOD 118.7 75.8
RMTXT2 (GOOD GOOD EXCELLENT 86.0 25.0
RMSB1 [EXCELLENT GOOD GOOD 64.3 91.9
RMSB2 [EXCELLENT SOLID EXCELLENT 43.0 39.8
RMCH1 (GOOD GOOD EXCELLENT 72.4 42.2
RMCH2 |(EXCELLENT IMPROVABLE EXCELLENT 57.0 79.0
RMST1 [IMPROVABLE SOLID EXCELLENT 107.9 87.9
RMST2 (IMPROVABLE IMPROVABLE GOOD 77.7 59.0

Source: own illustration (data from case company (2022))

The next two parameters, dependence on tyre families and usage of RM item, were analyzed

by the help of BoM information which were accessible in the IT system. BoMs are the

recipes of tyres and consist of very detailed information of raw material usage for each tyre

model which defines the characteristics of a tyre. Thus, the information contained in these

BoMs are highly confidential and no details can be shared with public. In the analysis for

these two parameters all 14 RM items were search in the BoM information system of the

case company. As a result, 14 lists of RM item usage per tyre family were collected. By the

help of the BoM information, it was possible to determine the number of tyre families for

which the RM items are in use and to determine the share of every tyre family on the total

usage of RM items. The results of these analysis can be found in table 13. Supporting the

dependence parameter, the highest share of one tyre family is presented.
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Table 13: RM items — number of tyre families and highest shares

RM item [Number of Tyre Families |Highest share of one tyre family
RMNR1 48 14.2%
RMNR2 29 26.6%
RMSP1 7 44.1%
RMSP2 48 18.0%
RMFI1 35 20.9%
RMFI2 29 45.5%
RMTXT1 40 16.2%
RMTXT2 45 19.3%
RMSB1 48 17.2%
RMSB2 41 15.0%
RMCH1 48 17.8%
RMCH2 17 33.5%
RMST1 4 63.4%
RMST2 3 49.2%

Source: own illustration (data from case company (2022))

For the analysis of the substitution of a RM item, category managers, procurement director
and one employee of R&D were interviewed as their expertise provides the best possible
information on this matter. In combination with the risk evaluation information which were
sampled in an Excel spreadsheet by the procurement department’s category managers
independently from these empirical studies, it was possible to collect qualitative data to
determine the possibility of material interchangeability or substitution. Information about
the number of suppliers which represents the next parameter was also available in the risk
evaluation Excel spreadsheet of the procurement department. In combination with interviews

and PO line information the number of suppliers per RM item was determined.

The determination of stockout cost was challenging as no detailed analysis performed by the
case company was available. In combination with the time limit for this master’s thesis
project, the time was too short to investigate this parameter in detail. However, as this
parameter is also relevant for the determination of safety stock levels a rule of a thumb was
developed in collaboration with the procurement manager. All RM items which are used in
the main production lines of the case company were decided to have high stockout cost as a
stockout for those RM items would cause an interruption or at least a delay of several hours
in production which is undoubtedly very costly and a worst-case scenario for every

manufacturing company. However, the exact level of these high stockout costs were not
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determined during this research. The analysis of RM item usage in production showed that
almost all 14 RM items are part of the main production lines which explains why 12 out of
14 RM items obtained a high stockout cost risk status. Only the usage of RMST1 and
RMST?2 are separated from the main production lines and a stockout situation for those RM
items would only cause issues for a specific part of the production which does not influence
the remaining production processes. However, also this situation would cause significant
stockout cost as material availability of affected tyre families towards customers might

decrease. Thus, RMST1 and RMST2 obtained a medium stockout cost risk status.

Also, the analysis of holding cost was not performed in detail. After requesting the
information from the case company’s controlling department, the response only consisted of
an average cost estimate for one of the four case company’s facilities. More detailed
information was not shared. However, the received information on holding cost represents
the holding cost structure of the main storage location in Finland in which the majority of
inventory is managed and therefore the average holding cost apply to a big share of SKUs.
Consequently, the holding cost of 0.10 EUR per tonne per day were used in all upcoming

steps of this master’s thesis.

4.6.2 Developing a scoring system

After the identification and analysis of parameters, a method must be developed which
connects the results of the parameter analysis with the safety stock calculation. The method
should be easy to understand and use to avoid any additional work for the employees. One
approach which was suggested by the academic literature of SKU classification was the
development of a scoring model in which information are scaled and SKUs are classified
according to their final score points. Adopting this idea for the purpose of safety stock
determination, a scoring system was developed which considers a RM item’s individual
results of each parameter. By the help of adding score points for each parameter category
every RM item can reach a final score which will be used to find the appropriate value for
safety stock factor K. The categorization of all parameters should follow the example of the

parameter forecast quality as shown in table 12. For all remaining parameters it was the
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target to develop three categories with clear definitions. By the help of these definitions and

the analysis results of parameters, it is easy to fill a matrix as demonstrated in table 14.

Table 14: Parameter categorization and definitions

Parameters Results Definition Points |Score Importance Factor

Quality of forecasts Excellent +-5% 0
Good +/- 10% 1 15
Solid +/-20% 2 ’
Improvable |more than 20% deviation to actual consumption 3

Dependence on tyre families  [High More than 30,0 % of the total demand occures from a single tyre family 2
Medium Between 15.0 and 30.0% of the total demand occures from a single tyre family 1 1
Low Less than 15,0 % of the total demand occures from a single tyre family 0

Usage of RM item Many More than 30 BoM contain raw material item 0
Few Between 10 and 30 BoMs contain raw material item 1 1
Specific Less than 10 BoM contain raw material item 2

Substitution of RM item Difficult Material attributes make it difficult to replace raw material 2
Medium Material attributes make it possible to replace raw material 1 1
Easy Material is easy to be replaced by a another raw material 0

Number of suppliers Multiple 3 or more suppliers 0
Okay At least two suppliers 1 2
Single Single sourcing 2

Stockout cost High If material stockout causes fullstop of production 2
Medium If material stockout causes partcial stop of production 1 2
Low If material stockout does not cause stop of production 0

Holding cost High Above average holding cost 2
Medium Average holding cost of 0.1EUR/tonne/day 1 1
Low Below average holding cost 0

The definitions of each result category were derived from the findings within each
parameter. Additionally, the definitions of all parameter’s categories were discussed with
and reviewed from the procurement manager to receive qualified feedback. The results can
be seen in table 14. In alignment with the idea of a scoring model each parameter’s category
results in scoring points which help to calculate a final score for every RM item. Each
parameter has three or four categories which are clearly defined (see definitions in table 14).
In addition to the scoring points a score importance factor was added which helps to add
subjectivity of category managers whenever needed. In collaboration with the procurement
manager the initial score importance factors for each parameter were set as in table 14. The
settings were set according to the controllability of parameters by the procurement
department itself. Parameters which are controllable by the procurement department show a
higher score importance factor than parameters which are influenced by external sources. In
alignment with academic literature suggestion the possible range of the score importance
factor is from 1 to 2 which means that one parameter’s score can only be doubled, and other

parameter’s do not lose their influence on the total score.
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RM item |Quality of Dependence on Usage of RM item |Substitution of RM |Number of Stockout cost Holding cost
forecasts tyre families item Suppliers

