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Abstract

In the early days of navigation, humans relied on visual landmarks such as moun-
tains, coastlines, and structures to determine their location and direction. With
the arrival of tools like compasses and sextants, navigation became more precise,
enhancing navigation and positioning. In the modern era, outdoor navigation relies
heavily on global satellite-based positioning systems such as GPS, allowing indi-
viduals to navigate around the globe, locate points of interest, and assist robots in
positioning themselves in both known and unknown environments.

While indoor positioning systems have been in development for decades, their
adoption has accelerated in recent years in complex environments like airports,
supermarkets, and warehouses. These systems are employed for tasks such as
resource tracking, automated order picking, and guiding users through complex
building layouts. Unlike traditional positioning systems, which rely on a fixed set
of techniques, indoor positioning or navigation systems often use diverse technolo-
gies and hardware, usually requiring proprietary software or intricate calibration to
function. This reliance on proprietary solutions creates several challenges. Users
are often required to install software for each specific location or building, fragment-
ing the user experience and raising concerns about privacy and data ownership. For
building owners, the high costs and complexity of developing and deploying these
systems limit broader adoption. Moreover, closed systems hinder interoperability,
making it difficult to integrate or share data across different platforms.

These challenges extend beyond positioning systems and reflect general issues
with user data, where closed applications restrict seamless data exchange from one
platform to another. One promising solution involves creating open frameworks
that enable seamless data interoperability, giving users greater control over their
information while reducing dependence on systems owned and managed by a
single organisation. Although regulatory initiatives within the European Union are
gradually enabling data interoperability, significant obstacles remain, particularly
in domains where data does not rely on existing standardisations, such as is the
case with indoor positioning systems.
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This research focuses on enabling seamless data and knowledge exchange between
positioning systems, both indoor and outdoor. It addresses the limitations of cur-
rent approaches by proposing a framework that facilitates the integration, discovery,
and management of location data in a way that prioritises user control and inter-
operability. Central to this research is the development of improved vocabularies
that enhance machine understanding of location data, providing a foundation for
seamless communication between systems. Additionally, it explores techniques for
enabling positioning systems to discover one another without prior coordination,
thereby reducing the dependency on pre-established connections and broadening
their use and reuse in other use cases. The research also introduces strategies for
managing user data effectively, ensuring privacy and flexibility while supporting
seamless exchange across systems. These contributions collectively advance the
development of an open, interoperable ecosystem for both indoor and outdoor po-
sitioning systems, addressing key limitations of current approaches and paving the
way for a future where location data can be stored, shared, and accessed effortlessly
across a wide range of use cases and technologies.
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Chapter 1

Introduction

The problem with apps, and by this I mean native apps that must
be downloaded to your phone, is that they are just becoming too
much trouble to organize and maintain. It's just not realistic to have
an app for every store you go to, every product you own and every
website you visit. This creates an ever increasing set that must be
curated, organized and culled. (...) If you were to walk into a store
and they proudly proclaimed on the door that they had an app, would
you immediately install it? What value/pain calculation would you
perform in your head before going through the trouble? (...) My point
is that if somehow the app magically appeared on your phone as you
walked in the door would you be more likely to try it?

{ Scott Jenson (2011) [1]

I have probably entered thousands of buildings in my life. From what I assume,
most of those buildings did not have a system in place that could track me or
that allowed me to navigate inside | but I cannot be certain about this. Even
if complex buildings such as a hospital, airport, conference hall, supermarket or
university have a mobile application to track my location, I am not con�dent that I
would have the incentive to search for it and install it.

The quote by Scott Jenson, a UX designer who worked at Google and Apple, relates
to the issue of indoor positioning and navigation systems. If you were to walk into
a building and they advertise on the door that they have an application to help you
�nd your way, would you install it? More importantly, would you still remember
that there is an application available if you get lost within the building? On the 
ip
side, what motivates building owners to develop their own navigation applications
for visitors?

