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MANAGEMENT SUMMARY

Introduction of the company and the problem
This research project focuses on the development of a warehouse layout data model and visualisa-
tion and reporting tools for Bricklog, a company offering business intelligence (BI) products to lo-
gistics companies. The dashboards that Bricklog sells are different compared to offering BI services.
The dashboard product implies the requirement of developing a standardised method to produce
the product for the customer. Their target customers are small, manual warehouses that operate
with basic warehouse management systems which do not enable extensive analyses.

The new product of Bricklog should provide Bricklog’s customers with insight into the implemen-
tation and efficiency of a class-based storage assignment policy in a manual warehouse. The class-
based storage assignment policy assigns products to a certain zone in a warehouse to reduce order
picker travel. However, Bricklog needs to solve two main problems before the product can be re-
leased. First, there is a partial absence of warehouse location data. Second, there is an absence
of standardised visualisation and reporting tools. This thesis has a practical contribution by devel-
oping a method to fill a standardised layout data model with the absent data on storage locations.
Second, visualisation and reporting tools are developed for Bricklog enabling warehouse managers
to get more understanding on the implementation and efficiency of a class-based storage policy.

The development of the standardised data layout model
The data on the relative positions of warehouse storage locations is missing a standardised data
format; there is no standardised format in which the data is present. In this thesis the data format
is developed. The data format is transformed to output a standardised data layout model. The data
model is a table that is added to the existing data model of Bricklog. The table consists of each
storage location’s x-coordinate, y-coordinate, z-coordinate, distance to the depot, and the class the
location belongs to. Based on this data, the development of the visualisation tools is possible for a
class-based storage policy analysis.

The development of the visualisation and report tools
The visualisation and reporting tools are designed to provide insights into product class allocation
(the “product” dashboard), location class allocation (the “location” dashboard), and the travel dis-
tanceof order pickers for the current storagepolicy and the class-based storagepolicy (the “analysis”
dashboard). These tools offer features such as date filtering, filtering based on product or location
characteristics, and 3D visualisation capabilities.

Theproducts dashboardprovides an overviewof all products, calculates class assignments based on
order frequencies, and determines the percentage of locations reserved for each class. The locations
dashboard displays distance information, average distances of classes, and a 3D model illustrating
class assignments. Both dashboards serve the function of enhancing warehouse managers with
the means to implement a class-based storage policy. The warehouse manager can derive from the
dashboard which products should be stored in a certain zone of locations.

The analysis dashboard utilises outbound mutation data to calculate the travel distance of order
pickers for the class-based storage policy. The historic data is used to calculate the historic order
pick travel distances. The percentage difference for the class-based storage policy and the historic
storage policy is given on the analysis dashboard. Besides the percentage difference, the warehouse
manager can see the absolute difference in order picker travel, the absolute difference in order
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picker time, and the percentage of time used by order pickers while maintaining the same produc-
tivity.

Demonstration of the tools on data of a demonstration warehouse
The designed adapter and visualisation/reporting tools are tested and showcased using a fictitious
warehouse called the “demo-warehouse.” Dummy data, generated to simulate a warehouse man-
agement system, is used for the demonstration. The demo-warehouse is a unit-load warehouse
consisting of 1600 pallet racking locations. The data of the demo-warehouse represents a random
storage policy.

The demonstration compares the results between the random storage policy and the class-based
storagepolicy for different variables. As expected, thedemonstration confirms that class-based stor-
age policies effectively reduce travel distance in the warehouse, with a reduction of approximately
32%. In other tests, input variables are changed to analyse the resulting travel distance reduction.
The differences in the results are all rationally explainable. This confirms the correct development
of the tools.

Recommendations
The following recommendations are proposed for Bricklog:

• Integrate the product with a warehouse management system to identify potential flaws and
issues with implementation in real-world scenarios.

• Conduct a market analysis to assess the demand for a BI product focused on class-based stor-
age analysis. Understanding customer requirements andmarket needswill aid in refining and
optimising the product.

• Gather specific requirements from potential customers to guide the product’s development
trajectory.
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1 | INTRODUCTION

This thesis is written at Bricklog, a business intelligence company. Section 1.1 provides information
about the company. A theoretical framework on warehouse operations is presented in Section 1.2,
while Section 1.3 outlines the problem-solving approach employed.

1.1 Background of the company
The company involved in my graduation assignment is Bricklog Holding B.V., commonly known as
“Bricklog”. Bricklog is a 20-employee company based in Apeldoorn (main office) and Enschede (a
satellite officewith a capacity of four employees). The private limited companywas founded inMay
2015 to sell a data-driven product in the transport and logistics sector. The two founders combine
25 years of experience in the transportation and logistics branch, along with technical knowledge
and change management [1].

Bricklog’s target market primarily consists of small and medium-sized enterprises (SMEs) operat-
ing in the logistics sector. A significant portion of these enterprises currently lacks an effective ap-
proach to data processing. Bricklog offers a business intelligence (BI) product designed to address
this challenge. Business intelligence refers to a range of tools and processes that enable companies
to manage their data from collection to reporting. Bricklog aims to make the customer’s operation
a data-driven operation by implementing their business intelligence tools.

In recent months, Bricklog has started developing a BI product specifically for warehouse opera-
tions. Warehouse management systems (WMS) store vast amounts of data related to warehouse
operations. However, many smaller warehouses fail to analyse this data effectively to enhance their
operations. The bachelor assignment is rooted in Bricklog’s development trajectory, which aims to
create a BI product tailored for warehouse operations.

1.1.1 Bricklog Data Factory
The Bricklog product outline comprises three main components: the source (co1), the “Bricklog
Data Factory” (co2), and the end product (co3). The primary source of data is the customer’s WMS.
The Bricklog Data Factory consists of various elements that transform the data from the source into
the desired end product. The end product is a comprehensive framework for the customer, encom-
passing reports and dashboards.

The Bricklog Data Factory is operated by data engineers and data analysts. At the core of the fac-
tory lies a standardised data model. Data engineers develop an adapter, which can be understood
as a concept from computer science. In this context, an adapter is responsible for converting the
interface of one class into another interface that clients expect. The purpose of the adapter is to
enable the collaboration of classes that would otherwise be incompatible due to differing interfaces
[2, p. 139]. In the case of Bricklog, the adapter consists of pipelines that transform the data from
the source, ensuring that the data model is populated accurately. The pipelines are standardised to
enable re-usability.

Data analysts utilise the standardised data model to create graphics, tables, and figures. These vi-
sualisations, along with generated dashboards and reports, are automatically generated. The data
visualisation software used by Bricklog is “Power BI” of Microsoft. The data model and correspond-
ing reporting and visualisation tools adhere to standardised formats. As a result, Bricklog is able to
offer a product that provides standardised insights for warehouse managers, rather than custom-
made solutions.
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In summary, the source (co1) and the end product (co3) are unique to each customer. On the other
hand, the BricklogData Factory (co2) operates in a standardisedmanner. Data engineers transform
the source data to populate standardised data models for data analysts. In this context, the source
acts as the adaptee, the data pipelines serve as the adapter, and the data models act as the client.
Data analysts utilise these standardised data models to develop visualisations and reporting tools.
The outline of the different components is visually represented in Figure 1.1.

With this background information, the term “adapter” in the latter part of this thesis refers to the
configuration of source data into standardised datamodels or datasets. “Standardised visualisation
and reporting tools” encompass various calculations, transformations, and analyses based on the
generic data model.

Figure 1.1: The key components of the product of Bricklog (co1, co2, and co3)

1.2 Theoretical framework on warehouses
This section aims to establish a foundational understanding of warehouse concepts and thereby
providing the necessary background information. Section 1.2.1 introduces and defines two distinct
types of warehouses. Additionally, Rouwenhorst et al. [3] further characterises warehouses by dis-
cussing three key perspectives: processes, resources, and organisation. Section 1.2.2 delves into the
various processes involved in handling products within a warehouse. Furthermore, Section 1.2.3
elaborates on themeans and equipment required for efficient warehouse operations. Subsequently,
Section 1.2.4 discusses the essential procedures employed in managing warehouse operations. Fi-
nally, Section 1.2.5 presents vital information on warehouse activity profiling, which serves as a cru-
cial step in virtually every warehouse project.

1.2.1 Type of warehouses
In logistics networks, warehouses fulfill a critical function as storage locations. They serve as reposi-
tories for inventoryuntil the goods are required. Twoprimary types ofwarehouses aredistinguished:
distribution centers and production warehouses. Distribution centers serve as hubs where products
from one or multiple suppliers are collected for subsequent delivery to various customers. On the
other hand, productionwarehouses accommodate a production environment where rawmaterials,
semi-finished products, and finished products are stored and distributed [4].

1.2.2 Warehouse processes
Upon arrival at awarehouse, products undergo a sequence of defined processes. The literature com-
monly identifies four key processes in warehouse operations: receiving, storage, order picking, and
shipping [3, 5, 6].

In addition to the four main processes mentioned earlier, three additional processes can be added:
cross-docking, replenishment, and sorting and/or consolidation. Cross-docking involves the direct
transfer of products from the receiving area to the shipping area [7, p.73]. Consolidation refers to
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the practise of combining multiple individual items from an order into a single shipment. Replen-
ishment entailsmoving products from the reserve area to the forward area [3]. The reserve area is de-
signed for cost-effective bulk storage, while the forward area houses products for the order picking
process. Sorting and/or consolidation is an optional process that may occur after the initial picking
process. Figure 1.2 provides an overview of the theoretical framework for warehouse processes and
organisation, which will be discussed in detail in the following paragraphs.

Three additional processes are potentially added: cross-docking, replenishment, and the sorting
and/or consolidation process. Cross-docking is a process in which products are moved directly
from the unloading docks to the loading docks [7, p.73]. A warehouse dock is a designated area
where the trucks are loaded and unloaded. Consolidation means sending several individual items
from an order in a single shipment. Replenishment is the process that moves products from the
reserve area to the forward area [3]. The reserve area stores products in the most economical way;
the bulk storage. The forward area stores product for the order-picking process. The sorting and/or
consolidation process is optionally performed after the other picking process. Figure 1.2 provides
an overview of the various processes involved in a warehouse. The organisational policies depicted
in the figure will be discussed in Section 1.2.4.

Figure 1.2: Overview ofmainwarehouse processes including possible organisational decisions (based onGu
et al. [6]).

1.2.3 Warehouse resources
Resources encompass all the assets and infrastructure within the warehouse, constituting the es-
sential elements for efficient operations. The key resources encompass the storage units, storage
systems, material handling equipment (MHE), computer system, and personnel.

Storage units
A product is defined as a type of good, such as a battery. Each individual battery is referred to as
an item (or unit), while a box or container containing multiple batteries is known as a case. A pallet
consists of multiple cases stored together on a (wooden or plastic) frame. In practice, the terms
“euro pallets or EUR-pallets” and “block pallets” are commonly used. By default, an EUR-pallet has
a floor dimension of 80 x 120 cm, whereas block pallets have a size of 100 x 120 cm. In a traditional
unit-load warehouse, products are handled on pallets and considered as a whole as one unit [8].