RMNR1 Excellent Low Many Medium Multiple High Medium

RMNR2 Good Medium Few Easy Okay High Medium

RMSP1 Excellent High Specific Difficult Single High Medium
© RMSP2 Improvable Medium Many Medium Okay High Medium
& |RMFIL Excellent Medium Many Difficult Single High Medium
E RMFI2 Improvable High Few Difficult Multiple High Medium
E RMTXT1 Good Medium Many Difficult Multiple High Medium
g RMTXT2 Good Medium Many Difficult Multiple High Medium

RMSB1 Good Medium Many Difficult Multiple High Medium

RMSB2 Solid Medium Many Easy Multiple High Medium

RMCH1 Good Medium Many Medium Okay High Medium

RMCH2 Improvable High Few Difficult Single High Medium

RMST1 Excellent High Specific Difficult Multiple Medium Medium

RMST2 Improvable High Specific Difficult Multiple Medium Medium

RM item |Quality of Dependence on Usage of RM item |Substitution of RM |Number of Stockout cost Holding cost RM item

forecasts tyre families item [Suppliers Total Score

RMNR1 0 0 0 1 0 4 1 6.0

RMNR2 1.5 1 1 0 2 4 1 10.5
2 |RMSP1 0 2 2 2 4 4 1 15.0
2 |RMSP2 45 1 0 1 2 4 1 135
‘_3 RMFI1 0 1 0 2 4 4 1 12.0
8 [RMFI2 4.5 2 1 2 0 4 1 14.5
£ [rRmTXT1 15 1 0 2 0 4 1 9.5
% RMTXT2 1.5 1 0 2 0 4 1 9.5
é RMSB1 1.5 1 0 2 0 4 1 9.5
@ |RMSB2 3 1 0 0 0 4 1 9.0

RMCH1 1.5 1 0 1 2 4 1 10.5

RMCH2 4.5 2 1 2 4 4 1 18.5

RMST1 0 2 2 2 0 2 1 9.0

RMST2 4.5 2 2 2 0 2 1 13.5

Table 15 shows the user interface and the calculations happening in the background to

receive the final score. The responsible employee must fill the matrix of the user interface

according to the results of the parameters by using the predefined categories as per table 14.

As all categories have scoring points, the scoring points are multiplied with the score

importance factor as defined in table 14. In the example of table 15 the forecast quality of

RMNR2 was selected to be “GOOD” which equals a scoring value of 1. Multiplied by the

score importance factor of this parameter, the parameter’s total score of RMNRZ2 reaches the

value of 1.5 as illustrated in the background calculation part of table 15. Together with all

other score points of the remaining parameters which are calculated by using the same

methodology a RM item total score is determined which is 10.5 in case of RMNR2.
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4.6.3 Determination of the safety factor

The developed model which calculates the RM item total score needs to be translated to
determine the appropriate value of safety stock factor K. The translation of RM item total
score into K requires predefined rules. Previously it was discussed that the standard deviation
of combined safety stock as calculated in chapter 4.5 is insufficient for raw material
inventory management as the theoretical service level of 84.1% is too low for items which
cause high stockout costs if stockout situations occur. Currently, there is no service level
agreement in place between production and procurement department which gives the
management of the procurement department the freedom to select an appropriate range of
values of K by itself. In alignment with suggestion of academic literature on inventory
management a range of theoretical service level between 90% and 98% was suggested to the
procurement manager. A service level below 90% seems too small to avoid stockout
situations or additional workload by generating backorders on a short notice. Service levels
above 98% become too expensive as holding cost of inventory rise disproportionately as
illustrated in figure 3. This suggestion results in a minimum and maximum value of K which
Is 1.3 and 2.1 respectively (see Appendix 1). Combined with the range of possible RM item
total score points from 0.0 (minimum score) to 20.5 (maximum score), the scoring points
can be equally sorted along the K values of 1.3 and 2.1. This approach leads to a translation
of RM item total score into K according to the table in Appendix 5. In the examples of
RMTXT1, RMTXT2, and RMSB1 which all have a RM item total score value of 9.5 the

appropriate value for K would be 1.6 (compare with information of Appendix 5).

4.7 Safety Stock level suggestions, determination of fill rate, and

comparison with current settings of case company

The developed scoring system with its clear rules enables the usage of (9) to determine the
appropriate safety stock level per RM item. The combined safety stock calculated by (6) will
be multiplied by the determined safety stock factor K. As discussed, the RM item total score
of every RM item will be translated into a value of K following the table of Appendix 5. The

results are shown in table 16.
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Table 16: Safety stock calculations per RM item by using the determined safety stock factor

Calculation of safety stock levels by using the lead time results of 01/2020 - 06/2022

RM Item RM item total score |Safety stock factor |Combined safety stock |Suggested safety stock |Safety stock (in weeks)

RMNR1 6.0 1.5 3,441,670 5,162,506 9.2
RMNR2 10.5 1.7 483,069 821,217 7.6
RMSP1 15.0 1.9 29,994 56,989 8.4
RMSP2 13.5 1.8 383,132 689,637 4.6
RMFI1 12.0 1.7 499,907 849,843 6.1
RMFI2 14.5 1.8 903,159 1,625,685 7.6
RMTXT1 9.5 1.6 592,969 948,750 11.5
RMTXT2 9.5 1.6 303,822 486,115 13.6
RMSB1 9.5 1.6 869,243 1,390,789 10.5
RMSB2 9.0 1.6 1,192,137 1,907,420 9.2
RMCH1 10.5 1.7 48,119 81,802 13.4
RMCH2 18.5 2.0 85,295 170,590 11.7
RMST1 9.0 1.6 36,684,520 58,695,232 9.2
RMST2 13.5 1.8 16,030,791 28,855,425 16.1

Calculation of safety stock levels by using the lead time results of 01/2022 - 06/2022
RM Item RM item total score |Safety stock factor |Combined safety stock |Suggested safety stock [Safety stock (in weeks)

RMNR1 6.0 1.5 2,701,106 4,051,659 7.2
RMNR2 10.5 1.7 304,897 518,325 4.8
RMSP1 15.0 1.9 29,994 56,989 8.4
RMSP2 13.5 1.8 285,316 513,569 3.4
RMFI1 12.0 1.7 199,323 378,714 2.7
RMFI2 14.5 1.8 220,245 396,441 1.9
RMTXT1 9.5 1.6 351,789 562,863 6.8
RMTXT2 8.0 1.6 45,113 72,181 2.0
RMSB1 9.5 1.6 875,908 1,401,453 10.6
RMSB2 9.0 1.6 1,266,871 2,026,994 9.8
RMCH1 10.5 1.7 31,527 53,595 8.8
RMCH2 18.5 2.0 102,326 204,651 14.0
RMST1 9.0 1.6 8,884,995 14,215,991 2.2
RMST2 13.5 1.8 13,833,830 24,900,893 13.9

Note: The RM item total score of RMTXT2 differs due to the different results shown in Table 12.

