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Abstract
The emergence of new technologies in the sector of logistics and supply chain management
services has scaled up businesses at an unimaginable rate, thus reaching new boundaries in terms
of lead time and efficiency. In order to register continuous growth and cope with an increased
data intake flow, companies need to coordinate projects, human resources and data seamlessly.
The purpose of this study is to determine and implement an alternative method for enhancing
warehouse process management and automation by adopting new, affordable and robust
hardware and software technologies. The work revolved around the development of an
experimental shelf which uses a microcontroller and embedded Artificial Intelligence to
automate the process of inventory monitoring and control. The project is not meant to be a
breakthrough in terms of automation systems, but rather a small contribution to the transition of a
more automated, robust, efficient and open-source future. The developed data model returned
above average results which might suggest a production ready concept. Taking as key factors the
relatively small size of the dataset, as well as the standardized nature of the model, the affordable
prerequisites and the ease of assembly and implementation, it enables to say that the mass
adoption of intelligent embedded systems for automated solutions has a promising future.
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Sammanfattning
Framväxten av ny teknik inom sektorn för logistik och hantering av leveranskedjor har skalat
upp företag i en ofattbar takt och därmed nått nya gränser när det gäller ledtid och effektivitet.
För att registrera kontinuerlig tillväxt och klara av ett ökat dataintagsflöde måste företag sömlöst
samordna projekt, personal och data. Syftet med denna studie är att bestämma och implementera
en alternativ metod för att förbättra processhantering och automatisering inom lagerhållning
genom att anta nya, prisvärda och robusta hård- och mjukvarutekniker. Arbetet har kretsat kring
utvecklingen av en experimentell hylla som använder en mikrokontroller och inbäddad artificiell
intelligens för att automatisera processen för lagerövervakning och kontroll. Projektet är inte
tänkt att vara ett genombrott när det gäller automationssystem, utan snarare ett litet bidrag till
övergången till en mer automatiserad, robust och effektiv framtid. Den utvecklade modellen gav
resultat över genomsnittet, vilket kan innebära ett koncept som redo att implementeras i
produktion. Nyckelfaktorer som inkluderas är den relativt små storleken på datauppsättningen,
modellens standardiserade karaktär, rimliga förutsättningar och enkel montering och
implementering, och de indikerar att massanpassningen av intelligenta inbyggda system för
automatiserade lösningar har en lovande framtid.
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1 Introduction
This chapter includes a brief introduction to the background of the topics studied in this thesis,
as well as the purpose of the project and the methodology used to achieve its goal.

1.1 Background
Evolution of Smart Logistics and Warehousing

The amount of goods and commodities moved globally has expanded enormously as a result of
globalization, in the United States alone, there are about 500,000 shipping companies (DHL &
Accenture 2018). Complex supply chain operations involving a high number of partners,
non-standardized processes, many IT (Information Technology) systems, databases, and a lack of
transparency are the outcome of the above-mentioned goods surge. Obtaining trustworthy
information on the origin and condition of goods, as well as the status of payment, as a basis for
planning and decision-making, poses a great challenge for businesses. Despite massive
expenditures in digital infrastructures, traditional technologies cannot provide constant insight
into the whole supply chain (Golinska-Dawson et al. 2020).

Modern technologies are increasingly important in supply chain management, resulting in
changes to the three parts of the supply chain: business processes, network structure, and
management components. Digital technologies are being used by businesses to create value and
transform supply chains to diverse degrees and in different ways. Without a doubt, the
advancement of digital technology is one of the primary sources of competitive advantage for
businesses and supply chains in the twenty-first century, and it is an essential research topic. The
digitization of storage-related procedures can provide the organization with a number of
advantages in terms of both time and money (Freitag et al. 2020).

Material flow via the supply chain is now highly automated, thanks to intelligent planning
concepts based on cutting-edge technology (e.g. Enterprise Resource Planning - ERP systems).
The movement of currency and information, on the other hand, is fully decoupled from the
material flow's high level of automation. To illustrate this argument, a Fortune 100 company's
average receivable is 60 days old, regardless of the average 30 days long payment period
(Golinska-Dawson et al. 2020).

Modern supply chains are facing increased complexity and shorter product life cycles. Picking,
being the fundamental logistic procedure during order fulfillment, must therefore adapt to
changing product ranges. Another emerging issue is a scarcity of personnel for manual picking
processes.
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As a result, automated picking systems that can handle a constantly changing product selection
are becoming increasingly vital. This project represents an attempt and an experiment of
automating the inventory related processes by using affordable sensors and frameworked
embedded artificial intelligence solutions for gesture recognition.

About Business Process Management

Trends come and go, but basic disciplines like Business Process Management (BPM) never go
out of style. BPM has grown into a core discipline that deals with the different competences
required to manage operations, having roots in management techniques like TQM (Total Quality
Management) and BPR (Business Process Re-engineering), as well as innovations in information
technology such as ERP systems and workflow management systems. BPM has proved to be an
effective integrating discipline that bridges the gap between business and IT, among other things,
due to its focus on business work systems (Hyötyläinen 2013).

Because of its significance in generating and supporting innovation in a digital environment, the
function of BPM as an integrating discipline is more essential than ever in an era when IT is
omnipresent in our professional and personal lives.

The IoT (Internet of Things) spurs corporate innovation, in-memory technology speeds up
transactions by 100,000 times, data is gathered as processes run, and big data mining clarifies
and forecasts customer behavior. As intriguing as these advances are, they can be challenging to
apply to commercial value creation. Understanding the nature of business helps to foresee
socio-technical systems in which people utilize technology as the most effective and efficient
method to achieve company and social objectives, which is where a basic understanding of BPM
may assist (Hyötyläinen 2013).

The concept behind BPM revolves around process optimization and automation when overseeing
the way of working inside an organization. This might appear to be intuitive at first glance, but
the complexity of it scales exponentially to the number of processes due to interdependencies
that are generated along the way.

BPM has become a widely adopted management approach, prompting significant investments by
private and public companies since 2000. As discussed BPM has its roots in various process
improvement methods such as BPR, Lean, TQM, and Six Sigma (Martin and Cheung 2005).

Furthermore, ERP, Customer Relationship Management (CRM), and Workflow Management
Systems have developed into what is now known as Business Process Management Systems
(BPMS), which are facilitators of current BPM.
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Business experts and researchers have made optimistic predictions regarding the adoption of
BPMS. Furthermore, BPM experts argue that there is a one-directional and linear path to more
mature BPM, which might lead to better firm performance results.

However, neither the idea of BPM nor the variables that contribute to successful BPM projects
are theoretically founded, and they lack empirical evidence. As a result, key issues in existing
BPM methods have remained unresolved; in particular, what commercial value BPMS may
provide has remained largely unexplored (Hyötyläinen 2013).