Storage system numbering methods are used to identify and locate products within a warehouse.
The most commonly used numbering system for pallet racks is explained in Figure 1.3. In case of
multiple halls, the numbering system adds a number in front to specify the hall.

The combination of several items from different products requested by a customer is referred to as
a customer order [3, p. 516]. The order consists of one or multiple order lines, with each order line
containing information about a specific item, such as the Stock KeepingUnit (SKU) and the ordered
quantity. The Stock Keeping Unit (SKU) is a unique code assigned to a specific product.
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If a customer requests a quantity that is less than a full case, it is termed a broken-case pick. On the
other hand, if a customer requests a quantity that is an integer multiple of a case quantity but less
than a pallet (unit) load, it is referred to as a full-case pick or a case pick. A pallet pick represents an
order quantity that is a multiple of a pallet load quantity [9, p. 240].

Storage Systems
When it comes to storing pallets, two commonly used terms are block stacking and pallet racks.
The simplest form of storage is block stacking, where pallets are stored on the floor and stacked on
top of each other in an open space within the warehouse. Floor storage is sometimes used as a
synonym for block stacking or as a specific term when the pallets are not typically stacked. Another
storage method is pallet racks, which are metal constructions that enable stacking of pallets while
still allowing manual access to pallets on lower levels directly [4, p. 7]. Pallet racks can be either
single-deep or multi-deep.

In a single-deep configuration, pallets are stored in a single row, providing direct access to each
pallet from the aisle. On the other hand, multi-deep storage involves multiple rows of pallets po-
sitioned behind one another. Additionally, warehouses can be classified as low-level or high-level
based on the vertical extent of the storage space. A low-level warehouses enables operators to order
pick on foot. In contrast, a high-level warehouse features taller storage systems.

Storage system numbering methods are employed to identify and locate products within a ware-
house. An often used numbering system for pallet racks is to identify rows, bays, levels and places.
Theway of numbering is portrayed in Figure 1.3. In the case ofmultiple halls, the numbering system
incorporates a hall number as a prefix to specify the specific hall.

Figure 1.3: A warehouse numbering system for pallet racks.

Material handling equipment
The storage units are moved with use of material handling equipment (MHE). There are many dif-
ferent types of equipment, and the selection depends, among other reasons, on the type of storage
systems, the available space, and the type of storage units. Table 1.1 provides an overview of com-
monly used handling equipment.
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Table 1.1: Overview of a number of material handling equipment for the transport of pallets in a manual
warehouse, based on overview of Richards et al. [7].

MHE for horizontal movement MHE for horizontal & vertical movement

Hand pallet trucks (HPTs) Pallet stacker
Conveyors Counterbalance forklift trucks (CBT)
Low-level order picker lift truck Reach trucks

Narrow aisle trucks
Medium and high level order picker lift truck

Computer system
Companies require information technology tools to enhance their business operations and estab-
lish reliability, speed, control, and flexibility in their warehouse processes [7, p.188]. While some
warehouses still rely on paper-based warehouse management systems to manage and control their
operations, introducing software technology can significantly improve productivity. The market of-
fers a wide range of Warehouse Management Systems (WMSs), with annual fees varying from a few
thousand euros to several million euros.

Personnel
Personnel in a warehouse can include various roles such as warehouse manager, order picker, and
forklift operator. The number and ratio of employees required can depend on factors such as the
size of the warehouse, the type of operation that is being carried out and the level of automation in
place.

1.2.4 Warehouse organisation
Organisation includes all planning and control procedures used to run the warehouse. All the pro-
cedures come with certain design decisions. The design decisions are often considered at strategic,
tactical, and operational levels. Strategic decisions have a long-term impact, tactical decisions have
a medium-term impact, and operational decisions have a short-term impact [3].

Dock assignment and storage policies
Each process has its own organisational policies. For the receiving and shipping process, a dock
assignment policy determines the allocation of trucks to docks. In the storage process, items are
transported to storage systems and assigned to storage locations. A dedicated storage policy pre-
scribes a particular location, whereas a random storage policy leaves the decision to the operator.
In between, a class-based storage policy (ABC zoning) allocates zones to specific product groups,
often based on their turnover rate [3, p.517].

Routing policies
Three distinguished operating policies for order picking are routing strategies, zoning, and batching.
Routing strategies determine the sequence of retrievals and the route to visit the retrieval locations
[3, p.517]. Routing policies can be categorised into two groups. Firstly, there are optimal algorithms
that determine the shortest routes. Secondly, there are routing heuristics that determine a feasible
route, which may not necessarily be the shortest route [4, p.32].

For a pick-list with one or two items, routing policies are not of importance, because the travel dis-
tance will always be the same. For pick-lists of three or more items, the s-shape (or transversal)
heuristic, largest gap heuristic and aisle-by-aisle heuristic are common in literature.

Routing policies are focused on just the order picking process. However, the storage and the order
picking could also be combined. A pick-list of one item could be picked in a single command cycle
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or a dual command cycle. Single command cycles means to move a load from the input point into
a rack, or a load is moved from a rack to the output point. Dual command cycles means that load
is picked up at the input point and put in the rack, then another load is retrieved from the rack and
deposited at the output point [4, p.19]. Route length will be the same regardless of the sequence of
the visits.

Zoning and batching
Zoning occurs if each order picker only picks products from an order if those products are located
in his assigned zone. Batching means bundling orders and retrieving them simultaneously by one
picker. Thismeans that a sorting and/or consolidationprocess is required afterward. Thealternative
is single-order picking, in which orders are picked one by one without batching.

Design of the warehouse flow
In addition to the specific policies for each process, the design of the process flow is considered the
most crucial decision, as highlighted by Rouwenhorst et al. [3]. This decision encompasses factors
such as incorporating separate reserve and forward storage areas or implementing batching, which
would necessitate adjustments to the sorting process.

1.2.5 Warehouse activity profiling
For almost any significant warehouse project, warehouse activity profiling is the first necessary step.
It is the carefulmeasurement and statistical analysis of warehouse activity [9, p.233]. There are three
main types of data required to support profiling: data pertaining to each SKU, data pertaining to
customer orders and data pertaining to locations within the warehouse [9, p.237]. The SKU and
customer order data is in a standard WMS included in the data. Warehouse location data is gener-
ally most challenging to obtain in a standardised manner. The data related to warehouse locations
typically includes maps, blueprints, or sketches of the warehouse.

1.3 Problem-solving approach
Bricklog is dedicated to developing a business intelligence product specifically tailored for ware-
houses. The primary focus of this product is to address practical challenges and enhance opera-
tional efficiency within warehouse operations. In this context, the Design Science Research (DSR)
approach is deemed more suitable compared to the commonly used Managerial Problem-Solving
Method (MPSM) advocated by Heerkens et al [10]. Unlike the MPSM, which typically focuses on
solving immediatemanagerial issues, DSRoffers a research framework that emphasises the creation
and evaluation of innovative solutions to practical problems.

To guide the research process, the chosen DSR process model is the widely recognised model pre-
sented by Peffers et al. [11]. This model cycles through six phases as listed in Table 1.2.

Table 1.2: The six phases of the Design Science Research Methodology as constructed by Peffers et al. [11]

Phase Documentation

Identify problem and motivation Chapter 2
Define objectives of a solution Chapter 3
Design and development Chapter 4, 5, 6
Demonstration Chapter 7
Evaluation Chapter 8
Communication Chapter 8
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2 | PROBLEM IDENTIFICATION

In this chapter, the management problem (Section 2.1), the theoretical background on efficiency
improvement in warehouses (Section 2.2) and the theoretical framework on storage policies (Sec-
tion 2.3) come together to shape the formulation of the problem statement (Section 2.4). Following
the problem statement, the motivation for conducting the research is presented in Section 2.5.

2.1 Management problem
The problem statement of Bricklog management wrapped in one sentence is:

“Develop a business intelligence (BI) product offering actionable insights to warehouse managers to
drive efficiency improvement in their warehouse operations.”

The warehouse managers are the customers of Bricklog. The BI product should assist warehouse
managers in analysing their data and acquiring actionable insights to make informed business de-
cisions. Ideally, the BI product facilitates strategic and operational decision-making within a ware-
house. The ultimate decisions always lie with the warehouse manager themselves.

In the problem statement the term“efficiency improvement” is very broad. There are endlessmeans
to improve efficiency for warehouse managers. Clarity in defining “efficiency improvement” is nec-
essary to establish a specific objective for improvement. Therefore, a rational and structural ap-
proach on specifying improving efficiency for the BI product is necessary to be able to formulate a
problem statement.

2.2 Outline of efficiency improvement in a warehouse
Improving efficiency in a manual warehouse involves the reduction of time spent on various pro-
cesses within the facility. Section 1.2.2 provides an overview of the four main processes conducted
in awarehouse. Tominimize timeconsumption,warehousemanagers can implementnumerous in-
terventions. The forthcoming BI product should ideally provide valuable insights in interventions
that offer significant efficiency improvements relative to their cost. Consequently, it is crucial to
acquire information regarding the duration of each process in the warehouse and the potential effi-
ciency enhancements associated with different interventions.

2.2.1 Most time-consuming process in a warehouse
In the caseof amanual process, orderpickingoperations are estimated to account for approximately
55% of the total cost of warehouse operations, as stated by Tompkins et al. [12]. Coyle et al. [13] also
mention that this percentage ranges between 50% and 75%. Given this significant contribution,
improving order picking becomes the primary focus in enhancing warehouse productivity [14, p.1].

2.2.2 Interventions to improve the order picking process
Bottani et al. investigated the factors that influence the efficiency of the order picking process in lit-
erature, which are illustrated inFigure 2.1 [5]. These factors include layout design,material handling
equipment, routing strategy, picking policy, and storage assignment policy.

For Bricklog’s BI product, placing a strong emphasis on strategic-level decisions such as layout de-
sign or material handling equipment may be less suitable. These decisions are typically one-time
choices and may not directly align with the BI product’s objective of utilising daily operational data
to support warehouse managers’ decision-making. The other three factors can be categorised as
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organisational policies, as discussed in Section 1.2.4. By aligning the knowledge on organisational
policies with the findings of Bottani et al., it can be concluded that four policies have an impact on
the order picking process: the storage assignment policy, routing strategy, batching, and zoning.

Figure 2.1: Factors affecting the optimisation of an order picking system [5]

Petersen and Aase conducted a study to investigate the impact of process decisions on the travel
distance of order pickers [15]. The results of their research revealed that themost significant savings
in travel distance can be achieved through the implementation of batching. Class-based or volume-
based storage policies provides nearly the same level of savings as batching. Zoning and routing
policies yield lower efficiency improvement results.

While batching has been shown to offer substantial efficiency improvements, it is not be the most
suitable intervention for Bricklog’s BI product. Batching involves the implementation of sorting
and/or consolidation processes, which can inadvertently limit the market for Bricklog by exclud-
ing warehouse managers who prefer not to utilize such processes. Instead, focusing on providing
insights on storage policies aligns with the preferences of a larger pool of potential customers.