1
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When navigating to a speci�c destination or tracking the location of our food
being delivered, we often use services that can track the position of thething we
are tracking. Outdoors, these services primarily rely on the Global Positioning
System (GPS), which is a collection of satellites that help us to determine an
object's position on the surface of the Earth. While satellite-based positioning
systems such as GPS are common, they are not the only technology available to
determine an object's position. Inside a building, underground, or in a forest, we
have to rely on other technologies due to the inaccuracy of GPS signals when there
is no direct line of sight to satellites. Even outdoors, we often resort to other
techniques in use cases where a more accurate and reliable position is needed.

If we focus on use cases for tracking a position inside a building, we can list examples
such as indoor navigation, asset tracking, and proximity marketing. To compute
this type of position, various technologies such as Bluetooth beacons, Wi-Fi, Ultra-
wideband (UWB), and Radio Frequency Identi�cation (RFID) have been utilised
to replace satellite-based positioning systems. These technologies have di�erent
advantages and limitations that must be considered when choosing the most suitable
solution for a particular use case. The systems which are deployed in an indoor
environment to track persons or objects are often called indoor positioning systems
(De�nition 1). Research in the �eld of indoor positioning systems is still ongoing,
with a focus on improving the accuracy, scalability, and robustness of these systems
for widespread adoption in various industries. With indoor environments varying
from building to building, di�erent technologies might perform better or worse
in speci�c environments, preventing the use of a single technology that applies to
all indoor environments. Furthermore, while satellite-based positioning systems
only require a �xed set of satellites to cover a large area, the same cannot be said
for indoor environments, which often require di�erent hardware in each building,
making their implementation slow and expensive.

De�nition 1 : Indoor Positioning System

A positioning system that is used indoors to provide use cases such as indoor
position tracking or indoor navigation is de�ned as an indoor positioning
system (IPS) [2].

This lack of standardisation causes a spread of di�erent technologies across build-
ings and positioning systems, causing each Indoor Positioning System (IPS) to be
an individual implementation or at least an implementation based on a framework
that de�nes the technologies and algorithms. In turn, this causes the spread of data
and knowledge over proprietary systems and applications. To keep this valuable
data relevant to the user or object that is being tracked, we need a solution that can
bridge the gap between individual positioning systems and between the user and
the positioning system.
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Moreover, users also own more devices that are capable of tracking them. Smart-
watches, augmented reality (AR) headsets and even self-driving cars are types of
devices that obtain a position. In turn, these devices collect tracking data of a single
user, yet the data is often fragmented across di�erent services for those speci�c
devices. In addition to bridging the gap between positioning systems, we also need
to �nd a user-centric solution to manage the sources which produce this data.

Fragmentation can be addressed by standardisation [3]. However, due to the lack
of standardisation and lack of technologies that could potentially serve as a single
standard, this fragmentation must be solved by enabling the seamless exchange of
data. By doing so, building owners would no longer need to focus on the design
of mobile applications or tracking software, and could instead rely on existing
solutions that can be integrated with their setup. This would not only signi�cantly
reduce costs but also enable users to decide which solutions they use for tracking,
allowing smaller businesses to reach a broader audience.

1.1 Privacy and Transparency Problems

One major concern with the tracking of users relates to the privacy implications of
this data. In the �rst month of 2025 alone, multiple cases of leaked location data
were reported, ranging from mobile applications leaking accurate GPS data1to the
location of parked electric cars2.

Figure 1.1: Ranking of personal data according to our survey

In a research study that we conducted in 2025 (see Appendix E and [4]), we have let
users rank di�erent types of personal data in order of importance. Figure 1.1 illus-
trates these results, showing users consider location data the fourth most important
type of data for users. A home address is considered the second most important

1https://www.theverge.com/2025/1/13/24342694/
gravy-analytics-location-data-broker-breach-hack-disclosed

2https://www.theverge.com/2024/12/30/24332181/
volkswagen-data-leak-exposed-location-evs
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type of personal data for users, which is inferable from a user's (or parked car's)
location. These results align with earlier work where users indicated that location
data is a valuable type of data [5, 6].