Process models are now a critical tool for understanding, evaluating, improving, and automating
business processes. They're also useful for process improvement, because process analytics
approaches allow us to compare real process behavior to process models. The digital
transformation, which continues to influence many areas of how organizations are conducted
today, has also spurred the increased use of business process management concepts and practices
(Weske 2019).

Because they reflect how work is structured, including actions done, tasks given, and data
processed, process models have traditionally played a major role in auditing scenarios. While
process models cover many elements of organizational activity, one of the most important
components is choices, which are not addressed by process models. To bridge this gap, business
decision management was recently introduced to help organizations not only meet their auditing
standards but also automate their processes (Weske 2019).

Artificial Intelligence Generalities

The idea of intelligent systems has been around us for decades. Raw Machine Learning
fundamentals have been applied to some specialized solutions, such as Optical Character
Recognition (OCR). The first true Machine Learning (ML) application takes its origin in the
1990s: the spam email filter. It is not designed with complex neural networks in mind, but the
technology and principles behind it classify as Machine Learning approaches. Nowadays, the
systems have evolved into more complex technologies (Géron 2019).

In the last two decades the information technology industry has seen major breakthroughs in
terms of intelligent systems. The concept of ML has had a great impact over several industries, it
is the core principle of much of the new features in recent high tech products. These systems can
be used for a variety of applications: ranking web search results, powering smartphones’ speech
recognition functions, recommending videos, and much more (Géron 2019).

A large component of the ML ecosystem is represented by Deep Learning (DL), which has
propelled the entire industry. Nowadays even programmers who know close to nothing about this
technology can run, and get the use of simple and intuitive tools that can return information out
of raw data (Géron 2019).
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Machine Learning systems are classified in three main categories:

● Supervised, unsupervised, semisupervised, and Reinforcement Learning systems - this
category relates to whether or not the systems are trained with human supervision.

● Online vs. Batch Learning - it regards the ability of the system to learn incrementally on
impulse.

● Instance-based vs. Model-based Learning systems - this category has evolved around the
principle of a system which either compares new data points to already known ones, or
detects patterns in the available data and builds a predictive model out of it (Géron 2019).

An ML model might be seen as a less complex version of a human observation. The reduction in
complexity intends to eliminate unnecessary details that are unlikely to generate new instances.
The data intake is still controlled by the developer and the process of discarding irrelevant
features is based on making assumptions. The No Free Lunch (NFL) theorem states that if one
makes no assumption about the data, then there is no judgment in preferring one model over
another.

One step further was taken when scientists looked at the human brain architecture and tried to
replicate its structure in the process of developing new intelligent systems. Thus, Artificial
Neural Networks were developed: an ANN uses a Machine Learning model to predict values
(regressions) or classify them (classifiers) based on large amounts of data.

AI and IoT

One common application of ML and AI to daily human activities is the integration of IoT
solutions, where pretrained models are generally uploaded on a Bluetooth Low Energy (BLE)
microcontroller device and applied within various scenarios. Robot vacuum cleaners, household
electronics, consumer electronics, drones, and monitoring systems are some examples of
embedded AI.

Nowadays, the most popular low-level microcontrollers are the AVR based breakout boards
which are available in a wide range of configurations and packages. It all began as a student
project in the 1990s at the Norwegian Institute of Technology, where two students split an 8-bit
device with a Reduced Instruction Set Computer (RISC)-type internal architecture. The AVR
microcontrollers (Figure 1) had a high degree of configuration and versatility, and they were the
first ones to include on-board flash memory for program storage, instead of the conventional and
uniquely programmable Read-Only Memory (ROM) that was found on other microcontrollers
(Hughes 2016).
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Figure 1.  AVR microcontroller by Atmel Corporation

The internal structure of an AVR microcontroller is defined by an AVR Central Processing Unit
(CPU) and several other functions such as timing, input/output, analog-to-digital conversion,
counter, and serial interface which are commonly named peripheral functions. One major
difference between the AVR devices and the general microcontrollers is the size of the on-board
flash memory and the availability of I/O functions. Some of the features included in an AVR
microcontroller are the RISC architecture, the 131 instruction set, the 32 8-bit general-purpose
set, the on board Flash programmable memory (up to 256K), and the operating voltage range of
1.8 to 5.5V DC (Hughes 2016).

The current consumption of an AVR microcontroller varies on the type, average usage time, and
clock speed. The modern ones have a nominal consumption range from 0.55 mA to 30 mA. The
total value is also strongly related to the amount of current sourced from and through the I/O
pins, and since the AVR chips have different combinations of peripheral functions the power
input is drawn to high variations (Hughes 2016).
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1.2 Aim
For any sort of business, intelligent logistics is a crucial driver of economic development and
competitiveness. In order to seamlessly proceed towards a scalable path one must revise how
processes are designed and executed. The aim of this project is to develop a process automation
system for inventory control.

Also, due to intense competition, the current stage in the evolution of IoT devices used for
intelligent systems inside warehouses is occuring inside private corporation walls. This has led to
a decrease in public research and open-source project development. Therefore, this work
attempts to leave a contribution to the process of decentralizing information and knowledge in
terms of smart logistics and warehouse management systems.

In order to strengthen the aim and the importance of the project the following research questions
were raised, and thoroughly analyzed along the way:

● Is it possible to develop an intelligent process automation system for inventory control
using affordable and minimal resources?

● Is the adoption process effortless?
● Is the system robust and scalable?

In order to obtain feasible answers to these questions the work relates to fields such as Embedded
Systems, AI, and Process Optimization, which will later on converge towards a generalized
result.

1.3 Scope
The general scope of the thesis is to draw conclusions on the implementation process of
intelligent and automated systems both by researching previous work carried on this matter and
by developing a hands-on experiment for palpable results.

The first part of the project consists of a general retrospective on the evolution of warehousing
and logistics, process optimization and process management, as well as AI and smart logistics.
The case study, and the final part of the project, is a hands-on approach on the matter of
warehouse management systems, which consists of an experimental shelf that has the core
functionality of automating the inventory control process, therefore reducing lead times and
human errors.

The project does not cover the economics behind the adoption of said system, nor its long-term
financial effects.
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1.4 Methods
The methodology on which the project is based is described under the process workflow below
(Figure 2), and the technologies used during the case study are comprehensively explained
during the practical part itself.

Figure 2.  Project Process Workflow
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1.5 Disposition
The project was developed under the following structure:

● Chapter 1: Introduction - A brief history and evolution of the Smart Logistics, the
Intelligent Systems, and the Business Process Management domains, as well as a
description of the scope, aim, and methodology of the described project.

● Chapter 2: Literature Review - In depth analysis of the topics mentioned in the
introduction.