The next step to determine the detailed problem statement involves selecting a specific type of
storage policy. Considerable contributions have been made in research regarding storage policies,
commonly known as the storage location assignment problem (SLAP). Numerous storage assign-
ment methods have been developed and studied. In the following paragraphs, a classification and
overview of storage assignmentswill be provided, followed by an explanation of the selected storage
policy for Bricklog’s BI product.

2.3 Theoretical framework on storage policies
Storage policies improve the order picking process by reducing travel time for the order pickers. In
manual warehouses, it is commonly assumed that travel time increases with travel distance [4, 15,
14]. As a result, optimising travel distance is often considered as an objective in warehouse opera-
tions. Storage policies play a crucial role in achieving this objective by assigning product items to
specific locations [3, p.517]. In the theoretical framework the random, dedicated and class-based
storage policies will be outlined.
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2.3.1 Class-based storage
Product itemscanbebundled ingroups, and thenassigned to location zones. Suchgroupsare called
classes. For example, locations close to the inbound/outbound (I/O)point are for theproduct group
of fast moving products (class A), and the other locations are for slow-moving products (class B).
Each item in theproduct is classified in classAorBbasedon themeanexpected storage time. Within
a storage class, items are randomly stored. This is an example of a class-based storage assignment
with two classes based on the popularity of a product.

Traditional class-based storage assignment is based on three classes with turnover as the classifica-
tion criterion. These classes are commonly referred to as A, B, and C, hence the term ABC-storage
method. The ABC-storage assignment utilises Pareto’s principle to partition product items into
classes. Pareto’s principle suggests that 20% of the population holds 80% of the wealth in Italy,
and similarly, approximately 20% of the products in a warehouse typically contribute to 80% of the
turnover (in terms ofmonetary value) [16]. Class A comprises the top 20%of productswith the high-
est turnover, following Pareto’s principle. However, specific guidelines for partitioning into classes
have not been established in the literature [14]. The extreme cases of class-based storage are the
random storage assignment method and the dedicated storage assignment method.

2.3.2 Random storage
Random storage assignment involves having a single class for all products, allowing flexibility in
storing products anywhere within the warehouse. To determine the exact storage locations during
the inbound process, an open location selection rule can be implemented, such as the closest open
location (COL) rule [17]. This rule helps in selecting the nearest available location for storage.

Random storage provides a straightforward and adaptable approach as products can be placed in
any open location within the warehouse. However, it may result in sub-optimal travel distances for
order pickers as there is no deliberate organisation.

2.3.3 Dedicated storage
Dedicated storage assignment assigns a separate class for each product. Each product is assessed
based on a performance measurement, and a specific location is assigned accordingly. This ap-
proach requiresmore extensive data processing as the precise locations for each product need to be
recorded and known during the inbound process.

2.3.4 Comparison of the three storage assignmentmethods
Randomised storage outperforms the other two storage methods based on the utilisation of storage
space. Dedicated storage significantly reduces the travel distance compared to randomised stor-
age [17]. The downside of dedicated storage is that the process requires more and accurate data
processing.

In the middle, class-based storage is considered as an alternative that has the benefits of both ran-
dom and dedicated storage assignment methods [6, 18]. Class-based storage can realise with a few
classes travel times that are similar to dedicated storage assignment, while maintaining ease of use
[19, 20]. Therefore, class-based storage is considered to be the most popular assignment method
that comprises material handling costs, ease of use, and utilisation of storage space [21].

2.3.5 Storage assignment for Bricklog
Bricklog will make visualisations in their product that can offer insight into class-based storage as-
signment. Class-based storage assignment policy is in literature the storage assignmentwith overall
thebest performance [14, 17, 22, 23, 21]. Theclass-based storage assignmenthas thebenefits of both
random and dedicated storage assignment. Class-based storage achieves near optimal efficiency
performance, while being easier to implement and work with than dedicated storage.
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2.4 Problem statement
Utilising the background information pertaining to the management problem, the clarification of
efficiency improvement, and the theoretical framework on storage policies, it becomes possible to
define more specifically the requirements of the BI product, referred to as the norm (Section 2.4.1).
Subsequently, an evaluation of the current state of affairs, commonly referred to as the status quo,
will be presented (Section 2.4.2). Through an analysis of the gap between the desired norm and
the current reality (Section 2.4.3) a research question (Section 2.4.4) and its corresponding sub-
questions (Section 2.4.5) can be formulated.

2.4.1 The norm
The desired outcome for Bricklog is a BI product offering actionable insights on class-based stor-
age policies with the goal to reduce travel distance in a manual warehouse. The end-user of the BI
product are warehouse managers. The warehouse managers should get a basic understanding of
class-based storage policies. The BI product should help to implement a class-based storage poli-
cies. The warehouse manager should gain insights in the possible potential for his warehouse of
class-based storage policy by getting analysis on efficiency improvement.

2.4.2 The status quo
Bricklog has developed a standardised data model which can store all the data of different WMSs.
Currently in the data model a “location” table is filled with the following data:

1. Location ID: this is the primary key of the table; a unique number serving as identifier of each
storage location.

2. Location specification: the hall, row, bay, level and place and each location.
3. Dimensions of the location: the height, length, width and the maximum weight possible to

store at the location.
4. Type of location: examples include pallet rack or block stacking.

There is location data missing to offer analysis on the travel distance of order pickers. Data on the
locations of storage units is typically not stored in a standard WMS. Commonly, the data source
for this type of data is not existing, or a type of map/floor plan of the warehouse is available. If a
map is available, the type of map and its level of detail differs for each customer. This means that a
standardised data source for warehouse storage locations is missing as well.

Besides the missing data source, there are no visualisation and reporting tools to develop dash-
boards for the customer. Bricklog has developed dashboards for the transportation sector. The
design can be made in the same style and logic.

2.4.3 The gap between the norm and the status quo
The status quo is lacking on twomains fronts compared to the norm. First, there is a partial absence
of warehouse location data. Second, the absence of standardised visualisation and reporting tools
restricts the ability to extract actionable insights from the existing data to drive efficiency improve-
ment.

To fill the first gap, data on the relative positions of all storage locations is required. To ensure align-
ment with the current outline of Bricklog’s product (mentioned in Section 1.1.1), it is necessary to
address the absence of warehouse location data by developing an adapter. This adapter is responsi-
ble for configuring thewarehouse layoutdata into theexisting standardiseddatamodel. Theadapter
starts with a standardised data soure format. For instance, SAP Extended WMS software requires X
and Y coordinates for the start and end of the network to calculate travel distances [24]. The adapter
transforms the data in the data source format to the desired outcome. The adapter’s outcome is a
populated data model that includes information about the layout of a warehouse. The adapter fol-
lows a standardised approach. With this knowledge the adapter will from this point on be known as
the development of a “standardised layout data model”.
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To fill the second gap, there should be standardised visualisation and reporting tools on top of the
data model to bridge the gap between the norm and the status quo. The tools should provide the
end-user with insights into the reduction of travel distance through a class-based storage policy
based on the historical data of the warehouse. The insights should enhance the knowledge of the
warehouse manager about an implementation of a class-based storage policy.

2.4.4 Research question
The research question derived from the gap between the norm and the status quo is:

How can visualisation and report tools be developed, utilising a standardised layout data model, to
provide Bricklog’s customers with insights into the implementation and operational efficiency of a

class-based storage assignment policy within their warehouse?

2.4.5 Sub-questions
In addition to the main research question, different sub-questions are formulated.

1. What are the design objectives for the standardised layout data model and the visualisation
and report tools?

2. What are necessary decisions for the implementation of a class-based storage policy?
• What decisions aremade for the visualisation and report tools for the BI product of Brick-

log?

3. How to develop the standardised data layout model to complete the current data model?
• Which input variables are necessary for the standardised data source on warehouse lay-

out data?
4. How to develop the visualisation and report tools for the class-based storage policy in a ware-

house?
• What type of visualisations are suited for the dashboards?
• Which information is stored in reports to enhance the understanding of the warehouse

manager about the class-based storage policy?
• What calculations are made in Power BI to enable the visualisations?

5. What are the results of the standard warehouse layout model and the visualisation and report
tools in a demonstration warehouse operating with a random storage policy?

• Based on the generated sample data, what are the efficiency results of a class-based stor-
age policy compared to the random storage policy?

2.5 Motivation
This thesis contributes to practice through the development of a BI product on the efficiency of
class-based storage policy. The main contributions can be summarised in three points.

Firstly, the thesis addresses the issue of affordability and accessibility of storage placement analyses
in warehouse management systems (WMS). Traditional WMS systems offering such analyses are
often expensive, making them inaccessible for small ormedium-sized enterprises with limited bud-
gets. However, the Bricklog product developed in this thesis offers a more affordable alternative to
the current market. By providing an add-on option to existing basic WMS systems, the thesis en-
ables a greater segment of people to benefit from storage placement analyses, thereby expanding
the customer base for such services.

Secondly, the thesis enhances the knowledge andunderstanding ofwarehousemanagers by delving
into the intricacies of class-based storage policies. While existing products and WMS analyses may
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provide a class-based storage policy, they often do not focus on providing a deeper understand-
ing to warehouse managers regarding the policy itself. In contrast, the thesis not only presents a
class-based storage policy but also offers additional insights and knowledge about its implementa-
tion. This empowers warehouse managers with a more comprehensive understanding of the policy,
enabling them to make informed decisions and optimise their warehouse operations effectively.

Lastly, the thesis introduces a practical and systematic approach for gathering data on warehouse
layouts. Accurate data on the physical layout of a warehouse is crucial for conducting storage place-
ment analyses and implementing effective storage policies. However, obtaining such data can be
challenging, time-consuming, and prone to errors. The thesis addresses this issue by presenting a
methodical approach to collect data on warehouse layouts. By providing clear guidelines and pro-
cedures, the thesis facilitates the process of data gathering, making it more efficient and reliable.

In summary, the bachelor thesis contributes to practice in three ways:

1. The resulting products offers an affordable and accessible storage allocation analysis for ware-
house managers.

2. Product enhancing the knowledge ofmanagers on the implementation of class-based storage
policies.

3. Thesis presents a practical method for gathering data on warehouse layouts.

Through these contributions, the thesis provides valuable insights and tools that can be applied in
real-world warehouse management scenarios, benefiting both warehouse managers and Bricklog.
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3 | OBJECTIVES

The chapter establishes the objectives for the design and development phase of the BI product. In
Section 3.1, Bricklog’s strategy of offering visualisation products instead of services is discussed, and
the corresponding objectives are outlined. Additionally, Section 3.2 focuses on the objectives for the
data model, while Section 3.3 elaborates on the objectives for the visualisation tools. A summary of
all the objectives can be found in the conclusion presented in Section 3.4.