Source: own illustration (data from case company (2022))

Table 16 consists of two separated approaches considering the different lead time
information results of the periods 01/2020 — 06/2022 and 01/2022 — 06/2022. In both
examples, the RM item total score is translated into a safety stock factor. The combined
safety stock results which were calculated with (6) is multiplied by the safety stock factor K
as demonstrated by (9). The result of (9) can be seen in the column ‘suggested safety stock’.
Additionally, this result is also shown as safety stock (in weeks) for which the suggested
safety stock values were divided by the weekly consumption of the RM item. In accordance
with the results on forecast quality (shown in table 12) the RM item total score of RMTXT2
differs in both approaches by 1.5 points as the average lead times of both time periods
required the selection of different forecast quality results which were ‘excellent’ for a 26-

week forecast period and ‘good’ for a 4-week forecast period. Thus, RMTXT2 receives 0
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and 1 point respectively as defined in table 14. After the multiplication with the defined score
importance factor (see table 14) the difference of 1.5 points in RM item total score results.
Further, it can be noticed in table 16 that the lead time information (average lead time and
standard deviation of lead time) has significant influence on the safety stock calculation.
Suggested safety stock levels in which the lead time information of period 01/2022 —
06/2022 is used are much smaller than for the period of 01/2020 — 06/2022 as the arithmetic
mean value and the standard deviation of lead time are smaller (see table 7) and consequently

affect the results of the combined safety stock calculated by (6).

In order to determine the inventory targets of every RM item and their fill rates, it is required
to calculate the EOQ as defined in (5). Therefore, the information of holding cost, transport
cost and annual consumption need to be investigated. The annual consumption of all RM
items was identified by the help of the case company’s IT system. In the example of table
17 the annual consumption represents the consumption of the year 2021. The information of
cost per order was not available and had to be determined manually. As the exact amount
was unknown a simple mathematical approach was chosen which considered the total
number of PO orders per year and the gross salaries of the case company’s responsible
operational buyers to determine the approximate order cost. Also, detailed transport cost
information was not able to be identified. Thus, a best guess cost approach for transports
within Europe and transports worldwide was used. The best guess of 100 EUR per transport
within Europe and 250 EUR per global transport was made in collaboration with the logistics
department and the procurement manager. In addition to this information, the share between
European transports and global transports was determined by the help of the previous
discussed PO line information from the IT system. By the help of the departure and
destination location which was listed for each PO line, it was possible to separate European
and global transports. As a result, each RM item’s share of both transport types was
determined. According to the share values of European and global transports, an average
transport cost per RM item was calculated. The results are demonstrated in table 17. In case
the listed transport cost for one RM item is 100 EUR it means that 100% of all transports
took place within Europe. If the listed transport cost is 250 EUR all transports were global
for this RM item.
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Annual Consumption |Annual Consumption |Order cost |Transport cost [Holding cost |EOQ Results |[EOQ Results |[EOQ results
RM Item |(in kgs) (in tonne) (in EUR) (per tnin EUR) |(in EUR) (in tonne) |(in kgs) (in weeks)
RMNR1 29,297,243 29,297 70.00 247.81 36.50 714.3 | 714,273.9 1.3
RMNR2 5,621,649 5,622 70.00 228.66 36.50 303.3 303,310.8 2.8
RMSP1 354,949 355 70.00 192.73 36.50 71.5 71,483.2 10.6
RMSP2 7,899,339 7,899 70.00 250.00 36.50 372.2 | 372,167.9 2.5
RMFI1 7,210,506 7,211 70.00 100.00 36.50 259.2 | 259,164.7 1.9
RMFI2 11,121,271 11,121 70.00 250.00 36.50 441.6 441,591.6 2.1
RMTXT1 4,303,104 4,303 70.00 229.47 36.50 265.7 265,727.4 3.2
RMTXT2 1,861,030 1,861 70.00 170.75 36.50 156.7 156,686.9 4.4
RMSB1 6,886,736 6,887 70.00 222.09 36.50 332.0 | 331,995.8 2.5
RMSB2 10,792,033 10,792 70.00 178.46 36.50 383.3 | 383,311.0 1.9
RMCH1 318,848 319 70.00 128.26 36.50 58.9 58,854.4 9.7
RMCH2 759,716 760 70.00 100.00 36.50 84.1 84,123.8 5.8
RMST1 331,319,417 | - 70.00 0.0001 | 3.8325E-05| 34,789,382 | 34,789,382 5.5
RMST2 93,384,321 | - 70.00 0.0001 | 3.1025E-05| 20,527,944 | 20,527,944 11.5
Note: EOQ calculations of RMST1 and RMST2 are calculated in pieces

Source: own illustration (data from case company (2022))

In table 17 the EOQ was calculated by the help of (5). The holding cost of 36,50 EUR
represent the price per tonne per year and are the result of the multiplication of holding cost
per tonne per day of 0.10 EUR and 365 days (days per year). The EOQ is stated in tonnes,
in kgs, and in weeks (green columns). In case of RMST1 and RMST2 the EOQ was
calculated in pieces and the transport cost stated in table 17 represents the transport cost per
piece which was determined by using the transport cost per tonne and the weight information
of RMST1 and RMST2. Same applies to the holding cost of RMST1 and RMST2 which

show the holding cost per piece.

The inventory target suggestion defined as the combination of suggested safety stock and
half of the EOQ was calculated in weeks and the result for each RM item are shown in table
18 (inventory target suggestion I). The example shown in table 18 demonstrates the
calculation by using the lead time information of period 01/2022 — 06/2022 (Approach 11 of
chapter 4.4). Next, the fill rate per RM item was calculated by (10). The results are shown
in column ‘Fill rate I’ and the weighted average result of the fill rates is shown below the
RM item list which is 94.1%. In a third step the turnover ratio (turnover ratio 1) was
calculated by considering the annual consumption per RM item and the quantity of inventory
target suggestion 1. Aligned with the common method of the case company and in contrast

to definition of inventory turnover ratio in (1) the total quantities of inventory target
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suggestion | and annual consumption were used to determine the inventory turnover ratio
(no monetary values were used). The weighted average of turnover ratio | is shown below
the RM item list and is 8.8. Then, the results of turnover ratio | were compared to the case
company’s all over inventory turnover ratio target for raw material inventory which is

currently 7.4 and all results which show a value below this target are marked red.

Table 18: Inventory turnover ratio control and adjustment of safety stock levels per RM item

RM Item |Inventory target |Fill rate | Turnover ratio |  |Safety stock Safety stock factor New safety stock Final safety stock factors
suggestion | (turnover ratio target: |needed factor

7.4) within allowed range?
RMNR1 7.8 88.8% 6.6 3,601,950 1.33 YES 1.3
RMNR2 6.2 98.1% 8.4 - - - 1.7
RMSP1 13.6 99.5% 3.8 12,224 0.41 NO 1.3
RMSP2 4.6 98.9% 11.3] - - - 1.8
RMFI1 3.7 99.1% 14.2( - - - 1.9
RMFI2 2.9 99.3% 18.0{ - - - 1.8
RMTXT1 8.4 96.9% 6.2 448,637 1.28 NO 1.3
RMTXT2 4.2 99.3% 12.4{ - - - 1.6
RMSB1 11.9 93.8% 4.4 764,642 0.87 NO 1.3
RMSB2 10.7 92.2% 4.9 1,266,727 1.00 NO 1.3
RMCH1 13.6 99.0% 3.8 13,660 0.43 NO 1.3
RMCH2 16.9 99.0% 3.1 60,602 0.59 NO 1.3
RMST1 5.0 100.0% 10.5( - - - 1.6
RMST2 19.6 100.0% 2.7 2,355,531 0.17 NO 1.3