● Chapter 3: Methodology - The means used to achieve the goal of the project.
● Chapter 4: The case study - Description of the collected data, model building and

validation, testing and deployment phases.
● Chapter 5: Results - Real-time performance measurements of the model.
● Chapter 6: Discussions and Conclusions - Answers to the initial proposed questions,

bottlenecks during the development process, future improvements, and general
applicability of the experiment itself.
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2 Literature Review

2.1 The Evolution of Logistics and E-commerce
At the close of the twentieth century, logistics became one of the international economy's most
dynamic factors. Factors such as globalization of the international market, the development of
new informatics, cybernetics, and mathematics approaches, as well as the development of global
information and transportation networks, all contributed to this (MALINDŽÁK et al. 2019).

In 2019, global trade was valued at USD 25.04 trillion. E-commerce generated USD 3.54 trillion,
accounting for 14.1 % of overall retail sales. In 2023, e-commerce is expected to increase to
$6.54 trillion, accounting for 22% of overall retail sales (eMarketer Global Ecommerce 2019).

The use of logistics outsourcing has grown steadily since the early 1990s. As a result, the usage
of Logistics Service Providers by businesses has exploded. Shippers seek to minimize expenses,
focus on their main business, boost efficiency, improve service quality, and improve their
performance and strengthen their competitiveness by outsourcing their logistics related activities
to an expert in the industry (Freitag et al. 2020).

Not only has the Internet revolutionized trade, but it has also had a significant impact on
logistics. It is now one of the most important elements in the growth of logistics organizations,
especially Complex Event Processing (CEP) operators. People are increasingly purchasing goods
online, which increases the quantity of packages that must be delivered to the eventual
destination (Golinska-Dawson et al. 2020).

The evolution of logistics has progressed from the management and execution of individual
logistics activities such as goods distribution, supply, and storage to the management of flows in
activity chains, such as the basic material chain in a manufacturing company:
supply–storage–production processes–selling–distribution, to logistics systems represented by,
for example, micrologistic and macrologistic systems.  (MALINDŽÁK et al. 2019).

Financial management is part of the logistics process, and it was accomplished through the use of
analytical accounting, which enabled one to analyze the profitability of a product or a group of
goods. The “flow of information” was identified as a significant issue in logistics in the 1990s.
During this time, the move from logistics strategy (support for strategy) to strategic logistics
would be highlighted (strategy foundation). It is spoken of sustainable supply chain management
in the sense of sustainable development at the turn of the twenty-first century (Morana 2018).
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2.2 The concept of Business Process Management
General BPM

The core value of BPM is stated around the idea that an organization delivers services and/or
products as an outcome of its activities. The key to understanding these activities and their
orchestration resides in the art of process administration (Weske 2019).

The research, development, configuration, administration, and enactment of business processes
are supported by the concepts, techniques, and methods of BPM.

Various types of IT systems arose, the most notable of which were ERP and Workflow
Management Systems (WfMSs). ERP systems are systems that store all data linked to a
company's business activities in a uniform manner, allowing all stakeholders who require access
to the data to do so. This concept of a single centralized and shared database allows for the
optimization of information consumption and sharing, which is a major facilitator of process
improvement. WfMSs, on the other hand, are systems that use process models to allocate work to
various actors in a firm. A WfMS makes it easier to apply changes to business processes by
doing so (Dumas et al. 2018).

BPMS are one form of IT technology that aids in the implementation and execution of business
processes. ERP systems, CRM systems, and Document Management Systems (DMS) are just a
few examples . Process-Aware Information Systems is the umbrella name for these tools (PAISs)
(Dumas et al. 2018).

For the companies or organizations that have not taken part in any kind of Business Process
Management activity, a primary step is to identify and map all the essential processes that have a
big impact towards their returns. Setting aside the range of processes and bringing up their
interdependencies might bring a head start in the implementation of a business process model
(Dumas et al., 2018).
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BPM Lifecycle

The figure below (Figure 3) describes the lifecycle of a business process; it is defined as a
collection of cyclical, connected phases. The connections and the orientation of the cycle do not
define the order in which the phases are executed.

Figure 3.  Business Process Lifecycle Diagram

● Design & Analysis: The implementation of validation, simulation, verification
techniques, and business process modelling takes place during this phase. The latter
represents the foundation of process design. Simulation also adds to the core values of the
design and analysis phase due to its capabilities of identifying faults in advance of the
validation phase.

● Configuration: This is the implementation phase. By doing so an organization might end
up with a wide range of choices, the most common lies in defining a set of procedures
and policies that are due to be followed by the interaction between employees and the
system, as well as by the process of embedding the existing software with the new
business process management system.

● Validation: This phase encompasses the run time of the business process.

● Evaluation: During this phase validation and execution records are assessed in order to
evaluate the quality of the applied business process model.

All the business process activities mentioned above, and their execution edges and constraints
represent the foundation of BPM.

A collection of the above mentioned activities define a business process model (Figure 4).
Breaking the complexity by one stage, one can define a business process instance as a specific
stage or step in the operational business of an organization, these stages can further be divided
into activity instances.

11



Therefore, a business process model can be seen as a framework for a collection of business
process instances, and an activity model operates as a framework for a set of activity instances
(Weske 2019).

Figure 4.  Basic Business Process Model for a Reseller

Processes exist in every organization. Understanding and controlling these processes to ensure
that they continually create value is a critical component of an organization's effectiveness and
competitiveness. In a word, BPM is a set of concepts, methods, and tools for identifying,
analyzing, redesigning, implementing, and monitoring business processes (Dumas et al. 2018).
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2.3 Types of Business Processes
Process identification refers to organizational efforts aimed at methodically defining an
organization's collection of business processes and establishing explicit criteria for choosing
individual processes for improvement. Process identification produces a process architecture,
which depicts the processes and their interrelationships (Dumas et al. 2018).

To comprehend the significance of process identification, one must first examine an
organization's strategic framework. Few businesses have the resources necessary to meticulously
model all of their processes, thoroughly evaluate and rebuild each of them, install automation
technologies for each of these processes, and continually monitor the performance of these
processes (Weske 2019).

The purpose of a business process architecture is to define a description of the collection of
activities performed inside an organization. Thus, an architecture must cover the organization's
full complexity.

One common approach when defining and categorizing business processes is applying Porter’s
Value Chain model, which splits the process into core processes (known as primary activities)
and support processes. A third category was later on added which covers management processes
(Dumas et al. 2018).

● Core processes: wraps the creation of added value inside a company or an organization
(e.g: research and development, manufacturing, delivery).

● Support processes: facilitates the implementation of the core processes (e.g: sourcing of
hardware, furniture, and consumables, as well as accounting, and legal services).