On the other side of the valuation of location data, companies also value this data
to obtain knowledge about the behaviour or expected behaviour of customers [7, 8].
Having the location data spread over multiple closed databases and companies not
only prevents users from managing and accessing their own location data but also
requires the creation of proprietary applications to access these databases.

Figure 1.2: Correlation between the familiarity with location data tracking and
user-perceived control of location data

In our study, most participants indicated they feel they do not have enough control
over their location data. In Figure 1.2, we see a clear correlation between the
expertise of the participant and their perception of how much control they have.
Participants who indicated that they do not have enough control, indicated that they
feel violated when services can obtain this personal information. They do not want
to share data without explicit consent, and generally are unaware of how this data
is used and how it will prevent services from operating when disabling location
sharing. Several participants who were familiar with location tracking concepts
indicated that they take measures to prevent tracking, often resorting to di�erent
privacy-aware operating systems or applications.

Figure 1.3: Transparency of applications and systems about location data usage
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Legislations in Europe, such as the General Data Protection Regulation (GDPR) [9]
or the Data Governance Act (DGA) [10] aim to protect personal data and ensure
that individuals are informed and have control over how their information is used
and shared. Privacy policies aim to provide insight into what data is processed
and how it is used. Still, as illustrated in Figure 1.3, the majority of users �nd
these privacy policies di�cult to understand and do not feel informed about how
their location data is used. What is more, only 50•6% of our participants reported
that they read a privacy policy when installing an application. In total, we had
58 participants, 89•7% of these participants were from the European Union.

1.2 Towards FAIR Positioning Systems

Market studies [11, 12, 13] estimate the current indoor positioning and indoor nav-
igation market around 20 billion USD with a compound annual growth rate (CAGR)
growth between 21•4% and 37•6% in the next �ve years. More buildings will de-
ploy indoor positioning or navigation applications to some extent, either to provide
navigation assistance to visitors, positioning autonomous robots, AR applications,
or to collect data on foot tra�c patterns for business optimisation.

In 2016, the FAIR guiding principles were published [14] to promote the �ndability,
accessibility, interoperability, and reusability of research data. Ever since, these
principles have found their way to other domains, including Global Navigation
Satellite Systems (GNSS) [15]. For indoor positioning systems, the data and
systems themselves remainunFAIR. With data sovereignty such as the Digital
Markets Act (DMA) [16] in mind, the �eld of indoor positioning systems should
be prepared to o�erinteroperable and discoverable indoor positioning systemsto
adhere to these regulations.

De�nition 2 : Interoperability

Interoperability is the ability of computer systems or programs to seamlessly
exchange information in a way that can be accessed, read and understood
by other systems [17, 18].

Interoperability, which forms part of the FAIR principles, is the ability of a com-
puter system or program to seamlessly exchange information in a way that can be
accessed, read and interpreted by other systems [17, 18]. In our context of interop-
erable positioning systems, it entails the ability for di�erent systems, services and
applications to work together seamlessly without requiring individual positioning
systems to interface with one another. In a perfect scenario, if each positioning sys-
tem handled data in a way that enables the seamless exchange of this data, it would
allow users to use a single navigation application for outdoors, indoors or other
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environments that track a location. Furthermore, users would have more control
over how data produced by one system is reused in another system or application.

De�nition 3 : Discoverability

Discoverability or �ndability of a service is the ability for users to �nd and
retrieve information on how to interface with a service.

At the beginning of this introduction, we presented a quote from Scott Jenson. It
was written at the time when he pitched the concept of the Physical Web. The
idea of the Physical Web was that a single application, in this case, a web browser,
would be able to discover and interact with businesses, devices and people within
proximity. One of the challenges we wish to solve is how users can discover or �nd
positioning systems within an environment. This discoverability plays an important
role when working with interoperable systems. One can have as many systems and
applications that work together with the same data, but if users cannot discover the
availability of this data or services, they ultimately become useless.