94.1% 8.8
RM Item [Safety stock Safety stock Safety stock Inventory Target Il Fill rate Il Turnover ratio Il
suggestion |1 suggestion | + 11 (in weeks)
RMNR1 3,601,950 3,601,950 6.4 7.0 82.7% 7.4
RMNR2 - 518,325 4.8 6.2 98.1% 8.4
RMSP1 38,992 38,992 5.7 11.0 99.0% 4.7
RMSP2 - 513,569 3.4 4.6 98.9% 11.3
RMFI1 - 378,714 2.7 3.7 99.1% 14.2
RMFI2 - 396,441 1.9 2.9 99.3% 18.0
RMTXT1 457,326 457,326 5.5 7.2 97.5% 7.3
RMTXT2 - 72,181 2.0 4.2 99.3% 12.4
RMSB1 1,138,680 1,113,680 8.6 9.9 87.9% 5.3
RMSB2 1,646,932 1,646,932 8.0 8.9 84.9% 5.9
RMCH1 40,984 40,984 6.7 11.5 98.0% 4.5
RMCH2 133,023 133,023 9.1 12.0 94.4% 4.3
RMST1 - 14,215,991 2.2 5.0 100.0% 10.5
RMST2 17,983,978 17,983,978 10.0 15.8 100.0% 3.3
90.7% 9.0

Source: own illustration (data from case company (2022))

In case the turnover ratio | shows a value below target, a second safety stock level was
calculated which fulfils the case company’s target requirements. After the calculation of this
second safety stock level shown in column ‘safety stock (turnover ratio target: 7.4)’, it was
divided with the value of combined safety stock (see table 8 - Approach Il) to determine the
needed safety stock factor K to achieve the second safety stock level (table 18 — safety stock
factor needed). In the following column a simple check was performed to see if the needed
safety stock factor is in line with the predefine range of safety stock factor K (1.3 — 2.1). If
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yes, the revised safety stock factor was used to calculate the amount of safety stock
suggestion 1I. If the needed safety stock factor was not within the range of 1.3 — 2.1 the
minimum or maximum value was used. All used safety stock factors can be seen in table 18
in column ‘final safety stock factors’. The results of the safety stock calculation which used
the revised safety stock factor can be found under safety stock suggestion Il. Combined with
the initial safety stock levels which fulfilled the case company’s inventory turnover ratio
target of 7.4 they are listed under ‘safety stock suggestions | + II’. For these safety stock
levels the fill rate and turnover ratio were calculated as previously for the initial safety stock
levels (fill rate 11, turnover ratio I1). Consequently, the weighted average result of fill rate 11
is 3.4 percentage points smaller than in case of fill rate | and the weighted average result of

turnover ratio Il increased by 0.2 in comparison to turnover ratio | due to these adjustments.

Table 19: Comparison of RM time results with current inventory targets of case company

RM Item [Inventory target |Inventory target | Difference [Inventory target Difference |[Inventory Target Difference
case company |suggestion | (in CW) suggestion |l (in CW) Suggestion (in CW)
(01/2020 - 06/2022)
RMNR1 8.9 7.8 1.1 7.0 1.9 9.8 -0.9
RMNR2 6.1 6.2 -0.1 6.2 -0.1 9.0 -2.9
RMSP1 20.2 13.6 6.6 11.0 9.2 13.6 6.6
RMSP2 4.7 4.6 0.1 4.6 0.1 5.8 -1.1
RMFI1 7.9 3.7 4.2 3.7 4.2 7.1 0.8
RMFI2 4.2 2.9 1.3 2.9 1.3 8.7 -4.5
RMTXT1 7.9 8.4 -0.5 7.2 0.7 13.1 -5.2
RMTXT2 8.2 4.2 4.0 4.2 4.0 15.8 -7.6
RMSB1 10.4 11.9 -1.5 9.9 0.5 11.8 -1.4
RMSB2 8.9 10.7 -1.8 8.9 0.0 10.1 -1.2
RMCH1 7.7 13.6 -5.9 11.5 -3.8 18.2 -10.5
RMCH2 17.7 16.9 0.8 12.0 5.7 14.6 3.1
RMST1 N/A 5.0 - 5.0 - 12.0 -
RMST2 N/A 19.6 - 15.8 - 21.8 -

Source: own illustration (data from case company (2022))

Finally, in table 19 the inventory target suggestions of this master’s thesis are compared with
the current inventory targets set by the case company. For all suggestions the differences are
shown in CW. In green the results which are within a range of +/- 1.0 week, in yellow the
results which are covered by a range of +/- 2.0 weeks, and red marked are all results above

this range. Next to the various ranges which can be identified in this comparison it is
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noticeable that only few suggested inventory targets (inventory target suggestion | and
inventory target suggestion I1) are higher than the current inventory target settings of the
case company. For these cases the negative result is written in red colour. The majority of
inventory suggestions | and 11 aim for lower inventories for the investigated RM items. In
addition to the two discussed suggestions described in detail above another inventory target
suggestion which considered the lead time information of the period 01/2020 — 06/2022 was
added and compared with the current inventory target settings of the company. By
comparing this suggestion with the current settings, it can be noticed that most of the
inventory target suggestions are higher which leads to negative difference results again

written in red colour.
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5 Discussion & conclusions

The suggested mathematical model achieves its target to generate concrete statistical
suggestions for safety stock levels and/or inventory targets as presented in table 16, 18, and
19. The development of this mathematical model supports the case company’s procurement
department to move forward to a more fact-based safety stock decision-making process
which uses several information from the internal data system and combines them in one
model to calculate safety stock levels and inventory target which are close to the realistic
environment of the case company. Inventory management, a by-product in many companies,
becomes more concrete and the results and the following decisions of inventory managers
can be justified by the parameters used in the mathematical safety stock model. As described
in the theory chapter of this master’s thesis, inventory creates opportunity costs which need
to compete with other investments (Tersine 1988, 22; Kroes, Manikas 2018, 133) and
especially raw material inventory shows a significant impact on a company’s financial
statement (Capkun et al. 2009, 797). Further, safety stock management is an important risk
mitigating tool to protect a company from stockout situations (Ancarani et al. 2013, 64;
Glock, Ries 2013, 43). Thus, it was important to analyse the given circumstances of the case
company in depth to avoid wrong individual interpretations and safety stock decisions which
are not optimal in the future. The focus of this master’s thesis was on the case company’s
environment, but in contrast to the approaches taken by Graves and Willems (2000) and
Steckel et al. (2004) does not consider the entire supply chain as a base of the development
process. Also, imperfect production and its impact on inventory decisions as described by
Bag et al. (2009) and Paul et al. (2014) were excluded in the development of the

mathematical model.