● Management processes: covers strategic planning, budgeting, compliance, etc.

BPM in Supply Chain and Logistics

One common application to this is represented by an ERP system (Figure 5), which provides a
centralized solution of storing data while a set of microservices cover for the desired
functionalities (e.g. human resources, financials, and manufacturing).
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Figure 5.  Common ERP system with redundant and connected data for a logistics company

The history of ERP systems starts in the 1960s when companies were struggling with
continuously increasing demand as well as market volatility. That is when a basic software
solution named Material Requirements Planning (MRP) was developed. MRPs had the capability
to monitor the inventory and to reconcile balances, and later on evolved into MRP II which could
also handle manufacturing processes. Around 1990 the first ERP system was developed, which
was a further expansion of the MRP II systems, and could handle other functions such as finance,
accounting, and even sales.

While basic supply chain management capability is already available in ERP systems, new
problems posed by changing market dynamics have necessitated the development of specialised
supply chain management solutions. The major purpose of these systems is to help with supply
chain planning, operation, and control, such as inventory management, supplier and distributor
management, warehouse management, and even demand planning (Weske 2019).

The essential element to remember about the evolution of enterprise systems designs is that new
types of information systems have joined the market, typically built by different suppliers than
the enterprise resource planning system that many businesses use.

The supply chain management system, on a technological level, has its own database containing
data about supply networks. Data is kept redundantly because huge amounts of data are
important for both corporate resource planning and supply chain management. As a result,
system architects are confronted with the same issues that they faced with heterogeneous
corporate applications years ago (Martin and Cheung 2005).
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2.4 Artificial Neural Networks and Deep Learning

Deep Learning relies heavily on artificial neural networks (ANNs). They are adaptable,
powerful, and scalable, making them perfect for large-scale, high-complexity ML jobs like
categorizing billions of pictures, powering speech recognition systems, and suggesting the finest
movies to hundreds of users every day (Géron 2019).

ANNs have been around for a long time: Warren Pitts, a neurophysiologist, originally proposed
them in 1943. McCulloch and Pitts proposed a simple computational model of how biological
neurons may function together in animal brains to conduct complicated calculations using
propositional logic in their seminal study "A Logical Calculus of Ideas Immanent in Nervous
Activity".

Because of ANNs' early success, many people assumed that we might soon be interacting with
really intelligent robots. In the 1960s, it became obvious that this promise would not be realized,
that money would be difficult to come by, and that ANNs would enter a lengthy period of stasis.
New architectures, designs, and training procedures were created in the 1980s, generating a
resurgence of interest (Géron 2019).

A new surge of interest in ANNs is sweeping the globe. The question is whether or not this wave
will follow a predictable course. There are several reasons to assume that this time is different,
and that the resurgence of interest in ANNs will have a far greater influence over the modern
society:

● The amount of data accessible to train neural networks has increased dramatically, and
ANNs routinely outperform other machine learning approaches on very big and
complicated tasks.

● Because of the huge growth in computer power during the 1990s, massive neural
networks can now be trained in a reasonable length of time.

● ANNs appear to be in a virtuous cycle of financing and advancement.

It is necessary to discuss biological neurons before moving on to artificial neurons. Individual
biological neurons appear to function in a fairly straightforward manner, yet they are structured
in a massive network of billions, with each neuron generally linked to thousands of other neurons
(Géron 2019).

A network of very basic neurons may execute highly complex calculations, just like a
sophisticated anthill can arise from the joint efforts of simple ants. Although the architecture of
biological neural networks is still a work in progress, some regions of the brain have been
mapped, and it appears that neurons are frequently arranged in layers, most notably in the
cerebral cortex (Géron 2019).
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The Perceptron

Frank Rosenblatt created the Perceptron (Figure 6), one of the simplest ANN designs, in 1957. It
is based on a threshold logic unit (TLU), or occasionally a linear threshold unit, which is a
slightly different artificial neuron (LTU). The inputs and outputs are both numerical, and each
input connection has a weight assigned to it. The TLU calculates a weighted sum of inputs (z =
w1x1 + w2x2 + … + wnxn = xTw) before applying a step function to that, and then returns the
result: hw(x) = step(z), where z = xTw.

Figure 6.  TLU: an artificial neuron (The Perceptron)

A Perceptron is made up of a single layer of TLUs, each of which is linked to all of the inputs. A
completely linked layer, also known as a dense layer, is one in which all of the neurons in one
layer are connected to every neuron in the preceding one. The Perceptron's inputs are supplied to
input neurons, which are unique passthrough neurons that output any input they are provided
(Géron 2019).

The input layer is made up of all the input neurons. Furthermore, a bias feature is often added: it
is commonly represented using a specific type of neuron known as a bias neuron, which always
outputs 1 (Géron 2019).

Perceptrons, unlike a Logistic Regression classifier, do not produce a class probability; instead,
they generate predictions based on a hard threshold. This is one of the reasons why Logistic
Regression is preferred over Perceptrons. It turns out that stacking several Perceptrons can
overcome some of the restrictions of Perceptrons. The resultant artificial neural network (ANN)
is known as a Multilayer Perceptron (MLP), and it can solve the XOR issue (Géron 2019).
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2.5 Internet of Things for Smart Logistics

A communicative object, also known as a linked object, is a critical component of the IoT that
allows a detectable physical world to be transformed into a vast digital virtual world known as
the cyber-physical system. Given that modern industrial businesses' major aims and problems
include sustainability, safety, and logistics, the communicative object can be a useful idea for
ensuring safe performance in logistics and warehouse management. (Trab et al. 2017).

Nowadays, one of the greatest obstacles to the growth of contemporary industrial processes and
companies is the safety of products and people. The presence of harmful substances in such
amounts and under such conditions that uncontrolled product handling or mispositioning might
create fire or explosion damages with detrimental potential consequences on people, materials,
and the environment is the most common cause of significant accidents. Hazardous substances
provide unique challenges when handling, storing, and disposing of them, especially in a
warehouse management set-up (Trab et al. 2017).

Logistics is a key driver of economic growth and competitiveness for both governments and
businesses. However, because of the complexity of supply networks and high labor expenses,
logistics costs are still quite high. High logistics costs will have an impact on the efficiency of
global industrial value chains and international economic competitiveness. As a result, there is
little doubt that finding better ways to enhance logistics efficiency and lower transportation costs
is a current and essential issue in both academics and industry today (Lee et al. 2016).

The notion of smart logistics has just been presented. Intelligent logistics is built on cutting-edge
information and communication technologies (ICT). It can intelligently implement a
contemporary integrated logistics system by real-time processing and fully analyzing data from
all elements of logistics. Smart logistics may enhance end-to-end visibility, logistics
transportation, warehousing, distribution processing, distribution, information services, and so
on, and can save time and money. Furthermore, it has the ability to minimize logistics-related
pollutants in the environment (Song et al. 2021).