1.3 Problem Statement

Unlike outdoor positioning systems, Indoor Positioning Systems (IPSs) do not rely
on a single standardisation of the technologies used to implement such a system.
ISO standards such as ISO 17438:2024 [19, 20, 21] and ISO 18305:2016 [22]
de�ne the basic data models and technologies of current IPSs. However, with rapid
advances in the domain, these individual standardisations are also rapidly outdated
to serve as a single standard for each positioning system.

Surveys and other related work also acknowledge this issue of non-standardised
IPSs. In [23], the authors indicate a\Lack of Standard and Interoperability"as
one of the main challenges in the development of indoor positioning systems. They
emphasise the problem of the lack of standards in the used technologies, since there
are currently no technologies that would serve as a general standard for di�erent
indoor environments and use cases. Deng et al. mention\In di�erent industrial
applications, most companies will adopt the specialised standards common in that
industry, resulting in a waste of resources that impedes sharing and interoperab-
ility" [24]. In their work, they indicate that some standardisations exist for indoor
positioning services, but they are often focused on particular goals and require
complementary unstandardised work that impedes overall interoperability. Similar
to Deng et al., Furfari et al. [25, 26] also indicate that the most important issue
of indoor positioning systems is the lack of methods for integrating and enabling
cooperation between such systems. They highlight the need for standardisation
in both the discovery and communication of these systems, but agree that in the
current industry, one single all-encompassing standardisation does not exist.
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Every actor adopts its own solution in terms of positioning technologies
and data processing and, more importantly, such systems are not
designed to cooperate. As a result, we expect that the market for
indoor systems will become quicklyfragmentedand characterized by
incompatiblesolutions.

{ Furfari et al. (2021) [26]

Lack of standardisation and interoperability results in a fragmentation of user data
across services and proprietary applications. This is not only true for indoor
systems, but any non-interoperable or non-standardised system [27]. Due to the
vast amount of building-speci�c implementations, users are forced to �nd and use
speci�c services and applications for navigating in a particular building, but how
will they �nd these services?

During our research, while addressing the lack of interoperability, we noticed that
the design of an interoperable system does not immediately solve market fragment-
ation. Similar to related issues of data and service fragmentation [28], the discovery
of interoperable systems is a needed step towards solving this fragmentation. Ul-
timately, these problems stem from theunFAIRIPSs currently in use, where data
is not accessible, applications are not reusable and the systems themselves are not
�ndable.

Based on the list of problems from the aforementioned related work, our own
observations in the domain and similar general issues of data fragmentation in
di�erent domains, we derived the following three main problems to be addressed
in our research:

Problem 1 Lack of standardisation and interoperability between indoor
positioning systems
In line with related work [24, 25, 23], we agree that the lack of
technology standardisation is one of the main reasons why indoor
positioning systems are often designed as proprietary solutions man-
aged by a single organisation. This results in a lack of interoper-
ability between such systems, as their underlying technologies and
implementations vary signi�cantly.

Problem 2 Lack of access to the data produced and consumed by indoor
positioning systems and applications
Continuing from Problem 1, the lack of data interoperability results
in the fragmentation of user data across di�erent services. Services
that want to (re)use data currently have no access to this data unless
speci�c interfaces are developed.
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Problem 3 Fragmented and non-reusable indoor positioning systems and
applications
Due to the lack of interoperability (Problem 1) and the lack of ac-
cess to data (Problem 2), indoor positioning systems are fragmented
across multiple services and applications. As a user, it is challen-
ging to navigate di�erent buildings with di�erent indoor positioning
systems, as each system may require a separate app or device for
navigation. This lack of cross-building indoor positioning systems
hinders the collaboration between IPSs and the reusability of indoor
positioning technologies.

1.4 Research Questions

Whenever we combine multiple technologies for positioning, we de�ne the po-
sitioning system as an integrated or hybrid positioning system as described in
De�nition 4. Such a system takes input data from one or more positioning tech-
niques and outputs certain data that can be used for further processing. Indoor
positioning systems are often hybrid systems that are tailored to an indoor environ-
ment. In our research, we consider hybrid positioning systems as the general type
of positioning system we want to support, since they are broad enough to be used
in di�erent use cases.