The developed mathematical model combines two different academic subjects to create
theoretical, statistical results which are close to the case company’s environment. In the
selection of an appropriate mathematical model, it was important to use an approach which
is easy to understand and use in the daily working life routines of the responsible managers.
Aligned with the suggestions of Tersine (1988, 40) to use a standard model to avoid

additional high development cost, the chosen approach is rather simple and does not require
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additional resources or statistical tools which may increase the costs of analysis significantly.
Instead, all necessary information which are needed to use the suggested mathematical
model can be found and analyzed by the given data system. Further, the chosen mathematical
model includes the two most mentioned information which are important for inventory
management decisions — demand and lead time (Tersine 1988, 189). The usage of demand
and lead time information is justified as most companies are affected by uncertainties
originated by supply or demand variations (Dolgui, Prodhon 2007, 274; Hangerliogullar: et
al. 2016, 682; Ghadimi, Aouam 2021). As suggested by Tersine (1988, 189) that the installed
mathematical model shall describe both in a realistic way, the information of deviation of
demand and lead time was identified as essential as well. Thus, the developed mathematical
model follows the suggestion of Ruiz-Torres and Mahmoodi (2010, 2842) who claimed that
the usage of standard deviation techniques gives a good tendency of deviation which results
in good indications for inventory management. Consequently, the base of the suggested
mathematical model describes demand, lead time, and their deviations as defined in (6) by
Stock and Lambert (2001, 245). The separate determination of demand and lead time
deviation as described in (7) and (8) respectively and the usage of historical data as suggested
by Eppen and Martin (1988, 1384), further supports the detailed analysis of possible drivers
for safety stock increasements or reduction and follows the idea of Workman and Scheidler
(2009, 6) who split the safety stock determination into three different categories to assure
the identification of safety stock drivers. The potential of immediate feedback was described
by Dolgui and Prodhon (2007) and Ghadimi and Aouam (2021, 551) and the developed
model supports responsible procurement managers in this process. Due to the split of
analysis of demand and lead time, the procurement is able to install continuous learning
processes about the behaviour of its inventory and decisions on safety stock or inventory

levels can be made on fact-based knowledge.

In the analysis of the results of the arithmetic mean and deviation of demand and lead time
as shown in table 6 and 7 respectively, the two approaches which include two different time
periods (one time period including the effects of the Covid-19 pandemic (01/2020 — 06/2022)
and one which excludes the biggest impacts of the Covid-19 pandemic (01/2022 — 06/2022))
prove immediate response to environmental inputs. In case of the demand analysis, the

average mean value was 24% higher in the period which excluded the Covid-19 pandemic
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effects, and the value of standard deviation was reduced by -21%. Similar developments can
be noticed in the analysis of lead time information. The average mean value was 15% shorter
for the time period which excluded the majority of effects of the Covid-19 pandemic while
the standard deviation of lead time was even -34% smaller. The received results are in line
with the expectations on how the Covid-19 pandemic influences demand and lead time
which were mentioned by all interviewees. As proven in the analysis of consumption
illustrated in figure 8, global demand was significantly reduced in Q2 of 2020 which leads
to a lower arithmetic mean value and due to the recovery of demand in 2021 then deviation
of demand for the entire period tested in approach I is much higher than in approach 11 which
excludes the main effects of 2020. Same can be noticed for the lead time results. As a
consequence of the Covid-19 pandemic supply chains were heavily interrupted which led to
shortages and longer supply times. Thus, the arithmetic mean of lead time for the second
time period is much shorter and the due to the recovery of supply chains and therefore the
higher variation of results the deviation of lead time for the entire period is bigger. Therefore,
it can be said that the results prove that the formulas chosen, (7) and (8), show immediate
results once the input changes and the decision to consider these formulas by Stock and
Lambert (2001, 245-246) is justified and follows the main target of this master’s thesis to
develop a mathematical model which presents results which are closely connected with
environmental circumstances. Consequently, the formula which calculates the combined
safety stock (6) by using the input of (7) and (8) fulfils this target as well. Further, the results
of table 6, 7, and 8 highlight to need of a dynamic approach for inventory management as
suggested by Krupp (1997) and Dellaert and Jeunet (2005, 761). Due to environmental
changes and the immediate response on inventory developments, this master’s thesis
suggests installing routine updates for inventory management decisions to assure the
mathematical model considers the newest information available and is able to suggest safety

stock levels which achieve beneficial results.

In addition to formula (8) which results in a theoretical service level of 84.1% (Stock,
Lambert 2001, 248), the safety stock factor K was introduced in (9) to increase the service
level according to the requirements of the case company’s raw material department (Silver
et al. 1998, 244; Stock, Lambert 2001, 248). Besides Molinder (1997, 993) and Persona et

al. (2007, 154) who defined K by using stockout cost and holding cost, academic literature
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did not give clear guidance on how to determine the correct value of K (Krupp 1997; Silver
et al. 1998, 260-274; Stock, Lambert 2001, 249) and a new solution introduced in this
master’s thesis by using the input of parameters mentioned by SKU classification theory was
developed. Academic theories about SKU classification provided additional parameters as
listed in table 9 which were found useful for this purpose as all of them have a direct or
indirect linkage to inventory management. The idea to support the determination of safety
stock factor K with additional parameters goes back to the suggestion of Eraslan, IC (2019,
683) who suggested using multiple parameters to characterize SKUs more accurate and
receive beneficial results. The chosen additional parameters support the identification of a
SKU’s characteristics which are used to identify the correct value of K. All of the in total
seven additional parameters (quality of forecasts, dependence on tyre families, usage of RM
item, substitution of RM item, number of suppliers, stockout cost, and holding cost) were
able to be analyzed by the help of the internal data system. This was essential in the selection
of additional parameters as the main target to develop a mathematical model which is easy
to use in daily working life gets supported. The limited number of seven additional
parameters follows the suggestion of Ng (2007, 345) and Torabi et al. (2012, 533) who
claimed that a limited number of additional parameters should be used to avoid creating
additional complexity and overwhelming workload. The usage of already existing
information collected in the case company’s risk evaluation Excel spreadsheet further
supported the goal to avoid too much additional workload. In the analysis of forecast
accuracy, the master’s thesis found that the raw material consumption directly depends on
the sales quantities of tyres to customers as described by Muller (2011, 131) as dependent
demand. The process shown in appendix 2 even directly connects the determination of raw
material demand in the future with the expected tyres which will be manufactured. Also, the
case company uses the information of BoMs as suggested by Persona et al. (2007, 148).
Further, the forecast errors analyzed found proof that new products lead on to uncertainties
for new and established product as described by Huang et al. (2016, 510) and that a robust
and reliable forecast plays a key role in the raw material forecast process as mentioned by
Tiacci and Saetta (2009, 63) and Barrow and Kourentzes (2016, 24). As shown in appendix
2, R&D has a significant role in developing new products or revising BoMs for established
products and directly influence sales and operations planning and the planning of raw
material procurement department which is why this master’s thesis is aligned with Corbet

(2001) and de Vries (2013) and highlights the importance of excellent communication within
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this process. While the overall results of all family tyre forecasts from 2018 until 2022 in
table 10 confirm the statement of Dellaert and Jeunet (2005, 752) that forecasts for shorter
periods have increased accuracy, the individual analysis of RM items do not seem to prove
that statement (table 12) which suggests that either the case company’s forecast quality on
individual SKUs should be improved and current forecasting procedure may be reviewed to
improve accuracy on SKU item level or short-notice changes of BoM or the introduction of

new tyre models initiated by R&D should be communicated earlier than in current practice.