However, there are still a number of difficult challenges to be resolved in the process of
implementing smart logistics. The major problems are how to achieve full interoperability of
networked devices, as well as how to enable the adaptability and autonomy of smart logistics
systems to provide them with an ever-increasing level of smartness (Li et al. 2017).

The Internet of Things (IoT) is considered as one of the most significant areas of future
technologies as one of the most important ICT technologies. IoT is quickly gaining footing in
current wireless telecommunications situations, thanks to the fast development of wireless
communication technology. From an initial focus on machine-to-machine (M2M) connections
and applications to the "ubiquitous aggregation" of data, the concept of IoT is continuously
developing.

17



That is, the Internet of Things (IoT) has produced an abundant amount of data, and the intricate
linkages between the transactions represented by this data may be continually investigated using
various mathematical analytic tools (Song et al. 2021).

Without a doubt, the Internet of Things (IoT) will play a critical role in the implementation of
smart logistics, which will drastically alter the logistical operating mode and the design of the
logistics system. However, numerous concerns, such as applicable situations, present challenges,
and future directions, must be examined during the process of making IoT-based smart logistics a
reality (Lee et al. 2016).

Logistics transportation, warehousing, loading/unloading, carrying, packing, distribution
processing, distribution, and information processing are among the eight scenarios in smart
logistics (Song et al. 2021):

1) Transportation: Logistics transportation is the process of transporting goods from one location
to another utilizing facilities and tools. Among the components of logistics networks, it is the
most significant economic activity.

2) Warehousing: Controlling, classifying, and managing inventory, which is a key and dynamic
part in the logistics supply chain, is what logistics warehousing entails.

3) Loading/Unloading: It entails manually or mechanically loading and unloading things at a
predetermined place.

4) Carrying: It is the most important logistical activity for transporting things horizontally in the
same location.

5) Packaging: Its purpose is to safeguard items throughout distribution, as well as to make
storage and transit easier. One of the most crucial aspects of logistics is transportation.

6) Distribution Processing: It refers to basic activities such as packing, division, metering,
sorting, labeling, and so forth, that are performed in accordance with the demands of the
production location to the use location.

7) Distribution: It is a logistical method for delivering products to the consignee in accordance
with the customer's order specifications. The availability of a complete and ideal logistics
distribution solution has become a significant element in determining logistics expenses.

8) Information Processing: Dynamic data on production, markets, costs, and other factors are
gathered and processed to provide logistics-related forecasts and plans that help logistical
activities run more effectively and smoothly.
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Because IoT-based smart logistics has gotten a lot of attention and has been explored extensively,
its progress can be impacted by a variety of different technologies. There are blockchains,
cyber–physical systems (CPS), 3-D printing, and other technologies in addition to the
aforementioned technologies, such as AI, cloud computing, and big data (Li et al. 2017).

Overall, as IoT, wireless communication technology, AI, and other advanced technologies
continue to improve, more academic institutions and businesses are focusing their research
efforts on smart logistics based on multi-technology integration, which will hasten the
development of smart logistics (Lee et al. 2016).
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3 Methodology

It is costly and time consuming to automate a warehouse with efficient barcode systems, picking,
stocking, and inventory control platforms, but over time it will pay for itself many times over. A
warehouse without the necessary automation is producing several pick tickets for the same order,
is unable to correctly link purchase orders with packing lists, and is overstocking inventory due
to its inability to maintain precise track of what items are sold at different periods of the year.

A proper barcode system removes the need for several printed pick tickets, and a good inventory
control system allows one to match business purchase orders to delivery packing lists with ease.
The “digital” warehouse will become more efficient as a result of automation, since it will
eliminate unnecessary and duplicate procedures. Warehouse management is a complex set of
operations that necessitates the use of the proper tools and skilled personnel. However, when a
warehouse is correctly managed, it becomes more efficient and reduces the company's financial
burden.

One example of the automation marvel is represented by Amazon’s semi-automated convenience
stores called Amazon Go. These stores allow their customers to enter, buy and leave the premises
without the need of a physical cashier or a self-checkout counter. The stores manage to
streamline this process by relying on a set of sensors which are calibrated to collect movement,
pressure and proximity data and then analyze it using complex computer vision, and deep
learning algorithms.

The following work is focused on developing an experimental automated picking and stocking
recognizer system which eliminates the need of manually checking each step by the warehouse
worker. The final goal is to have a robust system in place that uses affordable hardware and
open-source software; all of these without the implementation of computer vision algorithms or
extensive testing.

The automated picking and stocking recognizer system was inspired by the Amazon Go
convenience store systems and by research papers such as Automated order picking systems and
the links between design and performance: a systematic literature review by Yasmeen Jaghbeer,
Robin Hanson, and Mats Johansson at Chalmers University of Technology, and also Robotized
and Automated Warehouse Systems: Review and Recent Developments by Kaveh Azadeh, M. B.
M. de Koster from Erasmus University Rotterdam. And Debjit Roy from The Indian Institute of
Management.
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In order to build and deploy the experimental intelligent shelf, which has state recognition
capabilities, a model (Figure 6) using TensorFlow on an Arduino Nano board was developed.

The below mentioned steps were followed:

1. Collect the data:
○ An Arudino data collection script was developed in order to collect measurements

from the Arduino light, proximity, and gesture sensor. After this, the data was
saved in a .csv file.

2. Train and deploy the model:
○ Using Jupyter Notebook as a cloud development environment, a Keras Artificial

Neural Network (ANN) model was trained over the data collected at the previous
step.

○ The validated and tested model was exported as a .tflite and converted to a C/C++
header byte array file.

3. Run inference:
○ The generated header file is then integrated to the board using an Arduino script

which is designed to feed live measurements into the model which runs the
inference in real-time.

Figure 7. Intelligent shelf architecture diagram.

The choice in hardware and software is thoroughly described in the coming chapter. Other
technologies may be used to obtain similar results.
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3.1 The Hardware
A sensor or a collection of sensors which are self reliable or embedded to a
microcontroller/board, and are capable of measuring the proximity, the ambient light and the
color shading of the surrounding environment are compulsory in order to achieve the purpose of
this study.

The following is a thorough description in terms of sensor specifications, dimensions, physical
robustness, and software capabilities of such devices or sensors available on the market today.

Raspberry Pi Pico and the AMS TCS3707 sensor

The Raspberry Pi Pico (Figure 8) is a relatively low-cost and high-performing microprocessor
with a variety of digital interfaces. The board can be programmed using C or MicroPython
programming languages, and has been designed to accommodate different sensors via the 26
multi-function GPIO pins.