De�nition 4 : Hybrid Positioning System

A hybrid or integrated positioning system is a positioning system that in-
tegrates multiple positioning technologies and techniques to overcome the
limitations of individual systems and enhance overall positioning perform-
ance [29].

One of the �rst challenges in designing interoperable systems is to ensure the
semantic interoperability of the data used by such systems. In the case of a
hybrid positioning system, this includes the data that the system requires from
various sources, as well as the data it produces. With hybrid systems being
capable of combining various techniques, we need to generalise the data of a
hybrid positioning system so that we can generalise indoor positioning systems.
Based on the previously identi�ed problems, we formulated the following research
questions to guide our research:

RQ1 How can we represent hybrid positioning systems?
We want to achieve interoperable indoor positioning systems that are future-
proof in the landscape of unstandardised technologies. In order to achieve
this, we �rst need to represent the concept of positioning systems, and more
speci�cally, hybrid positioning systems that combine multiple technologies.
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Representing a hybrid positioning system involves a generic data and pro-
cessing representation of how such a system works and is constructed. At
the same time, we also need to generalise and de�ne the data that these pos-
itioning systems require and produce. By representing a hybrid positioning
system rather than an indoor system, we ensure that our question is broad
enough to cover a wide range of use cases, technologies and implementations.

The representation refers to the way data is stored and processed within
a single system, while interoperability (as detailed later in RQ2) focuses
on how di�erent systems can seamlessly exchange information. The data
representation we aim to obtain by answering this research question can be
tailored to a single system, but it must be capable of representing di�erent
systems, algorithms, technologies and use cases. Next, we can enable the
data exchange by utilising this representation.

RQ1.1 How can we generalise the input of a positioning system?
For a positioning system to be able to compute data, the input data
needs to be in a known format and structure. Various existing tech-
nologies have their own data format. We need to generalise the input
of the data in a scalable structure that can be applied to a wide range
of technologies.

RQ1.2 How can we generalise the output of a positioning system?
After processing the input data, a positioning system provides some
output data. While we can assume that this most likely includes a
position, it can also include other data, such as orientation, velocity
or even a map of the environment. The output needs to be generalised
in a way that makes it clear what the output can contain after being
processed by a wide range of di�erent techniques or algorithms. We
want to generalise the structure, granularity and type of this data
so, together with RQ1.1, we can represent a complete positioning
system. In RQ2, we will make use of this data representation to
enable the exchange between systems.

RQ2 How can we create interoperable positioning systems?
Interoperability was described as the ability to read, understand and access
data across di�erent systems (De�nition 2). With RQ1 and its sub-questions,
we investigate a data representation to be used within a single system. When
creating interoperable positioning systems, we aim to develop systems that
allow data to be exchanged between systems without losing any context. If
we look a bit further atprocessing interoperability[30], we also want to be
able to understand how this data is processed. In RQ1, we generalise indoor
positioning systems by representing hybrid systems, but do not focus on the
seamless data exchange between systems.
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RQ2.1 How can we enable access to the data of a positioning system?
Enabling access to the data of a positioning system is not as easy
as making the information publicly available. Positioning systems
work with sensitive user data, which should only be accessible by
applications the user trusts. In this research question, we will invest-
igate the possibilities for users to enable access to their data, allowing
them to decide which positioning systems or applications can access
and update their location data.

RQ2.2 How do we avoid ambiguity and enable semantic reasoning on
the data of a positioning system?
To satisfy the ability to understand the data, semantic reasoning
should be possible on the positioning data. Semantic reasoning is the
ability of a system to infer information that is not explicitly de�ned
within the data [31]. Such inference is necessary when working with
data of unknown origin. In this research question, we will investigate
how we can provide processing interoperability so that other systems
are aware of how a positioning system processes information. This,
in turn, can provide additional context on the quality of the data
produced by such a system.

As an interoperable system, one can have access to read data and the
semantic knowledge to understand the data. However, understanding
goes beyond being able to interpret information. In an interoperable
system, the interpretation of the data needs to be unambiguous for
two systems to interpret the data in the same way.