3.1 Strategy of Bricklog
Bricklog aims to offer productised services. One characteristic of a product is modularity; the re-
usability of components. The aim is to minimise the number of individual customised steps. The
operations of Bricklog become scalable when a product is offered instead of a service. Bricklog com-
petitors offer mostly services; for each customer, the BI reports are built from scratch. Bricklog
wants to set itself apart on the market by offering a product, instead of tailor-made reports. One of
the accessoryobjectivesof offering aproduct, is that in thedevelopment theneedofmost customers
in their target market should be taken into account. Instead of responding to a specific customer
need. This objective keeps the pool of potential customers as large as possible

Secondly, changemanagement plays an important role in the relationship between Bricklog and its
customers. Bricklog has experienced in the past that customers do not see the added value of the
product andaskmany specificquestionswhen theydonotunderstand theproduct. This shiftsBrick-
log’s operations towards becomingmore service-focused in stead of selling a product. Therefore it is
key to make the customer understand the product. For example, the customers should understand
that gathering correct data is the first crucial step for optimising the operations through data anal-
ysis. Making the product understandable for customers, requires Bricklog to start simple with data
analysis. Furthermore the different dashboards and reports should all have the same look and feel
to increase the learning curve of customers in the use of the product.

3.2 Objectives for the warehouse layout datamodel
The standardised warehouse layout data model (as discussed in Section 2.4.3) is a data model popu-
latedwith data about relative positions of storage location. Thedatamodel is populated in a generic
way based on the standardised data source format. The standardised data source format should be
user-friendly, even in cases where no map or only a basic warehouse layout is provided. The data
source format should be as small as possible while being sufficient to populate the data model. The
final objective of the standardised warehouse layout data model is to establish a method for config-
uring the input into extra columns for the existing location table.

3.3 Objectives for the visualisation and report tools
After the standardised data sets are filled with data, visualisations and reports need to be developed.
Bricklog requires the use of Power BI as visualisation application. The main requirement of the visu-
alisations is the enhancement of the understanding ofwarehousemanagers on the implementation
of class-based storage policies for their own warehouse. The report tools should enable an overview
of all products and the assigned class in the class-based system. The warehouse manager should
understand the performance indicator(s) that determine the class assignment to SKUs.

Once the standardised data sets are populated, the focus shifts towards creating visualisations and
reports utilising Power BI as the selected visualisation application by Bricklog. The key objective of
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these visualisations is to enhance the understanding of warehouse managers regarding the imple-
mentation of class-based storage policies tailored to their respective warehouses. Essentially this
means that not just the result of the class-based storage policy should be visualised, but also the
logic towards the result. The report tools should provide an overview of the difference of order pick-
ing travel between a class-based storage policy and the current policy.

One of the requirements of Bricklog is that the visualisation tools should include a 3D sketch of the
warehouse. The 3D sketch serves as a strong visual compared to tables and reports. The selling point
for Bricklog iswith a 3Dvisualisation a lot better, becausewith a 3Dvisual the dashboards lookmore
professional.

3.4 Chapter 3 conclusion
In summary, all theobjectives are listedbelow. Theobjectivesprovide theanswer to the sub-question:
Whatare the design objectives for the standardised layout datamodel and the visualisationand report
tools?

The general Bricklog product requirements are:
• Reduction of individualization for customers through modularity.
• Consider the needs of the majority of customers, ensuring a broader appeal and maximising

the potential customer base.
• Implementation of a user-friendly approach to make insights easily understandable for end-

users.
• Maintenance of the same look and feel as the existing Bricklog products.

The objectives for the standardised warehouse layout data model are:
• Development of a data source format that can be easily populated with data regarding the

relative positions of locations.
• Creation of a query that configures the data source to the standardised data model suitable

for visualization purposes.

The objectives for the visualisation and reports tools are:
• Utilisation of Power BI as the visualisation application.
• Provision of insights about class-based storage policies for each SKU and each locationwhich

enhance the knowledge of the warehouse manager.
• Creation of visualisations to highlight the differences between the current and class-based

storage assignments.
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4 | DESIGN DECISIONS ON CLASS-BASED STOR-
AGE ASSIGNMENT

Endless variations on the class-based storage policies exists. To implement a class-based storage
policy, five decisions should be made. An overview of the decisions is given in Section 4.1. In the
subsequent sections the decisions are explained. Section 4.2 addresses the determination of the
number of classes. Section 4.3 explores the selection of a suitable performance indicator for class
allocation. Section 4.4 establishes the distribution ratio of products across each class. Section 4.5
discusses the storageboundaries for theproducts in thewarehouse. Section4.6mentions the review
date of the class-based storage assignment policy. Section 4.7 includes a conclusion of the chapter.

4.1 Overview of choices and decisions
The choices in Table 4.1 give an understanding of the implementation of class-based storage nec-
essary for the subsequent design chapters. The decisions do not influence the design of the stan-
dardised warehouse layout data model (see Chapter 5). The decisions are made for the design of
the visualisation and report tools (discussed in Chapter 6). These decisions are necessary to enable
visualisations in Power BI. To align the objective of Bricklog to make a visualisation that consider
the needs of the majority of the customers, the decisions are made to represent a most common
class-based storage analysis. If customers have specific requirements and want to differ from the
decisions made, then individualised adjustments are possible against a surcharge.

Table 4.1: Decisions made for modelling class-based storage assignment.

No. Choices Decisions

1 Number classes 3
2 Performance indicator for products Frequency product on a sales order line
3 Ratio of products to classes A: 80%, B: 15%, C: 5%
4 Zone boundaries Based on the average inventory level
5 Review date of allocation None

4.2 Number of classes
There are no strict guidelines in literature to help determine the right number of classes. However,
any small number of classes provides a near optimal solution on travel time of order pickers [25].
Since the travel time is not sensitive for the number of classes, the number of classes can be re-
duced to reduce the required storage space. Therefore, typically between two and six classes are
recommended [6, 26, 27].

For the visualisation tools, the number of classes is set to three, which is similar to conventional
ABC-storage policies. To underpin the findings of Yu et al. it is simulated that an AS/RS class-based
storage with only three classes already provides nearly the same savings as storage policies with
more classes [20, 19]. Besides a lower required storage space for less classes, there is another advan-
tage of keeping the classes limited. The segmented customers of Bricklog are small warehouses that
still do many activities manual. The lower the number of classes keeps the inbound process and the
data processing simpler; it is easier for order pickers to remember three zones than six zones.
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4.3 Performance criteria for product classes
There are three common characteristics (or termed criteria or performance indicators) of product
items to use for class partitioning: (1) product affinity, (2) popularity and (3) space [28]. The corre-
lation between products (also referred to as correlation) is about the frequency that product items
are in the same order. The travel distance in a multi-order picking process is reduced if items in the
same order are close to each other. Popularity is, for example, about the average number of picks
per day, about themean storage time of each product, or about the sales of an itemover time. Space
refers to the dimensions of the product. Finding an optimal allocation of products that coincides
with all the characteristics is not possible. Therefore, some compromises should be made.

Introduced by Heskett in 1963 [29], the cube-per-order index (COI) is a method that combines cri-
teria to allocate products based on their space requirements and popularity. Kallina et al. [28] were
the first to show that theCOI policy is optimal in some cases. TheCOI is used inmany storage assign-
ment models, where the storage process acts with a single command cycle. Schuur [30] researched
whether there is a worst-case scenario of the COI rule. He concluded that COI is an excellent choice
if single command retrievals are dominant. However, if the COI rule is implemented in a multi-
command system, then it is possible to get far from optimal travel distance results. There are other
methods that combine the size of products and popularity [31, 32], or product affinity and popular-
ity [33].

If only one performance indicator is used to divide the SKUs between classes, then it is often popu-
larity [34]. Popularity can be expressed as monetary turnover or turnover frequency. The turnover
frequency is, for example, measured by the number of pick lines per time unit or the number of
items of product per time unit [14].

The visualisation tools will use as popularity as performance indicator. Specifically, popularitymea-
sured as the number of times a product is on a sales order line over a certain time period. Using
popularity as a performance indicator is the most common for ABC-analysis [34]. Furthermore, the
data on sales order lines is most likely always available from the warehouse. Unlike data on the vol-
umeof products, which is another performance indicator that couldhavebeen selected. Thehistory
data available for the calculation the popularity of one product stretches one year. To get the most
representative results, the data of that one year will be used to calculate the frequency of a product
on a sales order line.

4.4 Ratio between products over the classes
Similar for the number of classes, there are also no strict guidelines for partitioning products into
classes. The optimal ratio also depends on the selected performance indicator. In the case of three
classes, A products commonly represents 5-33%, B products 15 - 33% and C products 25-50% of the
product items [16].

For the visualisation tools, the ratio of 80-15-5 for assigning products to the A-B-C classes is used.
These are common used values based on the 80/20 demand pattern [35]. The 80-15-5 ratio for the
allocation of products to classes means that class A is filled with products until the products in the
class account for 80%of theproducts. ClassB is filleduntil 15%of theproductshave a class allocated.
The remaining 5% of products will form class C.

4.5 Zone partitioning
The next choice is about the storage boundaries, or zones, of the classes. The optimal solution for
determining the class locations depends on the layout of the warehouse, the routing policies, and
the pick-list sizes [14]. For a single-order picking system, the closest locations to the I/O point are
for A products.
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Theboundaries for the zones depend on the required storage space (RSS) of all products in the class.
Guo et al. points out that existing research assumes that the required storage space (RSS) of items
equal the average inventory level [36]. Often the adaption of arbitrary zone sizes is also a common
practice, because zone simulation optimisation require relatively high computation times [35]. An
example of an arbitrary zone size is 50/30/20 for three classes with a 80/20 demand curve.

The zones in the visualisation tools are determined by the average inventory level of all the products
in the items. The average inventory level of an item in a class is denoted as 𝐼 item, class. The average
inventory level of all the products in a class can be calculated by summing up the average inventory
levels of each item within that class:

𝐼 class = 
item

𝐼 item, class (4.1)

Similarly, the sum of the average inventory levels of all products across all classes is denoted as
∑𝐼 item, class. To determine the zones in the visualisation tools, the percentage for each class is calcu-
lated based on the average inventory levels:

Percentageclass =
𝐼 class

∑𝐼 item, class
×100% (4.2)

By dividing the average inventory level of a class by the sum of the average inventory levels of all
products, a percentage value is obtained that represents the contribution of that class to the overall
inventory. This ensures that the total percentage across all classes adds up to 100%.

4.6 Review frequency of class-based storage assignment
Dependent on the types of products in a warehouse, there can be a strong trend in the popularity of
product items over time. This is also called “seasonality”. If the performance indicator “popularity”
is used as a performance indicator for storage assignment, then it can be optimal to periodically
review the allocation of product items to a class. This could result in the periodic relocation of SKUs
to match the demand pattern [26].

For the visualisation tools the review of the class allocation is eliminated. The class allocation will
be based on all available historic data. This is a one year period.