Figure 8.  The Raspberry Pi Pico board

Some of the board’s most important characteristics are:

● RP2040 microcontroller chip designed in-house by Raspberry Pi
● Dual-Core ARM Cortex M0+ processor, up to 133MHz
● 264 KB of Static Random-Access Memory (SRAM)
● 2 MB on-board Flash memory
● Temperature sensor

The AMS TCS3707 Color and Proximity Sensor is a light-to-digital converter that includes
ambient light and color (RGB) sensing, proximity, and flicker detection. Red, Green, Blue, Clear,
and Wideband sensing channels are provided simultaneously by the ambient light and
color-sensing function. A UV/IR blocking filter is also present in the RGB and Clear channels.
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To regulate display appearance, the design of the TCS3707 sensor detects ambient light and
calculates illuminance, chromaticity, and color temperature. Self-maximizing dynamic range,
ambient light subtraction, optical crosstalk noise cancellation, data output, and an
interrupt-driven 1.8V I2C communications interface are all part of the engine's architecture.

The TCS3707 also has IR cross-talk rejection, resulting in reliable proximity sensing when used
with an IR emitter. The ams TCS3707 Sensor Module is available in an open-cavity quad flat
no-leads (OQFN) package measuring 2.0mm x 2.5mm x 0.5mm.

Some of the sensor’s key features include:

● 1024 times dynamic range only by gain adjustment
● 50 Hz and 60 Hz flicker detection flags
● Configurable sleep mode

Arduino Nano 33 BLE Sense and the APDS-9960 sensor

The Arduino Nano 33 BLE Sense board (Figure 9), which supports enhanced AI capabilities via
tailored software such as TensorFlow Lite for Microcontrollers in one of the smallest form
factors on the market.

Figure 9.  Arduino Nano 33 BLE Sense board

Arduino is an open-source hardware and software development, design, and manufacturing
company focused on single board microcontrollers and microcontrollers kits. The boards are
usually equipped with analog I/O pins for the connection with other expansion boards, also
known as “shields”, and depending on the type of each board it might have different sensors
embedded (Arduino 2019).
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The boards can be programmed using C or C++ programming languages and the company
provides its own Integrated Development Environment (IDE) solution called Arduino IDE.
Nowadays, using the leverage of the vast community, there are hundreds of open-source libraries
available, each one being tailored to a specific application of the end-user and the board itself
(Arduino 2019).

The Arduino Nano 33 BLE Sense is one of the newest boards with the smallest form factor in its
class (45mm x 18mm). Its array of sensors give it a wide range of capabilities, such as (Figure
10):

● Wearable integration using its 9 axis inertial sensor.
● Environmental conditions monitoring using the temperature and humidity sensor.
● Atmospheric pressure using the barometric sensor.
● Soundwaves sensor (microphone) which can be used to capture and analyze real-time

audio.
● Luminosity and proximity check using the gesture, proximity, light color and light

intensity sensor (Arduino 2019).

Figure 10.  Arduino Nano 33 BLE Sense sensors and other components (Arduino 2019).

The Nano 33 BLE Sense features a 32-bit ARM® Cortex™-M4 CPU running at 64 MHz, which
allows it to perform larger tasks and run more complex programs compared to its other variants,
making the most out of its Low Power consumption, as well as Bluetooth and NFC pairing
functionalities (Arduino 2019).
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The board can run ML models by exploiting its intelligent systems capabilities using TinyML.
Complex ML models can be generated using TensorFlow Lite for Microcontrollers libraries, then
the models can be tested and tuned locally or in the cloud. Finally, with the help of TenserFlow’s
comprehensive collection of libraries, the already trained models can be exported as small-sized
C/C++ header files, which can then be run on the microcontroller itself.

The APDS-9960 digital proximity, ambient light, RGB, and color sensor features gesture
detection, digital ambient light (ALS) and Color Sense (RGBC), and it stands at L 3.94 x W 2.36
x H 1.35 mm (Arduino 2019).

Four directional photodiodes sense reflected IR radiation (supplied by the integrated LED) to
transform physical motion information (i.e. velocity, direction, and distance) to digital
information for gesture detection. The gesture engine can handle a broad range of mobile device
gesturing requirements, including simple UP-DOWN-RIGHT-LEFT motions as well as more
sophisticated gestures. With customizable IR LED time, power consumption and noise are
reduced (Arduino 2019).

The Proximity Detection function uses photodiode detection of reflected IR radiation to
determine distance (for example, from a mobile device screen to a user's ear) (sourced by the
integrated LED). Detect/release events are triggered by interrupts and occur when the proximity
result exceeds the higher and/or lower thresholds. Offset adjustment registers are included in the
proximity engine to compensate for system offset caused by undesired IR energy reflections at
the sensor.

Red, green, blue, and clear light intensity statistics are provided by the Color and ALS detection
function. Each of the R, G, B, and C channels has a UV and IR blocking filter as well as a
separate data converter that concurrently produces 16-bit data. This design enables devices to
compute color temperature and regulate display lighting by precisely measuring ambient light
and sensing color (Arduino 2019).

A state machine, as shown in Figure 11, controls gesture detection, proximity detection, and
RGBC color sense/ambient light sense capabilities. When each functional engine is accessed, the
state machine reconfigures on-chip analog resources. Individual functional states/engines can be
added or removed from the state machine flow process (Arduino 2019).
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Figure 11.  APDS-9960 simplified state diagram (Arduino 2019).

Gain, ADC integration time, wait time, persistence, thresholds, and other parameters regulate the
functioning of each functional engine. Proximity and Gesture capabilities share control of the
Led Drive pin, LDR. The IR LED isn't used by the color/ALS engine, however cross talk from
IR LED emissions during optical pattern transmission might impact performance.
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3.2 The Software

TensorFlow 2’s open source libraries, especially its solution for deploying robust ANNs: Keras,
where used for the intelligent inference section of the project. TensorFlow is an open source
machine learning platform that runs from start to finish. It features a large, flexible ecosystem of
tools, libraries, and community resources that allow academics to advance the state-of-the-art in
machine learning and developers to quickly construct and deploy ML applications.

TensorFlow has a number of abstraction layers. The high-level Keras API may be used to create
and train models, making it simple and intuitive to get going with TensorFlow and machine
learning. The Distribution Strategy API for distributed training may be utilized on multiple
hardware configurations without altering the model specification for big ML training projects.

Keras is a high-level Deep Learning API that makes it simple to create, train, assess, and run
neural networks. Francois Chollet developed the reference implementation, commonly known as
Keras, as part of a research effort and published it as an open source project in March 2015
(Géron 2019).