Further, the idea of Ramanathan (2006, 696) and Ng (2007, 353) was used to develop a
scoring model as defined in table 14 and used in table 15 which led on to a predefined
translation into an appropriate value of safety stock factor K according to the table in
appendix 5. Table 14 helps to identify the right score in accordance with the analysis of every
parameter. The definitions which are presented in table 14 were defined after the overall
results for each of the 14 RM items under investigation had been analyzed. Naturally, the
definitions mentioned in table 14 may be revised once all RM items of the case company’s
raw material procurement department are analyzed. In addition to the clear definitions of
each parameter which allows the development of a scoring model, the scoring model
presented offers the case company the opportunity to add subjectivity by introducing the
score importance factor and follows the suggestion of Eraslan, iC (2019, 695) which found
subjectivity beneficial in the classification of SKUs. In the attempt of this master’s thesis,
the controllability factor was used to determine the score importance factor. However, during
the implementation period of the mathematical model the experience of all responsible
inventory managers should be considered to refine the determination of this factor as
suggested by Krupp (1997, 12) who mentioned that the experience of responsible managers
is essential for successful inventory management. Also, the determination of stockout cost
for each RM item needs to be reviewed as the master’s thesis only used an approximation
which followed the guideline of Tersine (1988, 5) who described that stockout cost for raw
materials are generally on a high level due to the direct linkage between material availability
and production processes. Thanks to the scoring model presented which follows Tersine’s
(1988, 40) idea of inventory management decision-making in which both quantitative
(statistical) and qualitative (judgemental) parameters are used to determine inventory levels

correctly, a total score for each RM item can be determined as shown in table 15. In a next
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step the total score is translated into the appropriate value of safety stock factor K according
to the predefined translation table in appendix 5. The predefinition of K values which was
chosen to be within a range of 90 to 98% service level followed the suggestion of Krupp
(1997, 12) who suggested that it is the task of the management to define suitable service
level values. In case of the case company no service level agreement between production
and raw material procurement was in place which gave the opportunity to procurement
management to define suitable values by itself as there is no clear guidance from academic
literature towards that definition (Teunter et al. 2014, 343). In case the mathematical model
will be used in the future, this master’s thesis suggests determining a service level for at least
each RM category in collaboration with production and production planning to guarantee
the selected service level range is reviewed and approved by all departments which are
directly linked with the consequences of this decision. This would also follow Teunter et al.
(2014, 344) who mentioned service level targets as an important input for SKU ranking.
After the determination of safety stock factor K, formula (9) was used, and the results can
be found in table 16. In an additional step the results which did not match the current
inventory target of the case company were revised and new inventory targets were calculated
as shown in table 18. Since all corrections led to a reduced safety stock level suggestion, the
overall inventory turnover ratio increased by +0.2 (inventory target suggestion I: 8.8,
inventory target suggestion 11: 9.0) but the fill rate calculated by the help of formula (10)
suffered and decreased by 3.4 percentage points (inventory target suggestion I: 94.1%,
inventory target suggestion Il: 90.7%). Even though this master’s thesis in general agrees
with Thomopoulos (2015, 149), Yadollahi et al. (2017, 369), and Urlu and Erkip (2020, 395)
who mentioned that inventory levels shall be kept on a minimum and justifies the correction
of safety stock levels as performed in inventory target suggestion Il, both suggestions
(inventory target suggestion | and I1) currently exceed the suggested maximum value of 8.0
for inventory turnover ratio mentioned by Stock and Lambert (2001, 213). Thus, this
master’s thesis suggests to analysis the remaining RM items of the case company’s raw
material procurement department in the same way and adjust the inventory target levels as
suggested and demonstrated in table 18 afterwards. The inventory target suggestion Il was
used to demonstrate how inventory suggestions which are not in line with the case
company’s inventory turnover ratio target may be adjusted. Further, the comparison of all
inventory target suggestions with the current settings of the company shown in table 19 do
not agree or disagree with Bahroun and Belgacem (2019, 82) who found that classic
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approaches overestimate safety stock levels or Prak et al. (2017, 454) who found that classic
approaches of safety stock determination underestimate the required quantities. Instead, the
results are quite various. Comparing the results which were calculated by using the lead time
information of period 01/2022 — 06/2022 and includes the effects of the Covid-19 pandemic
with the current inventory targets of the case company for each RM item it can be concluded
that the raw material procurement department revises the RM item targets continuously due
to the big mismatches between target settings and inventory suggestions. In case of inventory
target suggestion I and Il it can be noticed that the suggestions of inventory target suggestion
Il match the current setting of the case company much better. These findings suggest that
the case company’s procurement department shows strong anticipation with the overall
inventory turnover ratio target set by upper management which seems to play a significant
role in the final decision on RM item’s safety stock level decision-making. Thus, it can be
said that the case company mainly follows an inventory management strategy which
orientates on a fixed budget as described by Silver et al (1998, 243-247). However, analysing
suggestion | and 1l and comparing the results with the current inventory target settings of the
case company, it can be stated that the majority of the suggestions show lower inventory
target levels than currently set by the responsible inventory managers. This supports
Ancarani et al. (2013) who stated that a natural reaction to uncertainty is pessimism which
results in overstocking. Additionally, it supports that stockout cost avoidance is generally
more important than keeping the holding cost on the absolute minimum (Persona et al. 2007,
154). Recognizing the current global environment in which the case company needs to act,
the higher inventory target level settings are in line with Schuster Puga, Tancrez (2017, 419-
422), Kroes and Manikas (2018), and Dbouk et al. (2020) who all noticed that a higher level
of uncertainty results in higher levels of inventories to increase the protection against

stockout scenarios.

For the calculation of the fill rate, it was necessary to determine the EOQ of all RM items
according to formula (5) described by Tersine (1988, 93). The formula requires information
of demand, holding cost, and order cost. Especially, holding and order cost were based on a
rough estimate rather than analyzed in depth. Noticing Tersine’s (1988, 114-116) sensitivity
analysis for the used EOQ formula which says that the EOQ formula is rather insensitive if

at least two out of three parameters are correct, it needs further investigation of holding and
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order cost to validate the correctness of these two parameters. Currently, it must be expected
that the calculated EOQs as displayed in table 17 may not show the optimal values for each
RM item.

RQ1: What method can be used in a realistic business environment with limited

resources to reach inventory improvement by the help of safety stock determination?

This master’s thesis suggests a simple mathematical formula which is easy to understand
and use in the daily routine of inventory management. It was found beneficial to use a
formula which includes information about demand and lead time as these two parameters
are main drivers of uncertainty in the inventory management decision-making. Further, the
used formula used the statistical tools of arithmetic mean and standard deviation which helps
to develop results which reflect the case company’s circumstances. Also, an additional safety
stock factor was introduced to be able to adjust the safety stock levels according to the
required service level targets of the RM items. The requires service level is predefined by
management and additional parameters give indication about a RM item’s characteristics.
The suggested model combines the information of these additional parameters and uses a
scoring model suggested by academic literature of SKU classification which gives the
opportunity to add subjectivity to determine the appropriate value of the safety stock factor.
As a result, the mathematical model achieves statistical safety stock level suggestions which
are affected by the environmental circumstances, appreciate individual experience, and

consider quantitative and qualitative parameters.

RQ2: What parameters are useful to use to determine the safety stock levels

correctly?

In the identification of additional parameters which are useful to use in the determination of
safety stock levels this master’s thesis found support in the academic theories of
classification of SKUs which provides multiple parameters that are directly or indirectly

connected to inventory management relevant questions. In this master’s thesis seven
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parameters were found useful to add quantitative information — quality of forecasts,
dependence on tyre families, usage of RM item, substitution of RM item, number of
suppliers, stockout costs, and holding cost. All of them were identified during the in-depth
literature review and origin from classification criteria number of requests for the item in a
year, part criticality, substitutability, scarcity, stockout penalty cost, and inventory cost. In
combination with the development of a scoring system all parameters mentioned supported
the determination of realistic, close to environmental circumstances safety stock level

suggestions.

RQ3: What are the parameters/information which influence management decisions

in the definition of the safety stock factor the most?