4.7 Chapter 4 conclusion
The five choices and decisions for the implementation of class-based storage form the answer to
sub-question 2: What are necessary decisions for the implementation of a class-based storage policy?
In summary, for implementation warehouse managers need to decide on (1) the number of classes,
(2) the performance indicator, (3) the ratio of product class allocation, (4) zone boundaries and (5)
the review frequency.
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5 | DEVELOPMENT OF A STANDARDISED WARE-
HOUSE LAYOUT DATA MODEL

The standardised warehouse layout data model is a data model populated with data about rela-
tive positions of storage location. Section 5.1 introduces the set-up of the development of the data
model. The development of the data model consists out of three steps. The first step in Section 5.2
sets the Location ID numbering and a coordinate system for all the locations. The second step in
Section 5.3 generates the distance from each Location ID to the depot. The third step in Section 5.4
allocates a class to each location ID. The import of the table in Power BI is mentioned in Section 5.5.
The concluding statements on the development of the layout data model is given in Section 5.6.

5.1 Set-up of the development
The development of the standardised layout data model consists of two elements, (1) a data source
format and (2) calculations that configures the data source to a standardised data model. Both ob-
jectives are fulfilled in one Excel file that is used as a data source format, and runs a query using
Visual Basic Code. The query consists out of three steps. Each step requires some input variables.
Together, these variables form the data source format. The variables are listed in Table 5.1 for each
step. Based on the input variables, calculations generate a table with data (see Table 5.2). The table
is the standardised data layout data model. The data consists the missing data on the relative posi-
tions of storage locations within the warehouse. The generated table in Excel is loaded into Power
BI as an additional table with an automatic query.

Table 5.1: The input variables of the data source format of the adapter.

Step 1: location IDs and coordinates Step 2: distance to depot Step 3: class allocation

The number of the hall X-coordinate of the depot (cm) Percentage class A
Number rows Y-coordinate of the depot (cm) Percentage class B
Number bays Z-coordinate of the depot (cm) Percentage class C
Number levels Z-factor Percentage class D
Number places Percentage class E
Aisle width (cm) Percentage class F
Level length (cm)
Level width (cm)
Level heigth (cm)

5.2 Setting a location identification system (step 1)
Step 1 sets the location identification system. The input variables that need to be filled in for step
1 are shown in Figures 5.1a and 5.1b. An example of the numbering system is given: 1A.1.4.1. The
first 1 is the number of the hall, indicated pink in Figure 5.1a. This number can be any data type.

The next four input variables are integer numbers. The number of rows are the yellow letters. In the
example figure the number of rows would be 3. The next number is the number of bays, indicated
by the green numbers (1-10). The blue numbers form together the number of levels (1-4). The last
number represents the number of places (1-4).
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The aisle width is the width in centimeters between the rows. The level length, width and height are
given in Figure 5.1b. In total these 9 variables make it possible to set a location numbering system,
and to define the x, y and z-coordinate of each location.

(a) Input variables zoomed out.

(b) Input variables zoomed in.

Figure 5.1: Input variables given for a warehouse.

The assumptions made for the calculations of step 1 are:
• The storage system is pallet racking.
• The first row is always single. After the first aisle the second and third row are double. The

fourth and fifth row appear after the second aisle. This logic repeats itself till the total number
of rows is reached.

• The aisle width is constant.
• Each row starts on the x-axis and has the same direction and length.

If a warehouse layout does not adhere to the underlying assumptions, customised modifications
canbe implemented to the outcomeof the adapter. Nevertheless, in order to develop a standardised
tool, efforts should be directed towards minimising the need for customised interventions, when-
ever feasible.

The pseudo code for step 1 is given in Algorithm 1. The full code of all the steps is given in Appendix
A. The calculations used in the code for the x-, y- and z-coordinates are given in Equations 5.1 - 5.3.
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Algorithm 1 Step 1: transformation of the location IDs and coordinates of the standard data source
format.

Input: Hall identifier, number of rows, number of bays, number of levels, number of places,
aisle width, level length, level width, level height. ▷ See Table 5.1
Output: Array with row index equal to the number of storage locations and column index equal
to 4.

Column index 1: Unique location identifier.
Column index 2: X-coordinate of the storage location.
Column index 3: Y-coordinate of the storage location.
Column index 4: Z-coordinate of the storage location.

1: Initialization of variables
2: Read the input values from the data source format
3: Set the number of rows to letters

4: for number of rows do
5: for number of bays do
6: for number of levels do
7: for number of places do
8: Set the location numbering identification
9: Set x-coordinate ▷ See Equation 5.1

10: Set y-coordinate ▷ See Equation 5.2
11: Set z-coordinate ▷ See Equation 5.3

The number of rows, bays, levels and places are used as input for the calculations of the coordinates.
As origin of the coordinate system the location 1A.01.1.1 is taken. The coordinate system is such
set that x increases with an increase in number of rows. Y increases with the number of bays. Z
increases with the number of levels. Figure 5.1 also indicates the direction of the axis.

x-coordinate= (rows−0.5)× level width + RoundDown(
rows
2 ×aisleWidth) (5.1)

y-coordinate= (bays−1)× level length+ level length
number of places ×(𝑖−1) (5.2)

z-coordinate= level height× (levels−1) (5.3)

5.3 Distance from the storage location to the depot (step 2)
The goal of this step is to generate the one way distance to the depot for all location IDs. As input
variables the coordinates (x, y, z) of the depot should be given. As fourth input, the z-factor is added.
Thez-factor is an integernumber. In the calculations for thedistance fromthe locations to thedepot,
the z-factor ismultipliedwith the travel distance in the z-direction. The time it takes for a reach truck
to travel distance in the z-direction, canbe substantial longer than the travel distance on the ground.
The z-factor can be used to increase the weight of the travel direction in the z-direction.

In literature most of the analysis of storage policies is calculated for AS/RS systems [3], for which
travelling in the z-direction is no differently than traveling horizontally. Analysis and research for
manual warehouses is often done with a simplified two-dimensional warehouse. In practice how-
ever, will an order picking in a manual warehouse almost always prefer to travel horizontally in-
stead of vertically. Therefore, it is important to enable the possibility of putting more weight on the
z-direction.
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Forwarehousedistance calculations, twomethods are common touse: the rectilinear calculationor
the Chebyshev calculation. The distance calculations for the rectilinear case means that the move-
ment of a pallet always occurs along one Cartesian axis at a time. The Chebyshev calculations allow
travel to occur in multiple directions and also at different speeds [37]. The rectilinear calculations
will be used for the calculations between the storage locations and the depot, because in manual
warehouse the reach trucks will first move the pallets to ground level, and then start moving hori-
zontally on the floor.

Thepseudo code of the VBA code for step 2 is given in Algorithm1. The calculations used in the code
for the rectilinear distance is in Equation 5.4.

Algorithm 2 Step 2: adding distance to the depot for each storage location.
Input: array step 1 (output of Algorithm 1), x-coordinate depot, y-coordinate depot, z-
coordinate depot, z-factor.
Output: Array with row index equal to the number of storage locations and column index equal
to 5.

Column index 1-4: equal to array of Algorithm 1.
Column index 5: distance to the depot.

1: Run step 1
2: Initialisation of variables
3: Read the input values

4: for all locations do
5: Calculate the rectilinear distance to the depot.

Thedistance to thedepot for a storage location is given inEquation 5.4. “Location” refers to a storage
location.

Distance to depot= |Depot𝑥−Location𝑥|+ |Depot𝑦−Location𝑦|+ |Depot𝑦−Location𝑧|×Factor𝑧
(5.4)

5.4 Allocating a class to each storage location (step 3)
The percentages for the classes are used as input variables. These percentages add up to 100%. The
adapter is at the moment able to handle six different classes. If necessary the adapter can easily
extended to handle more classes. However, using more classes does not improve the order picking
process significantly. Therefore, limiting the adapter to six classes is sufficient. The pseudo code for
step 3 is given in Algorithm 3.
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Algorithm 3 Step 3
Input: array step 2 (output of Algorithm 2), A percentage, B percentage, C percentage, D per-
centage, E percentage, F percentage.
Output: Array with row index equal to the number of storage locations and column index equal
to 6.

Column index 1-5: equal to array of Algorithm 2.
Column index 6: class of the location.

1: Run step 1 and 2
2: Initialisation of variables
3: Read the input values

▷ Sort the locations on distance to depot
4: for the first location to (last location - 1) do
5: for the second location to the last location do
6: if the latter location has a greater distance then Switch locations

7: for each class do
8: Multiply percentage class with total locations and round down.
9: if locations are not filled due to round down then assign these locations to the last class

10: for all sorted locations do
11: Assign the right class letter

12: Print all results to the Excel worksheet
13: Make a table of the results

Theoutput of the last step is the standardised data layoutmodel in the formof a table in Excel. These
data set forms the input for the visualisation and report tools. The headers and two sample rows of
the output of the adapter are portrayed in Table 5.2

Table 5.2: The table that is the result of the adapter. Two sample rows are added for illustration.

locationID x-coordinate y-coordinate z-coordinate distanceToDepot class
1A.01.1.1 55 0 0 1055 A
1A.01.1.2 55 90 0 1145 A

5.5 Query for connecting the adapter with Power BI
The table from the Excel file should appear in the standardised data sets of Bricklog. The excel file is
added as a source. The table is extracted from the file and the columns are automatically given the
right data formats. The table should have an one-to-one connection, or one-to-many connection
with the existing locations table to ensure a correct data flow.

5.6 Chapter 5 conclusion
The chapter answers the sub-question: How to develop the standardised data layout model to com-
plete the current data model? In summary, the layout data model is developed by transformations
of the input variables of the developed data source format. The result is an extra data table in the
existing data model that consists the extra data necessary for the visualisation of the class-based
storage analysis.
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6 | DEVELOPMENT OF THE VISUALISATION AND
REPORT TOOLS

The visualisation and reports tools are split into three categories: products (Section 6.1), locations
(Section 6.2), analysis (Section 6.3). Existing Bricklog dashboards have the same kind of three-layer
setup. For each category a separate dashboard is designed. The concluding remarks on the chapter
are added in Section 6.4.

The dashboards are all designed to fulfill the requirements:
• Include navigation buttons to switch between the categories.
• Have filter options at the top of the page to enable the user to analyse the data themselves.
• Have a design in the Bricklog style.

The following assumptions are in place for the visualisation tools:
• Unit-load warehouse (which means a single order picking policy is in place).
• The retrieval of pallets in a single command cycle.
• Storage system: only pallet racking system.
• All products are EURO pallet sized.

6.1 The development of the “products” dashboard
The products reports and visualisations are designed to fulfill the following requirements:

1. Give an overview of all the products in the WMS.
2. Give standard characteristics about the products (such as name and category).
3. Return the amount of times a product has occurred in a sales order line.
4. Calculate the running total of orders for each product.
5. Assign classes to each product by using the running total and the ratio A products add up to

80% of the order lines, B up to 95% and C up to 100%.
6. Calculate summary statistics, such as the percentage products in the different classes, the per-

centage of orders that the classes represent.
7. Calculate the percentage of locations that should be reserved for the classes by making use of

Equation 4.2.

The calculations on the running total of orders in percentage requires multiple steps. The calcula-
tions in Power BI are performed by writing Data Analysis Expressions, or in short DAX. The pieces
of DAX code are written in “measures”. Algorithm 4 gives the pseudo code for the DAX measure on
the running total, Appendix C gives the full DAX measure.