In order to integrate an artificial neural network in a low-memory microcontroller environment, a
byte series conversion of the trained model needs to be generated. In order to do that, the project
took advantage of TensorFlow’s solution for embedded systems called TensorFlow Lite for
microcontrollers. The core runtime works perfectly with just 16 KB on an Arm Cortex M3, just
like the one on the Arduino Nano 33 BLE Sense.
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3.3 Prerequisites
The physical hardware resources allocated for this project consist of (Figure 12):

1. Micro-USB to USB-A Cable for the communication between microcontroller and the
server (computer).

2. Zip ties for locking the microcontroller underneath the “shelf”.
3. The Arduino Nano 33 BLE Sense Microcontroller.
4. A cardboard shoe box for replicating the “experimental shelf”.

Figure 12.  Physical prerequisites

The shoe box has been opened to an end in order to simulate the shelf gap. Also, the sensor has
been fitted parallel to the top panel with the sensor facing the bottom side of the box in order to
measure the proximity of the parcel, its movement gesture, the color scheme and the ambient
light.

The sensor packed microcontroller was fixed underneath the experimental shelf with the sensor
facing downwards at a height of 11 cm. Other dimensions include the breadth of the shelf of 32
cm and the depth of 20 cm (Figure 13).
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Figure 13.  Side view and dimensions of the experimental shelf

The connection cable was wired through the locking zip ties that hold the microcontroller fixed
in order to reduce the noise caused by vibrations (see Figure 14).

Figure 14.  Upper view of the experimental shelf
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The sensors was first calibrated to an open/free shelf with different light points focused at it in
order to increase its accuracy when picking and stocking the shelf without using cameras and/or
computer vision algorithms for object detection (Figure 15).

Figure 15.  Microcontroller position inside the experimental shelf
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4 Case Study

4.1 Hardware Selection
Given the small form factor of the Arduino Nano 33 BLE Sense board (45mm x 18mm), its low
price, the wide range of embedded sensors, and its significantly large SRAM memory, it was
chosen as the main hardware board to carry on the study.

The project tackles the picking and stocking lead time problem by providing an embedded
system solution using IoT and ML. Therefore, an Arduino Nano 33 BLE Sense will be used for
data collection and real-time measurements. An Arduino board is programmed using either its
custom made Arduino Web IDE or the desktop version called Arduino IDE (Figure 16).

Figure 16.  The Arduino IDE

Writing code and uploading it to the board through the open-source Arduino Software (IDE) is
the most facile way of developing features. Moreover, any type of Arduino board may be used
with this software. The Arduino IDE has an autocomplete function, as well as code navigation,
and a live debugger.

All the sensors are programmed and controlled using predefined libraries written in C/C++
programming language. For the purpose of this work the APDS9960 library was mainly utilised.
The APDS9960 library allows the user to read motions, color, light intensity, and proximity
using the board's sensor.
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The following functions were used and are included in the library:

● begin()  - initialize the gesture sensor
● end() - deactivate the APDS gesture sensor
● gestureAvailable() - checks if the sensor has detected gestures
● readGesture()
● colorAvailable()
● readColor()
● proximityAvailable()
● readProximity()
● setGestureSensitivity() - sets the APDS gesture sensor sensitivity

In order to use the library, as it is customary when using C/C++, one must include the following
line at the start of an Arduino project: #include <Arduino_APDS9960.h>.
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4.2 About the Data
The full codebase, including the configuration steps and the necessary prerequisites to run the
project, is stored in a public and open-source repository which can be found under the following
link: https://github.com/ionutraresm/kth-intelligent-shelf.

The APDS-9960 sensor was exploited during this project, making use of all the capabilities
beside the gesture sensor due to its relatively high latency and cumbersome calibration process.
The independent variables that drove the state prediction of the experimental shelf were:

● Proximity: distance between the sensor and its nearest object. It ranges between 0 and
255.

● Shade: The color shading of the surface oriented towards the sensor. The applied formula
for the shade is RGB = 65536 * r + 256 * g + b, where each prime color ranges between
0 and 4097 and the hex value of the RGB is a shade code.

● Brightness or ambient light intensity, which measures different light patterns around the
sensor. Similar to the other variables, it ranges between 0 and 4097.

Given the fact that the work is based around a classification algorithm the main classes to be
considered are:

● EMPTY (no object placed or picked)
● PICKED (the action of picking an object from the shelf and taking it out)
● STOCKED (the action of stocking the shelf with an object)

Measurements were taken off the empty experimental shelf first in order to calibrate the sensor
and configure its default class (EMPTY). All the measurements were taken in batches of 50
readings per and each batch had a distinct ambient light environment and brightness (Figure 17).

Figure 17.  Dataset structure
In order to balance the output classes, the measurements were taken approximately in equal
batches for each labeled output class:

● EMPTY: 15 batches
● PICKED: 10 batches
● STOCKED: 15 batches
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The shade graph (Figure 18) was plotted independently because of the scale difference between
itself and the proximity-brightness measurements. Therefore, each state is represented through
two graphs one representing the shade and the other one showcasing the proximity and
brightness data fluctuations and value range. All the variables were measured simultaneously for
each shelf state.

The lack of equal share between classes was intentionally thought through in order to induce the
inconsistent stream of data feeded into the microcontroller when deployed into real-time testing.

Figure 18.  Empty shelf data during different light scenarios (emphasis on shade)

Figure 18 reflects the spikes in the shade data which is due to the change in spotlight focal
points, whereas other outliers are present due to sensor noise.

Sensor noise is easily visible from the proximity data (Figure 19), since the distance between the
sensor and the bottom of the experimental shelf is constant there should be a constant value
throughout the measurement process. Moreover, the brightness curve showcases the variation in
light intensity from all the different scenarios.
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Figure 19.  Empty shelf data during different light scenarios (emphasis on proximity and
brightness)

During picking and stocking (Figures 20 - 23) the shading graphs have extreme fluctuations due
to the distortion of light reflecting from the surface of the objects used to stock the shelf. The
proximity graphs showcase a normal behavior since the collection of objects was particularly
chosen for its high variation in terms of the size and structure of each item.

35



Figure 20.  Picking action data during different light scenarios (emphasis on shade)

Figure 21.  Picking action data during different light scenarios (emphasis on proximity and
brightness)
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Figure 22.  Stocking action data during different light scenarios (emphasis on shade)

Figure 23.  Stocking action data during different light scenarios (emphasis on proximity and
brightness)
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4.3 Classifying the Data
One important question that might be raised during the model development process is why is it
necessary to use an ANN for classification of three states of a shelf? The answer lies within the
unpredictability of the natural environment. Real-life is filled with noisy data making it really
hard to hard-code these states into the microcontroller. As presented in the previous chapter, a
shelf inside a real warehouse might have different spotlights during the day, or moving shades,
even constant irregular vibrations, thus making it hard to predict the state of it given, for
example, only a proximity measurement.