RQ3 How can we discover positioning systems?
Creating interoperable positioning systems that can be accessed is important.
However, when users and services are unaware of the existence of these
systems, they become useless. Discovery is a broad term that encompasses
the process of �nding and identifying positioning systems that are available
for use. To answer this research question, we will explore methods and
technologies that enable the discovery of positioning systems to ensure that
users and services are aware of their existence and capabilities.

RQ3.1 How can we ensure interoperability in the discovery of a posi-
tioning system?
Discovering a system or service often requires intricate and tailored
procedures. We want to ensure the accessibility and readability of a
system during this discovery. However, we aim to prevent the use of
discovery protocols in interoperable systems that require additional
hardware beyond existing infrastructure.
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RQ3.2 How do we discover a positioning system in a physical environ-
ment?
The discovery can happen using a centralised service or an intercon-
nected decentralised network. However, when we want to discover a
service bound to a geographical space, we also want to discover this
service within the physical world. Taking research question RQ3.1
into account, in this research question, we focus on the physical
discovery of online services.

1.5 Objectives

Based on the research questions outlined in the previous section, we de�ned the
following �ve objectives to answer these research questions. These objectives
guided our research and enabled us to come up with a solution for the three main
problems with indoor positioning systems mentioned earlier.

Objective 1 Investigate positioning systems and generalise the data and pro-
cessing 
ow of such systems to align with a wide range of use
cases
Our �rst objective is to address RQ1 by investigating di�erent pos-
itioning systems, frameworks and technologies. Based on this, we
aim to create a data and processing representation of hybrid posi-
tioning systems that aligns with various use cases and technologies.

Objective 2 Design a solution to enable the semantic description of the gen-
eralised parts of a positioning system and its data
In the previous objective, we design a generalised data and pro-
cessing 
ow representation for positioning systems. In De�nition 2,
we de�ned interoperability as the ability for computer systems to
exchange information in a way that can be read and understood.
To enable interoperability, we need to semantically describe the
positioning system, its processing 
ow and the data it produces to
provide other systems with enough context to reason about the data
(as de�ned with RQ2.2).

Objective 3 Investigate and design a solution for discovering and enabling
access to the data produced by a positioning system
With the previous objective, we aim to provide a solution to create
semantically described positioning systems and their data. The
discovery of the data produced by such a system, as well as the
access to this data, must still be addressed. With this objective, we
plan to answer RQ2.1.
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Objective 4 Investigate how to enable users to discover the existence of in-
door positioning systems and how to interface with them
In the current landscape of fragmented indoor positioning applica-
tions, implementing various use cases or developing implementa-
tions results in duplicated e�orts. We require a solution that enables
users to discover indoor positioning systems. Users should be able
to �nd the systems available to them and understand how to interact
with them without requiring prior knowledge of these systems.

With this objective, we address RQ3. In addition, it also addresses
RQ2.1, as the discovery of interfacing with systems helps with the
access of data produced by such systems.

Objective 5 Evaluate the feasibility of integrating interoperability and dis-
covery in indoor positioning systems
Finally, our last objective is to determine the feasibility of enabling
the interoperability and discoverability of an IPS. With this object-
ive, we want to go beyond theoretical interoperability and actually
investigate whether this interoperability and discoverability can be
achieved for current and future systems. In addition, we want to
investigate whether we can combine discoverability and interoper-
ability in a uni�ed solution.

1.6 Methodology

In the previous sections, we presented the research questions that we will pursue to
answer in this dissertation. This section will outline the general methodology we
took to address these questions and validate our solution.

Our initial goal was to solve the main problem of fragmented indoor positioning
systems due to the lack of a single standardisation, as clari�ed in Problem 1. Based
on this problem, we determined that our �rst step would be to de�ne a general
representation of an indoor positioning system that covers di�erent standardisation
and current implementations. As these systems have many di�erent implement-
ations depending on the use case and used technologies, we investigatedhybrid
positioning systems beyond the state of the art (SOTA) of current indoor position-
ing systems (IPSs). The problems, research questions and objectives grew from
this initial representation of a positioning system. While investigating the land-
scape and networking with researchers and developers, we also learned who would
bene�t from our solution.