Algorithm 4 Calculation for running total of the orders for each product in as percentage.
Input: all sales order lines, product ID
Output: running total of occurrence in sales order line for the product ID

1: Count number times product in sales order line.
2: A new “virtual” table that stores product ID and the count
3: Store the maximum order number of the “virtual” table
4: for each product do Sum the order counts between the order frequency of the product and the

maximum
5: The running total of one product / total orders.
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6.2 The development of the “locations” dashboard
The locations reports and visualisations are designed to fulfill the following requirements:

1. Give an overview of all the locations in the warehouse.
2. Return the distance to the depot from the table that is the output of the adapter.
3. Calculate the number of locations for each class and the percentage to check the output of the

adapter.
4. Calculate the average distance and relative distance of the classes to class A.
5. Show a 3D model that illustrates which class is assigned to each location in the warehouse.

The 3Dmodel ismadewith the software “SketchUp 2023”. The software allows tomake components.
These components can be grouped to form a new component. The 3D model is set up by making
first the pallet racking systems. Then one pallet is placed at the first location of the warehouse. That
forms the first place. The first place is copied to the right number of places. The places are grouped
to form a level components. The levels are grouped to bays components. The bays are grouped to
rows components. The rows form a hall. The different components can be numbered by giving the
components instance names. 3DBI for SketchUp software of KG-Dev is used as tool to make the
connection between the SketchUp model and the Power BI dashboards. The SketchUp model in
Figure 6.1 is selected on the fourth bay in one row. The relation with the other bays is visible. The
grouping of components makes quick warehouse SketchUp modelling possible.

Figure 6.1: SketchUp model built from different components, such as the bay component in the figure.

6.3 The development of the “analysis” dashboard
The analysis is based on information about “mutations” in warehouse. Mutations can take three
forms: inbound, outbound and movement. The analysis reports and visualisations are designed to
fulfill the following requirements:

1. Give an overview of all outbound mutations in the warehouse.
2. Give some standard characteristics of the mutation, such as outbound date, location from

which is picked, the product that is picked.
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3. Calculate the distances that the order pickers have traveled for the outbound locations by
summing all the distances of the locations.

4. Calculate the distance that the order pickers would have travelled if the product that is picked
is not located at the location of the mutation, but somewhere on a location inside the class of
the product.

5. Calculate the difference between the historic travel distance and the class-based travel dis-
tance for order pickers.

6. Translate thedifference to efficiency improvement statements that are of value to awarehouse
manager.

7. Filter all the data in the report and visualisations tools on a selected year, month or day.

All calculations are basic calculations measures, except for the point 6. At the end a percentage
reduction is given on the travel distance for a filtered year, month or day. For the last point, the
difference in travel distance should be used to generate additional statistical measures that go be-
yond a percentage. Literature is used to add besides the percentagemore statistics on the efficiency
improvement of class based storage policy.

The time of an order picker is typically 50% spent on travel, see Figure 6.2. This means that if you
were able to decrease the travel time with 25%, then one employee can pick the same number of
orders in 87,5% of the time. The general formula for the statement: “Order pickers accomplish the
same productivity level in X % of the regular time,” is 𝑋 = (1−𝑘 ⋅0.5), for which 𝑘 represents the
ABC reduction parameter, where 0 < 𝑘 ≤ 1.

Furthermore, to transfer the travel distance to time, the amount of meters is divided by 45.72. This
is based on the same assumption as Petersen et al. used in a warehouse simulation for a manual
warehouse with 10 picking aisles and a total storage capacity of 1000 SKUs [15].

Figure 6.2: Typical distribution of an order picker’s time [6, 22]

6.4 Chapter 6 conclusion
In this chapter, the fourth sub-question is answered: How to develop the visualisation and report
tools for the class-based storage policy in awarehouse?. Theproducts and locations dashboards show-
case all the elements of the implementation of class-based storage. The analysis gives insight in the
efficiency improvement of the class-based storage policy compared to the current implement pol-
icy.

31



7 | DEMONSTRATION

To demonstrate and test the designed adapter and the visualisation and report tools, a non-existent
warehouse has been made up; “the demonstration warehouse”, or in short “demo-warehouse”. Sec-
tion 7.1 describes the characteristics of the demo-warehouse. In Section 7.2 the design of the stan-
dardised layout model will be demonstrated for the demo-warehouse. Section 7.3 demonstrates
the visualisation and report tools for the demo-warehouse. The chapter serves the purpose of test-
ing the developed layout model and the visualisation and report tools. The conclusion is given in
Section 7.4.

7.1 Characteristics of the demonstration warehouse
The demo-warehouse has 10 aisles, each consisting of 10 bays, with 4 levels and each level on a bay
has 4 places. This sums up to a total of 1600 storage locations. To be able to test the adapter properly,
two different I/O points can be considered. Depot 1 is the I/O point in the centre. Depot 2 is the I/O
point in the left bottom corner. Figure 7.1 portrays the 3D-sketched demo-warehouse.

Figure 7.1: 3D-sketch of the demo-warehouse including depot 1 (D.1) and depot 2 (D.2).

7.1.1 Dummy data
The data that would normally be retrieved from a WMS has been generated by scripts made by a
Bricklog employee. The WMS data that is generated is so called “dummy data”. The dummy data is
random, except for the occurrence of Product ID in the sales order lines. Approximately 20% of the
products account for 80% of the order lines, the next 30% products account for 15% of the product,
and the last 50%productsmakeup5%of the order lines. The randomdummydata indicates that the
analysis in the demonstrationwill be a comparison between random storage policy and class-based
storage policy.

7.2 Demonstration of the standardised layout datamodel
Theadapter is tested in three scenarios to be able to evaluate the use and result of the adapter. Table
7.1 gives the input values for the scenarios. The values with an “x” indicate that these values differ
between the scenarios.
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Table 7.1: The input values for the test scenarios of the adapter.

Step 1 Step 2 Step 3
The number of the hall 1 X-coordinate of the depot (cm) x Perc. class A 70
Number rows 10 Y-coordinate of the depot (cm) -1000 Perc. class B 20
Number bays 10 Z-coordinate of the depot (cm) 0 Perc. class C 10
Number levels 4 Z-factor x Perc. class D 0
Number places 4 Perc. class E 0
Aisle width (cm) 305 Perc. class F 0
Length of 1 level (cm) 360
Width of 1 level (cm) 110
Height of 1 level (cm) 205

In the first scenario, depot 1, the depot centre, is taken as I/O point. The x-coordinate is 1312. The
z-factor is set at 1. In the second scenario, the z-factor is changed to 6. In the third scenario, depot
2 is used as an I/O point. The x-coordinate is 0.

Table 7.2: The test scenarios for the adapter.

Depot location Z-factor
Scenario 1 Center, x = 1320 1
Scenario 2 Center, x = 1320 6
Scenario 3 Left, x = 0 6

To test if the adapter results make sense, the classes can be modelled in the 3D sketch of the ware-
house, see Figure 7.2. The depot is in front of the start of the rows. Therefore the darkest color is
class A, the lightest color class C.

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3

Figure 7.2: Scenarios to test the adapter. The dark blue locations that belong to class A are representing the
closest locations to the different configurations of the depot.

In scenario 2 compared to scenario 1, the z-factor is increased. This results in less high-level A-class
locations. In Scenario 3 compared to Scenario 1, the depot is altered to the left. This results in more
A-class locations to the left of the warehouse.

The results of the warehouse layout data model give the expected results. It can be concluded that
the method is working properly. Generating the different visualisations of the visualisations is also
done within a few minutes. This emphasises the ease of use of the standardised data source format
and the corresponding standardised data model.

7.3 Demonstration of the visualisation and report tools
The dashboards in Appendix B have been enlarged for better visibility. Each dashboard shares a
consistent layout, including a navigation option, general filter options, an overview component,
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and statistics components. This layout ensures a clean and organized data analysis for users. The
overview component offers a snapshot of key metrics and trends, while the statistics components
offer information on the overview component.

7.3.1 The demonstration of the “products” dashboard
The results of the dashboard is that for the ratio 80-15-5 percentage filled in the DAX measure Pro-
ductClass (see Appendix C), the result is a product class allocation inwhich 74% is class A, 21% class
and 5%class C. Table 7.3 gives an overviewof the results which are as expected. The average product
percentage is used as input for the adapter to determine the class allocation for the locations.

Table 7.3: Results of the products visualisation and report tool. The 80/20 demand curve is visible in the
results, as 74% of the orders make up 18% of the products.

Percentage Percentage orders Percentage products Average product percentage
A 80% 74% 18% 31%
B 15% 21% 32% 38%
C 5% 5% 50% 31%

7.3.2 The demonstration of the “locations” dashboard
The input variables are set to the right values for the demonstration warehouse. The depot is as-
sumed to be in the centre, with x-coordinate of 1320 cm. The percentages are set to 31% for class
A, 38% for class B and 31% for class C. The result is a division of the locations as portrayed in Figure
7.3.

Portraying the class locations in a 3D visual is of especial added value for the order pickers in the
warehouse. These employees are often less educated and for them it is of great value to see the
warehouse that they work. It transfers the theory about class-based storage assignment to an un-
derstandable visualisation.

Figure 7.3: Result of the visualisation tool in the locations dashboard. The 31% closest locations for class A
are given in dark blue. Light blue are the locations for class B, the orange locations represent class C.
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7.3.3 The demonstration of the “analysis” dashboard
The analysis dashboard’s results depend on the selected date, with the data from the first year, 2020,
used as the selection criteria. The input variables remain the same as in Table 5.1, or they are mod-
ified to test the analysis. Table 7.4 presents the results of various tests, providing further insights
into the efficiency improvement achieved by implementing class-based storage policies compared
to random storage policies.

Test 1 is the analysis with the standard input variables. The difference for one year is a reduction of
approximately 32%on the travel distanceof orderpickers. Test 2 and3 increases the z-factor to 5 and
10 respectively. Increasing the z-factor lets thepercentage reduction increase. Thedistance travelled
for order picking in generally increases, because the travel distance in the z-direction is multiplied
with the z-factor. The higher the distances the more reduction is possible with class-based storage
policies. Test 6 also increases the travel distance by decreasing the Y-coordinate from -1000 to -2000.
However, the extra 1000 meters is for every outbound mutation in place.Therefore the reduction in
kilometers between test 1 and 6 is the same, but the reduction increase is lower for test 6 as the total
travel distance increases.

Test 4 changed the percentage to 20, 30 and 50% respectively for class A, B andC. Using the arbitrary
class location increases the reduction from 32% reduction to 49% reduction. Test 5 changes the
depot from the centre to the left. The reduction is a bit lower, because the relative distance between
the B and C classes compared to the A class locations is a bit lower.

Table 7.4: Results of the analysis visualisation and report tool. The reduction in travel distance of order pick-
ers over a one-year pick history time frame is 32%.