Before building the ANN architecture, one vital step in the process of model building is feeding
it with the right data. All the data collected and plotted in the previous chapter must be split into
three buckets: training, validation and testing. The training data takes 60% of the batch, and the
rest of 40% is randomly split between validation and testing.

Data is feeded to a neural network in the shape of a tensor, which has a value range and a vector
norm, or a vector length. Since we work with probabilities, the value range will be [0,1],
therefore each input is normalized by dividing its value to the maximum possible measurement
(the starting value for each measurement is 0, thus simplifying the below formula).

Finally, the norm of the input tensor is equal to the number of normalized variables times the
number of samples per batch. Therefore, the norm of the input tensor is 150 (Figure 24).
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Figure 24.  Input tensor structure example

The following design was chosen by experimenting with different numbers of layers, activation
functions, and epochs in order to return the best possible results. Since th

The architecture was developed from the traditional regression MLP network (Figure 25), since
it is a case of multiclass classification, with a he uniform starting weight distribution and defined
by:

● The input layer of 150 variables and the bias variable which is equal to 1.
● The hidden layer which has 20 perceptrons and uses a rectified linear unit activation

function (ReLU).
ReLU: f(x) = max(0,x)

● The Softmax output layer with the number of perceptrons equal to the value of the output
tensor’s norm (3).
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Softmax:

Figure 25.  Model architecture - diagram

The optimizer used for this architecture is Adam (Figure 26), which is a better replacement of the
Stochastic Gradient Descent especially in the case of training deep neural networks. An
optimizer is used to minimize the loss function which in this case is the Mean Square Error.

Where, Yi is the labeled (known) output and Yi hat is the predicted output, n is the number of
samples.

The Adam optimizer has a fairly easy setting-up procedure due to the fact that the default
configuration parameters perform well on most of the problems.

Figure 26.   Model architecture - codebase
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4.4 Tuning the Model
A regression MLP network architecture with a MSE loss function and MAE as metrics will
output the following metrics:

● loss - the value of the cost function for the training data
● val_loss - the value of the cost function for the validation data
● mae - mean absolute error for the training data
● val_mae - mean absolute error for the validation data

A very good scenario is defined by a descending loss and val_loss towards a tangential point,
while keeping both of the curves close to each other.

On the first iteration of the model (Figure 27), where 500 epochs were used, there was a visible
increasing trend of the val_loss function after epoch 240-250. Thus, the model was starting to
overfit.

Figure 27.  Model’s metrics history on 500 epochs
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After changing the epochs limit to 200 (Figure 28), the model reached an acceptable 0.15 for
both the loss and the val_loss functions without showcasing any signs of overfitting.

Figure 28.  Model’s metrics history on 200 epochs

The final iteration of the model was fitted using 200 epochs and a batch size of 3 since in reality
there are only three independent variables.
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5 Results

The first results were drawn from the direct comparison of the model’s predicted values based on
the split test dataset (Figure 29). The model has an above random accuracy (33%) on each class
with minor inaccuracies on the second class: the model tends to misclassify the picking process
which might be due to the fact that there is no idle state for the already stocked shelf. Thus, a
“full” or “occupied” class might cover all the possible scenarios and minimize the error on the
second class.

Figure 29.  Model’s accuracy based on test data sample

The model was uploaded on the microcontroller and tested in real-life scenarios. During the test
phase, objects of different sizes and colors, as well as different ambient spotlights were used.
Four different objects in three different light set-ups forming 12 different tests were pulled and
only 3 of them failed. The frequency of the output was set to one prediction per 2 seconds, but
the Arduino script can also be configured to return a constant stream of predictions.
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The status of the experimental shelf on idle is “empty”, thus the values displayed on the above
measurements (Figure 30).

Figure 30.  Prediction example when the experimental shelf is on idle

The following figures (Figure 31 - 32) represent real-time model predictions based on live
measurements in different light scenarios and with a variety of object sizes.

Figure 31.  Prediction example when the experimental shelf is being stocked (left).
Figure 32.  Prediction example when the parcel is being picked up from the experimental

shelf(right).

The above registered results, the low cost of hardware prerequisites, and the open-source nature
of the software technologies make the project an easy to implement solution that can scale up
with ease. Thus, the first research question regarding the possibility of implementing an
intelligent inventory control system with minimal resources moves forward with a positive
answer.
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6 Discussions and Conclusions

Discussions

The methodology coped with the ethic imposed by the research questions. The hardware can be
found at an affordable price and its configuration process is well documented for the general
public, giving it a competitive advantage in terms of adoption compared to other educational or
industrial oriented microcontroller manufacturers. The software is open-source and versatile to
all levels of implementation making it simple to transition from prototype to scaled production. It
also has a vast collection of pretrained models and frameworks which can offer no-code or
low-code alternatives to common use cases of production purposed AI (e.g. image
classification).

The adoption process of the development system is generally facile with some manual
configuration being needed on sensor calibration. If the system is developed as a component in a
microservice based architecture in the sense that for larger scale operations such as a Distribution
Center (DC) or a warehouse it is set-up to run synchronously with other sensors it will generally
have a robust behaviour.

Some of the bottlenecks faced along were mainly involving tuning the ANN model to output the
best possible results, as well as collecting and refining the data for the model itself. The process
of randomizing events and simulating a real work environment can involve cumbersome work.
Therefore, some of the key aspects that can be improved are:

● Dataset size and data distribution: ANN tends to behave better when feeded with very
large and randomized datasets.

● Model architecture: with the increase of the datasets the model might be performing
better with more evolved architecture - adding more hidden layers, perceptrons/layer or
even experimenting with different activation functions.

Some of the work that can be carried on with this project might involve setting the system up to a
larger, warehouse size, shelf and test its performance in a scaled environment. Furthermore, an
affordable camera module can easily be attached to the microcontroller which can be set-up to
recognize barcodes or QR codes, thus not only sensing when the shelf is empty or stocked, but
also automatically registering what kind of product was handled on a particular section of the
warehouse. Moreover, in order to make the system production ready, other software components
must be added to the architecture such as servers and gateways for information parsing as well as
databases to keep track and register each recognized movement, thus exploiting the system’s
fully automated capabilities.
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Conclusions

The project was not intended to represent a technological breakthrough in terms of automation
systems, but rather a tiny step toward a more automated, reliable, and efficient future. The
developed model produced above-average results, implying that, with minor configuration
changes based on a particular set-up, it can be released into production. Taking into account the
relatively small size of the collected data, the predefined structure of the model, the accessible
prerequisites, and the ease of assembly and implementation, it is reasonable to conclude that the
widespread adoption of intelligent embedded systems for automated solutions has a promising
potential.
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