The findings towards this research question are clear. The answer to this question can be
found in the definition of the introduced score importance factor. As described this factor
adds subjectivity to the developed mathematical model and gives inventory managers the
chance to add their experience or individual opinion to the model. In case of the case
company’s raw material procurement department some parameters such as quality of
forecast, number of suppliers, and stockout cost are ranked higher in importance than the
remaining parameters used. The main reason behind is the aspect of controllability of these
parameters. From a procurement department’s point of view the decision to rank number of
suppliers and stockout cost higher is reasonable as both parameters can be either actively
controlled or actively avoided by the decisions of the raw material procurement department.
Further, the importance of forecast quality was decided to be more important as many
departments of the case company are involved in this process and the results of it directly

affects the decision-making process of each responsible inventory manager.

This master’s thesis achieved a mathematical model which helps to determine the safety
stock levels and inventory targets of a company. The taken perspective had influences on the
development process of the mathematical model and directly influence the selection of
additional parameters. However, the concept of the developed mathematical model can be

used in every procurement department and is not limited to the environment of the case
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company. The concept is based on the combination of two different academic fields and as
a result a new approach towards inventory management was developed. It supports the
understanding of SKUs’ characteristics which helps procurement departments to step away
from decision-making with is only based on individual experience and feelings and provides
statistical suggestions based on analyzed facts which provides additional justification for the

safety stock level settings in the future.

This master’s thesis is limited by the taken perspective and does not consider the entire
supply chain for inventory decisions. Also, the results of the mathematical model are not
compared with other approaches such as lead time safety stock and does not consider
additional ideas such as probabilistic selling or demand switching in case stockout situation
might be likely to appear. For further academic research it would be interesting to find out
what effects such aspects would have on the introduced model. Also, the scenario of the case
company was simplified in this master’s thesis. The case company has four different storage
locations which all keep safety stock levels for the production facilities at the same location.
Thus, it would be interesting to research how the suggested mathematical model would react
if it considered multiple storage locations for all RM items at the same time. It is
recommended to continue the development of the mathematical model and elaborate it to
assure the safety stock level suggestions reflect the case company’s setup in more detail in

the future.
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Appendix 1: Inventory safety stock factor overview

Safety Stock Factor K |Magnitude Factor /(K) |Theoretical Safety Stock Protection
1.0 0.0829 84.09%
1.1 0.0684 86.41%
1.2 0.0561 88.49%
1.3 0.0457 90.33%
1.4 0.0369 91.94%
1.5 0.0297 93.34%
1.6 0.0236 94.54%
1.7 0.0186 95.56%
1.8 0.0145 96.42%
1.9 0.0113 97.14%
2.0 0.0086 97.73%
2.1 0.0065 98.22%
2.2 0.0049 98.61%
2.3 0.0036 98.93%
2.4 0.0027 99.18%
2.5 0.0019 99.38%
2.6 0.0014 99.53%
2.7 0.0010 99.65%
2.8 0.0007 99.74%
2.9 0.0005 99.81%
3.0 0.0004 99.84%
3.1 0.0003 99.90%
3.2 0.0002 99.93%
3.3 0.0001 99.95%
3.4 0.0001 99.97%
3.5 0.0001 99.98%
3.6 0.0001 99.98%
3.7 99.99%
3.8 99.99%
3.9 99.99%
4.0 99.99%

Source: own illustration (Stock, Lambert 2001, p. 250)




Appendix 2: Process map of forecasting raw material demand
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NokianTyres: From Demand to Raw Material Procurement

Source: own illustration, result of qualitative research (interviews)



Appendix 3: Example of forecast quality control

Acutuals 01/2020 - 12/2020 Lag 0-2
Family Year Month |Actuals |Forecast MAD MSE bias
Tyre Family ABC 2020 1| 27,924 33,487 5,563 30,946,969 -5,563
Tyre Family ABC 2020 2| 23,727 24,102 375 140,625 -375
Tyre Family ABC 2020 3| 25,856 30,257 4,401 19,368,801 -4,401
Tyre Family ABC 2020 4| 64,609 83,134 18,525 343,157,130 -18,525
Tyre Family ABC 2020 5| 95,177 89,830 5,347 28,593,962 5,347
Tyre Family ABC 2020 6(121,520 117,080 4,440 19,716,081 4,440
Tyre Family ABC 2020 7] 138,503 134,533 3,970 15,760,781 3,970
Tyre Family ABC 2020 8|151,293 158,207 6,914 47,801,596 -6,914
Tyre Family ABC 2020 9152,906 175,169 22,263 495,641,169 -22,263
Tyre Family ABC 2020 10| 105,262 130,435 25,173 633,695,329 -25,173
Tyre Family ABC 2020 11| 78,349 74,541 3,808 14,503,191 3,808
Tyre Family ABC 2020 12| 60,107 53,215 6,892 47,496,029 6,892
5 8973 141401805 -4896
% 94.4 %
Lag 3-5 Lag 6-8
Forecast MAD MSE bias Forecast MAD MSE bias
34,903 6,979 48,702,731 -6,979 37,351 9,427| 88,871,071 -9,427
24,427 700 490,210 -700 30,568 6,841 46,802,747 -6,841
31,865 6,009 36,105,689 -6,009 32,791 6,935 48,096,155 -6,935
113,019 48,410 2,343,518,244 -48,410 118,505 53,896/ 2,904,751,923 -53,896
118,994 23,817| 567,242,606 -23,817 133,031 37,854( 1,432,905,091 -37,854
143,868 22,348 499,446,723 -22,348 149,260 27,740 769,503,062 -27,740
111,357 27,146| 736,912,690 27,146 122,400 16,103| 259,295,759 16,103
165,835 14,542 211,478,229 -14,542 179,446 28,153 792,616,918 -28,153
183,345 30,439 926,505,350 -30,439 196,085 43,179 1,864,457,767 -43,179
138,085 32,823| 1,077,357,354 -32,823 129,707 24,445| 597,544,137 -24,445
90,850 12,501| 156,275,611 -12,501 81,677 3,328 11,078,490 -3,328
33,381 26,726| 714,263,466 26,726 36,779 23,328 544,213,404 23,328
21037 609858242 -12058 23436 780011377 -16864
86.2 % 80.6 %
Forecast MAD MSE bias Forecast MAD MSE bias
39,857 11,933| 142,388,808 -11,933 43,115 15,191| 230,772,860 -15,191
32,313 8,586 73,721,712 -8,586 39,535 15,808| 249,898,787 -15,808
32,564 6,708 44,994,854 -6,708 53,116 27,260 743,134,149 -27,260
114,479 49,870| 2,486,984,753 -49,870 160,342 95,733 9,164,805,370 -95,733
123,973 28,796 829,198,070 -28,796 120,946 25,769 664,065,645 -25,769
155,999 34,479| 1,188,827,530 -34,479 136,111 14,591| 212,885,184 -14,591
129,902 8,601 73,980,329 8,601 119,889 18,614| 346,478,206 18,614
180,885 29,592 875,703,329 -29,592 168,083 16,790| 281,915,967 -16,790
200,966 48,060( 2,309,794,224 -48,060 194,677 41,771| 1,744,785,272 -41,771
148,523 43,261| 1,871,475,190 -43,261 141,881 36,619( 1,340,937,397 -36,619
92,793 14,444 208,623,049 -14,444 101,803 23,454 550,072,559 -23,454
35,094 25,013| 625,649,265 25,013 37,686 22,421 502,682,827 22,421
25779 894278426 -20176 29502 1336036185 -22663
76.8% 74.0%