Test Location
A%

Location
B%

Location
C%

Z-
factor

X-coordinate
depot

Y-coordinate
depot

Reduction in
travel distance
in %

1 31% 38% 31% 1 1320 -1000 -32.39%
2 31% 38% 31% 5 1320 -1000 -34.49%
3 31% 38% 31% 10 1320 -1000 -46.51%
4 20% 30% 50% 1 1320 -1000 -49.04%
5 31% 38% 31% 1 0 -1000 -31.45%
6 31% 38% 31% 1 1320 -2000 -23.91%

In addition to the travel reduction percentage, the warehouse manager can hover over the informa-
tion icon next to the percentage. Figure 7.4 displays the box that provides a more relatable number
for the warehouse managers, translating the percentage into a concrete value. This allows the ware-
house managers to gain insights not only into the reduction in travel distance but also the absolute
decrease in travel distance. Furthermore, the distance in meters is translated into saved minutes of
order picking time. Lastly, the warehouse manager can determine the fraction of time required to
achieve the same productivity level.
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Figure 7.4: Box appears as extra information to the travel distance reduction percentage. The warehouse
manager sees the reduction of order pick travel in minutes, and gets a productivity index. The Dutch dash-
board settings of Bricklog turns the period into decimal as number separator.

7.4 Chapter 7 conclusion
The chapter answers the last sub-question: What are the results of the standard warehouse layout
model and the visualisation and report tools in a demonstrationwarehouse operatingwith a random
storage policy?

The functionality of the layout model is tested by analysing the results for different depot locations.
As anticipated, the generated results from the data model are obtained within a minute, demon-
strating its efficiency. Similarly, the visualisations and reports generated by the tools align logically
with various input variables. By utilising dummy data that simulates picking data from a random
order picking policy over one year, it is observed that the order pick travel is reduced by 32% with
the implementation of a class-based storage policy. These diverse tests effectively demonstrate the
capabilities and flexibility of the standardised visualisation and reporting tools.
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8 | CONCLUSION

In the concluding chapter, the main findings are summarised in Section 8.1. The limitations of the
research performed are outlined in Section 8.2. Section 8.3 critically assesses the flaws and deliver-
ables of the thesis. Recommendations for Bricklog are provided in Section 8.4. Additionally, poten-
tial areas for further development of the deliverables are listed in Section 8.5.

8.1 Main findings
The main findings provide the answer to the research question: How can visualisation and report
tools be developed, utilising a standardised layout data model, to provide Bricklog’s customers with
insights into the implementationandoperational efficiency of a class-based storage assignment policy
within their warehouse?

The research question is answered through the development of the following three components:

• A standardised layout data model
A method was devised to transform data from a standardised data source format (Table 5.1) into a
table that captures all the necessary data for a class-based storage policy analysis (Table 5.2). This
standardised layout datamodel serves as the foundation for generating insightful visualisations and
reports.

• Visualisation and report tools for insights into the implementation of a class-based storage
assignment policy.

Separate dashboards are created to guidewarehousemanagers in allocating classes to products and
locations. The3Dvisualisationof class locations enhances their understandingbyproviding a visual
representation of the warehouse layout.

• Visualisation and report tools for insights into the operational efficiency of a class-based stor-
age assignment policy.

The third dashboard provides insights into the reduced travel distance for order pickers when im-
plementing a class-based storage policy compared to the current storage policy. The analysis shows
that, on average, there is a 32% reduction in travel distance for order pickers when comparing a
class-based storage policy with a random policy. It is important to note that this analysis assumes
a single order picking, single command, unit load warehouse scenario.

8.2 Limitations
While this research has provided valuable insights into the implementation and operational effi-
ciencyof a class-based storageassignmentpolicy, it is important toacknowledge limitations. Through-
out the research, onlydummydatawas available for analysis. Theabsenceof real data fromanactual
warehouse management system (WMS) of a customer limited the ability to evaluate the effective-
ness of the developed tools in a real-world scenario.

In addition, the list of requirements for the product was relatively limited, allowing for considerable
freedom in the development process. While this provided flexibility to explore various design pos-
sibilities, it may have also constrained the functionality of the final product. Conducting a more
comprehensive analysis of customer requirements and expectations could have resulted in a more
tailored and targeted solution.
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Future studies should aim to address these limitations by incorporating real data from customer
WMSs and conducting in-depth requirement analyses to further enhance the product’s practicality
and effectiveness. These recommendations are explained in more detail in Section 8.4.

8.3 Discussion
The data source format used in the research demonstrated its capability to configure location IDs
for one hall at a time. However, it is important to note a limitation to configure a coordinate system
for multiple halls at the same time. The best alternative for the use of a data source format would be
the ability to automatically extract the coordinates from the SketchUp model and input them into
Power BI. However, extracting the precise coordinates from SketchUp is currently a complex task
that involves exploding all components in the model. It is a possiblity that SketchUp comes with a
software improvement to address this issue.

While the developed dashboards provide valuable insights into class-based storage analysis, cer-
tain aspects warrant further consideration. One notable limitation is the absence of an analysis on
optimal class and zone boundaries for products and locations. The dashboards rely on existing lit-
erature findings rather than conducting independent research in this area. Incorporating empirical
research on optimal class and zone boundaries would enhance the precision and effectiveness of
the class-based analysis.

Moreover, the class-based analysis could be further improved by incorporating seasonal consider-
ations. By utilizing review dates for class allocation, warehouse managers could receive guidance
on periodically relocating products within the warehouse. This would enable better adaptation to
changing seasonal demands and improve overall operational efficiency.

It is important to acknowledge that the precise implementation of the product in practical ware-
house settings may still require further refinement. The current level of clarity regarding its imple-
mentation and the extent of added value it provides could be further enhanced. Future iterations
should focus on addressing these aspects to ensure seamless integration and maximise the benefits
for warehouse managers.

8.4 Recommendations
Bricklog is currently in the initial stages of developing their BI product for warehouses. The primary
recommendation forBricklog is to connect theproduct to aWarehouseManagement System (WMS)
that is currently in use, rather than relying on self-developed dummy data. By automatically inte-
grating the product with a WMS, new flaws and issues can be identified.

Furthermore, it is advisable forBricklog to conduct amarket analysis on thedemand for aBIproduct
that drives efficiency improvement. Currently, there is little to no research or documentation on the
market’s need for a BI product. Obtaining a list of requirements frompotential customers regarding
their preferred features in the product would greatly benefit its development. Currently, Bricklog’s
management is overseeing the product development process, but it could be enhanced by gaining
more specific insights into the requirements of potential end users.

During this market research, it is particularly recommended to focus on understanding how the
end users ultimately intend to utilize the BI product. For instance, a possible requirement could be
that warehouse managers desire a print option for the 3D layout of the warehouse. This would en-
able order pickers to easily identify the corresponding location of each item. However, this remains
unclear and should not be assumed without further investigation.

8.5 Further development
In this chapter, a list is given of potential further development extensions. These extensions aim to
improve the functionality and applicability of the current developed BI product for warehouses.
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• The standardised sourcedata canbe extended to include the transformationof input variables
on storage systems other than pallet racks.

• In situations where multiple blocks of different pallet racking systems are present, it would be
beneficial to add the capability to incorporate both systems into a unified coordinate system.

• Currently, the insights derived from the analysis focus on single order picking scenarios. To
enhance the system’s capabilities, it is recommended to enlarge the analysis to include multi-
ple order picking in non-unit warehouses.

• While the current BI product generates visualisations based on the class-based storage policy,
there is potential to expand the visualisations to encompass other organizational policies. By
incorporating a wider range of policies, users can evaluate and compare the effectiveness of
different storage strategies.

• Further research could involve expanding the analysis to consider seasonality factors. Cur-
rently, the research is limited to a class allocation at a single moment in time. By account-
ing for seasonal fluctuations in product demand, the system can provide more dynamic and
adaptable recommendations for optimizing warehouse operations throughout the year.
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A | VBA CODE OF THE ADAPTER

In this thesis Visual Basic Application (VBA) is used. VBA is the programming language behind Mi-
crosoft Excel.

’ Goal : the adapter f o r gene ra t ing a data source on s to r age l o c a t i on s
’ Date : 01−06−2023
’Made by E l i s e Huisman (2506416)

Option E x p l i c i t
P r i v a t e Loca t ions ( ) As Va r i an t

Sub s t ep1 r e t r i e v eCoo rd i n a t e s ( )
’ Goal o f the sub : f o r each loca t i on ID ge t x , y , z , coord ina te

’ S e t t i n g a l l v a r i a b l e s
’ v a r i a b l e tha t s t o r e a s t a t i c input va lue

Dim inputD ic t As Object
Se t inputD ic t = Crea teObjec t ( ” S c r i p t i n g . D i c t i ona ry ” )
Dim newDict ionaryItem As S t r i n g

Dim h a l l s As In t e g e r
Dim numberRows As In t e g e r
Dim numberBays As In t e g e r
Dim numberLevels As In t e g e r
Dim numberPlaces As In t e g e r
Dim leng th As Double
Dim width As Double
Dim he igh t As Double
Dim a i s l eWid th As Double

’ loop v a r i a b l e s
Dim i As In t e g e r
Dim rows As In t e g e r
Dim bays As In t e g e r
Dim l e v e l s As In t e g e r
Dim p laces As In t e g e r

’ o ther v a r i a b l e s
Dim tota lNumberLocat ions As In t e g e r
Dim AisleNumbering ( ) As S t r i n g
Dim placesDone As In t e g e r

Ca l l c l e a r F i e l d

’ Reading in the s e t t i n g s data
For i = 1 To 6

newDict ionaryItem = Worksheets ( ” Input ” ) . C e l l s (2 + i , 1 )
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inpu tD ic t . Add newDictionaryItem , Worksheets ( ” Input ” ) . C e l l s (2 + i ,
2 )

Next i

h a l l s = inputD ic t ( ” Ha l l ” )
numberRows = inputD ic t ( ” #␣Rows” )
numberBays = inputD ic t ( ” #␣Bays ” )
numberLevels = inputD ic t ( ” #␣ Leve l s ” )
numberPlaces = inputDic t ( ” #␣ P l ace s ” )
a i s l eWid th = inputD ic t ( ” A i s l e ␣width ” )

l eng th = Worksheets ( ” Input ” ) . C e l l s ( 12 , 1 )
width = Worksheets ( ” Input ” ) . C e l l s ( 12 , 2 )
he igh t = Worksheets ( ” Input ” ) . C e l l s ( 12 , 3 )

’ Reading in the l e t t e r s f o r the number of rows
ReDim AisleNumbering (1 To numberRows )
For i = 1 To numberRows

AisleNumbering ( i ) = Worksheets ( ” Alphabet ” ) . C e l l s ( i , 1 )
Next i

’ adding headers f o r the data on the worksheet
Worksheets ( ” Input ” ) . C e l l s ( 1 , 8 ) = ” loca t i on ID ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 9 ) = ”x− coord ina te ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 10) = ”y− coord ina te ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 11) = ”z− coord ina te ”

’ S e t t i n g up a r r ay f o r a l l Locat ionIDs
tota lNumberLocat ions = inputD ic t ( ” #␣Rows” ) ∗ inputD ic t ( ” #␣Bays ” ) ∗

inputD ic t ( ” #␣ Leve l s ” ) ∗ inputD ic t ( ” #␣ P lace s ” )
ReDim Locat ions (1 To totalNumberLocat ions , 3 )

’ looping over a l l l o c a t i on s
placesDone = 0

For rows = 1 To numberRows
For bays = 1 To numberBays

For l e v e l s = 1 To numberLevels
For p laces = 1 To numberPlaces

’ ge t numbering co r r e c t f o r the l oca t i on IDs
I f bays < 10 Then

Loca t ions ( placesDone ∗ numberPlaces + places , 0 )
= h a l l s & AisleNumbering ( rows ) & ” . 0 ” & bays &
” . ” & l e v e l s & ” . ” & p lace s

Worksheets ( ” Input ” ) . C e l l s (1 + placesDone ∗
numberPlaces + places , 8 ) = Loca t ions (
placesDone ∗ numberPlaces + places , 0 )

E l s e
Loca t ions ( placesDone ∗ numberPlaces + places , 0 )

= h a l l s & AisleNumbering ( rows ) & ” . ” & bays &
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” . ” & l e v e l s & ” . ” & p laces
Worksheets ( ” Input ” ) . C e l l s (1 + placesDone ∗

numberPlaces + places , 8 ) = Loca t ions (
placesDone ∗ numberPlaces + places , 0 )

End I f

’ x− coord ina te
Loca t ions ( placesDone ∗ numberPlaces + places , 1 ) = (

rows − 0 . 5 ) ∗ width + App l i c a t i on .
WorksheetFunction . RoundDown( rows / 2 , 0 ) ∗ (
a i s l eWid th )

Worksheets ( ” Input ” ) . C e l l s (1 + placesDone ∗
numberPlaces + places , 9 ) = Loca t ions ( placesDone ∗
numberPlaces + places , 1 )

’ y− coord ina te
Loca t ions ( placesDone ∗ numberPlaces + places , 2 ) = (

bays − 1) ∗ l eng th + leng th / numberPlaces ∗ (
p l aces − 1)

Worksheets ( ” Input ” ) . C e l l s (1 + placesDone ∗
numberPlaces + places , 10) = Loca t ions ( placesDone
∗ numberPlaces + places , 2 )

’ z− coord ina te
Loca t ions ( placesDone ∗ numberPlaces + places , 3 ) =

he igh t ∗ ( l e v e l s − 1)
Worksheets ( ” Input ” ) . C e l l s (1 + placesDone ∗

numberPlaces + places , 11) = Loca t ions ( placesDone
∗ numberPlaces + places , 3 )

Next p l aces
placesDone = placesDone + 1

Next l e v e l s
Next bays

Next rows

End Sub

Sub step2 locat ionToDepot ( )
’ Goal : add d i s t ance of each l o c a t i on to the depot

Ca l l s t ep1 r e t r i e v eCoo rd i n a t e s

’ add header
Worksheets ( ” Input ” ) . C e l l s ( 1 , 12) = ” distanceToDepot ”

Dim xDepot As Double
Dim yDepot As Double
Dim zDepot As Double
Dim zFac to r As In t e g e r
Dim locat ionRange As Range
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Dim numberLocationIDs As In t e g e r
Dim i As In t e g e r

xDepot = Worksheets ( ” Input ” ) . C e l l s ( 22 , 1 )
yDepot = Worksheets ( ” Input ” ) . C e l l s ( 22 , 2 )
zDepot = Worksheets ( ” Input ” ) . C e l l s ( 22 , 3 )
zFac to r = Worksheets ( ” Input ” ) . C e l l s ( 28 , 2 )

’ ge t the amount of l o c a t i on IDs
Set locat ionRange = Worksheets ( ” Input ” ) . Range ( ”H2” ) . CurrentRegion
numberLocationIDs = locat ionRange . rows . Count − 1 ’minus the header

row

’ add e x t r a column to the a r r ay
ReDim Prese rve Loca t ions (1 To numberLocationIDs , 4 )

For i = 1 To numberLocationIDs
’ the x and y d i s t ance i s the ( abso lu te va lue ) d i f f e r e n c e between

the depot and the point
’ the z d i r e c t i o n i s mu l t i p l i ed by the d i r e c t i o n
Loca t ions ( i , 4 ) = Abs ( xDepot − Loca t ions ( i , 1 ) ) + Abs ( yDepot −

Loca t ions ( i , 2 ) ) + ( Abs ( zDepot − Loca t ions ( i , 3 ) ) ∗ zFac to r )
Worksheets ( ” Input ” ) . C e l l s ( i + 1 , 12) = Loca t ions ( i , 4 )

Next i

End Sub

Sub s t e p 3 c l a s s A l l o c a t i o n ( )
’ Goal : adding a c l a s s to a l l l o c a t i on s depending on the d i s t ance to

the depot

Ca l l c l e a r F i e l d
Ca l l s t ep1 r e t r i e v eCoo rd i n a t e s
Ca l l s tep2 locat ionToDepot

Worksheets ( ” Input ” ) . C e l l s ( 1 , 13) = ” C la s s ”

’ dec l a r e a r r ay tha t s t o r e s the input va lues
Dim c l a s s e s ( 5 , 2 ) As Va r i an t

Dim numberLocationIDs As In t e g e r
Dim i As In t e g e r
Dim j As In t e g e r
Dim k As In t e g e r
Dim temporaryVar ( 4 ) As Va r i an t
Dim numberLocationsWithClass As In t e g e r
Dim Loc a t i on s F i l l e d I n As In t e g e r

numberLocationIDs = UBound( Locat ions , 1 )
ReDim Prese rve Loca t ions (1 To numberLocationIDs , 5 )
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’ S o r t i ng array , based on bubbleSor t method
For i = 1 To numberLocationIDs − 1

For j = i + 1 To numberLocationIDs
I f Loca t ions ( i , 4 ) > Loca t ions ( j , 4 ) Then

For k = 0 To 4
temporaryVar ( k ) = Loca t ions ( j , k )
Loca t ions ( j , k ) = Loca t ions ( i , k )
Loca t ions ( i , k ) = temporaryVar ( k )

Next k
End I f

Next j
Next i

’ ge t percentage of c l a s s e s , the corresponding number of l o c a t i on s f o r
each c l a s s , and the l e t t e r o f each c l a s s

For i = 0 To 5
c l a s s e s ( i , 0 ) = Worksheets ( ” Input ” ) . C e l l s (37 + i , 2 )
c l a s s e s ( i , 1 ) = App l i c a t i on . WorksheetFunction . RoundDown( c l a s s e s ( i

, 0 ) ∗ numberLocationIDs , 0 )
c l a s s e s ( i , 2 ) = Worksheets ( ” Input ” ) . C e l l s (37 + i , 1 )
numberLocationsWithClass = numberLocationsWithClass + c l a s s e s ( i ,

1 )
Next i

’ i f the l a s t l o c a t i on s do not have a c l a s s ass igned ( because of
roundDown ) then the f o l l ow ing code as su re s a l l l o ca t i on IDs
have a c l a s s

I f numberLocationsWithClass < numberLocationIDs Then
For i = 5 To 0 Step −1

I f c l a s s e s ( i , 0 ) <> 0 Then
c l a s s e s ( i , 1 ) = c l a s s e s ( i , 1 ) + ( numberLocationIDs −

numberLocationsWithClass )
E x i t For

End I f
Next i

E l s e I f numberLocat ionsWithClass > numberLocationIDs Then
MsgBox ( ”The␣sum␣of ␣ percentages ␣ of ␣ the ␣ c l a s s e s ␣ should ␣ equal ␣100%”

)
E x i t Sub

End I f

For i = 5 To 0 Step −1
I f c l a s s e s ( i , 1 ) > 0 Then

For j = numberLocationIDs − Lo c a t i on s F i l l e d I n To
numberLocationIDs − Lo c a t i on s F i l l e d I n − c l a s s e s ( i , 1 ) Step
−1
I f j = 0 Then

E x i t For
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End I f

Loca t ions ( j , 5 ) = c l a s s e s ( i , 2 )
Next j
L o c a t i on s F i l l e d I n = Lo c a t i on s F i l l e d I n + c l a s s e s ( i , 1 )
I f L o c a t i on s F i l l e d I n >= numberLocationIDs Then

E x i t For
End I f

End I f
Next i

C a l l pr intWholeArray (UBound( Locat ions , 1 ) , UBound( Locat ions , 2 ) )
Ca l l MakingTable

End Sub

Sub c l e a r F i e l d ( )

Worksheets ( ” Input ” ) . Range ( ”H2” ) . CurrentRegion . C lea r

End Sub

Sub pr intWholeArray ( rowsLocat ions As In tege r , columnsLocat ions As
In t e g e r )

Dim i As In t e g e r
Dim j As In t e g e r

Worksheets ( ” Input ” ) . C e l l s ( 1 , 8 ) = ” loca t i on ID ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 9 ) = ”x− coord ina te ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 10) = ”y− coord ina te ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 11) = ”z− coord ina te ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 12) = ” distanceToDepot ”
Worksheets ( ” Input ” ) . C e l l s ( 1 , 13) = ” c l a s s ”

i = UBound( Locat ions , 1 )

For i = 1 To rowsLocat ions
For j = 1 To columnsLocat ions + 1

Worksheets ( ” Input ” ) . C e l l s ( i + 1 , j + 7) = Loca t ions ( i , j − 1)
Next j

Next i

End Sub
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B | DASHBOARDS (ENLARGED)

Figure B.1: The ”products” report and visualisation overview.
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Figure B.2: The ”locations” report and visualisation overview.



Figure B.3: The ”analysis” report and visualisation overview.



C | DAX MEASURES IN POWER BI

PercRunningTota l =

VAR CurrentProductFrequency =
CALCULATE(COUNT( WH_Salesorder_Line [ Sa lesOrderL ineID ] ) , ALL (

Re f_da tes ) )
RETURN

VAR MaxOrderAantal =
CALCULATE(

MAXX(
SUMMARIZE( ALL ( WH_Salesorder_Line ) , WH_Salesorder_Line

[ ProductID ] , ”Count ” , COUNT( WH_Salesorder_Line [
ProductID ] ) ) ,

[ Count ]
)

)
RETURN

VAR F i l t e r e dTab l e =
FILTER (

SUMMARIZE(
ALL ( WH_Salesorder_Line ) ,
WH_Salesorder_Line [ ProductID ] ,
”Count ” ,
COUNT( WH_Salesorder_Line [ Sa lesOrderL ineID ] )
) ,

[ Count ] >= CurrentProductFrequency && [ Count ] <= MaxOrderAantal
)

RETURN

IF ( CurrentProductFrequency <> 0 ,
CALCULATE(SUMX( F i l t e r edTab l e , [ Count ] ) / [ To ta lOrders ] ) ,
” ”

)

ProductC lass =
SWITCH(TRUE ( ) , [ PercRunningTota l ] <=0 .80 , ”A” , [ PercRunningTota l ] >0 .80

&& [ PercRunningTotal ] <=0 .95 , ”B” , [ PercRunningTotal ] >0 .95 , ”C” )
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