Source: own illustration (example calculation with data from case company (2022))




Appendix 4: Details of forecast quality results per RM item

4-week period (one month)

RM item Apr-21 May-21 Jun-21 Jul-21 Aug-21 Sep-21 Oct-21 Nov-21 Dec-21 Jan-22 Feb-22 Mar-22|Average |Definition
RMNR1 16% -3% 4% 9%  10% 1% -5% -4%  13% 28% 9% 3% 7%|GOOD
RMNR2 398% 15% -26% 49% 41% 51% 136% 4% 13% -15% -4% 42% 59%|IMPROVABLE
RMSP1 -47% 6% -32% 9% 2% 7%  17% -7% 4% 18% -33% -30% -7%|GOOD
RMSP2 11% 1% 46% 35% 24% 14% 25% 13% 8% 19% 16% 28% 20%|IMPROVABLE
RMFI1 -14% -4%  -11% 2% -3% 4%  45% -7%  10%  25% 8% 14% 6%|GOOD
RMFI2 26% 31% 43% 50% 48% 37% 40% 18% 6% -5% 22% 92% 34% (IMPROVABLE
RMTXT1 21% 7% 15% 0%  10% 9% 3% 5% 5% 1% -1% 1% 6%|GOOD
RMTXT2 10% 2% 14% 7% 27% 17% 8% 2% 1% 0% 11% 0% 8%|GOOD
RMSB1 -2% -2% 6% -13% 5% 9% 6% -5% 5% -10% -9% -4% -1%|EXCELLENT
RMSB2 12% 2% 16% 1% -1% 7% -2% 0% 10% 5% -3% -4% 4%|EXCELLENT
RMCH1 13% 24% 6% 9% 9% 9% -4% 1% 1% -6% -5% 7% 5%|GOOD
RMCH2 -17% -4% -4%  -3% -1% 29% 84% -13% -13% -17% -19% -13% 1%|EXCELLENT
RMST1 7% 36% 37% 110% 9% 8% 13% 12% 56% -12% 3% 54% 28%|IMPROVABLE
RMST2 71% 98% 40% 156% 20% 18%  -3% 57%  25%  -7% 4%  31% 43%|IMPROVABLE
12-week period (three months)

RM item Apr-21 May-21 Jun-21 Jul-21 Aug-21 Sep-21 Oct-21 Nov-21 Dec-21 Jan-22 Feb-22 Mar-22|Average |Definition
RMNR1 N/A N/A -11%  -23%  -15%  -4%  -7% -20% -14% 2% -1% 1% -9%|GOOD
RMNR2 N/A N/A -99% -98% -32% 36% 84% -16% -55% -58% -64% -33% -34%(IMPROVABLE
RMSP1 N/A N/A -39% -36% 6%  -9% 2% -23% -24% -26% -48%  -42% -25%|IMPROVABLE
RMSP2 N/A N/A 15% -1% 21% 0% 4% -14% 0% 8% 10% 27% 7%|GOOD
RMFI1 N/A N/A -17% -27% -6% -8% 33%  -11% 2% 6% 1% -14% -4%|EXCELLENT
RMFI2 N/A N/A 30% 24% 39% 32% 35% 5% 0% -10% 16% 91% 26% [IMPROVABLE
RMTXT1 N/A  N/A 6% -22% 6% 6% -12% 7% -24% -21% -9% -9% -9%|GOOD
RMTXT2 N/A N/A -5% -21% 19% 10% -4% -9% -13% -21% 4%  -15% -5%|GO0D
RMSB1 N/A N/A 1% -31% -1% 6% 0% -16% 3% -21%  -11% -8% -8%|GO0OD
RMSB2 N/A N/A -1%  -23% -5% 2% -11% -17% -4%  -17% -6% -18% -10%|SOLID
RMCH1 N/A N/A 2% -14% 1% 5% -8% -9% -5% -15% -8% 5% -5%|GO0D
RMCH2 N/A N/A -17% -39% -16%  20% 20% -23% -46% -44% -49% -36% -23%|IMPROVABLE
RMST1 N/A N/A -26% -58% -32% -25% -21% -13% 1% -24% -22% 38% -19%(SOLID
RMST2 N/A  N/A 4%  -5% -6% -12% -28% -45% -69% -64% -58% 9% -27%|IMPROVABLE
26-week period (six months)

RM item Apr-21 May-21 Jun-21 Jul-21 Aug-21 Sep-21 Oct-21 Nov-21 Dec-21 Jan-22 Feb-22 Mar-22|Average |Definition
RMNR1 N/A N/A N/A N/A  N/A -5% 7%  -12% 2% 13% 14% 13% 2%|EXCELLENT
RMNR2 N/A N/A N/A N/A  N/A 41% 90% -8% -49% -49% -51% -16% -6%|GO0OD
RMSP1 N/A N/A N/A N/A  N/A -3% -2% -8% 5% 22% 7%  -17% -2%|EXCELLENT
RMSP2 N/A N/A N/A N/A  N/A 12% 20% 1% -3% 5% 12% 30% 11%|SOLID
RMFI1 N/A N/A N/A N/A  N/A -5% 34% 2% 8% 6% 5% -1% 7%|GOOD
RMFI2 N/A N/A N/A N/A  N/A 43% 42% 12% 5% -4% 23% 103% 32%|(IMPROVABLE
RMTXT1 N/A N/A N/A N/A  N/A 12% -3% 2% -16% -14% -8% -8% -6%|GO0OD
RMTXT2 N/A N/A N/A N/A  N/A 14% 3% -5% -8% -18% 5% -9% -3%|EXCELLENT
RMSB1 N/A N/A N/A N/A  N/A 8% 4% -11% 0% -21% -10% -7% -5%|GO0D
RMSB2 N/A N/A N/A N/A  N/A 9% -4% -8% 1% -13% -6%  -12% -5%|EXCELLENT
RMCH1 N/A N/A N/A N/A  N/A 7% -5% -3% 2% -15% -6% 6% -2%|EXCELLENT
RMCH2 N/A N/A N/A N/A  N/A 26% 66% 4% -14% -15% -32% -37% 0%|EXCELLENT
RMST1 N/A N/A N/A N/A  N/A -20%  -16%  -17% 23% -23% -5% 57% 0% |EXCELLENT
RMST2 N/A  N/A N/A N/A N/A 41%  11% 12% -52% -39% -39% 10% -8%|GOOD

Source: own calculation (data from case company (2022))




Appendix 5: Translation of RM item total score into safety stock factor K

RM item total score [Safety Stock Factor K
0 1.3
0.5 1.3
1 1.3
1.5 1.3
2 1.3
2.5 1.4
3 1.4
3.5 1.4
4 1.4
4.5 1.4
5 1.5
5.5 1.5
6 1.5
6.5 1.5
7 1.5
7.5 1.6
8 1.6
8.5 1.6
9 1.6
9.5 1.6
10 1.7
10.5 1.7
11 1.7
11.5 1.7
12 1.7
12.5 1.8
13 1.8
13.5 1.8
14 1.8
14.5 1.8
15 1.9
15.5 1.9
16 1.9
16.5 1.9
17 1.9
17.5 2.0
18 2.0
18.5 2.0
19 2.0
19.5 2.0
20 2.1
20.5 2.1
21 2.1

Source: own illustration