Based on this preliminary research, we de�ned the actors and requirements of a
hybrid positioning system. Using these requirements and actors, we then started
with the design of a data-centric framework for representing the 
ow of positioning
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systems and the data they produce (RQ1). Our focus with this framework was to
design a data and processing representation of hybrid positioning systems rather
than focusing on the development or end-user authoring of such systems. The
framework was made open-source to enable feedback from peers. In addition,
we used the framework from 2020 until 2025 in the courseNext Generation User
Interfacesand partly in the courseWeb Technologiesto obtain feedback on its docu-
mentation and ease of use. Various proof-of-concept applications and systems were
created as technical evaluations since 2019 to validate that our data and processing
representation was generic enough to cover a wide range of use cases, techno-
logies and implementations. These technical evaluations, detailed in Chapter 6,
range from indoor positioning systems to augmented reality applications and form
a basis for validating our data-centric framework. More details on the design and
implementation methodology of this framework are given in Section 3.1.

At that point, we de�ned a framework that enables the processing and data rep-
resentation of hybrid positioning systems. However, to solve Problem 1, we also
needed to provide a method for enabling the seamless data exchange of such sys-
tems as de�ned in Objective 2. With the framework we designed in Chapter 3, we
represented what a hybrid positioning system looks like. For answering RQ2, we
We created an ontology for describing a wide range of positioning systems. Our
methodology in this design was based on our representation of hybrid systems,
ISO standards and commonly used terminologies. We validated this ontology
through our previously designed framework and, in addition, also created several
proof of concepts that use this ontology in Chapter 6. To ensure our ontology was
extensible enough for future use cases, we expanded the ontology to other use cases
and implementations beyond what we originally envisioned. The methodology of
interoperable positioning systems is further detailed in Section 4.1.

Interoperability also entails that systems are capable of accessing data. In the
context of positioning systems, we want to access data produced by such a system
as stated in RQ2.1. This need for access to data stems from one of the requirements
of interoperability in general, but also from the growing need of users to provide
them with more control over their data. Our methodology for designing user-
centric storage of data was based on our overarching research question for creating
interoperable positioning systems along with current State of the Art (SOTA) on
similar issues with users data.

Having user-centric storage of data not only provides users with the needed control
over their data, but it also facilitates positioning systems to discover the data of
users, as users explicitly have to grant access to this data. During the design of
user-centric storage, we realised that this will not solve the fragmentation of indoor
positioning systems due to users not being able to discover the existence of IPSs.
We addressed RQ3 by proposing a solution that uses existing technologies within
an IPS to discover the IPS itself. This way, we do not introduce new technologies,
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but instead leverage the technologies that are being discovered to help with the
discovery. To answer this research question, we based ourselves on the current
SOTA on indoor positioning techniques as well as commonly used speci�cations.

While local discovery was our primary goal for discovering spatially bound indoor
positioning systems, global discovery was still an open problem. Some of the indoor
positioning systems use cases we have investigated in Section 2.2.1 presented
the need for an alternative solution that does not rely solely on local discovery
methods. This global discovery problem addresses the issue of how users can
discover available indoor positioning systems in unfamiliar environments or when
travelling to new locations. Our solution to this problem leverages our answers to
the previous research questions to provide a distributed solution.

Finally, our methodology included the investigation and design of how to combine
interoperability and discoverability into a solution that can be adopted by future
indoor positioning systems.

1.7 Contributions

During our research on the interoperability and discoverability of positioning sys-
tems, various publications, tools, speci�cations, datasets, and other artefacts were
created. One of our main contributions is the OpenHPS framework, which is
used throughout all technical evaluations and prototypes of positioning systems.
OpenHPS is the backbone of our research, providing both a standardised platform
for testing and comparing di�erent positioning technologies as well as a validation
of the generalisation of positioning systems and their data.

Open-source Hybrid Positioning System

OpenHPS is an open-source framework for designing and developing hybrid
positioning systems. It is developed in TypeScript and consists of over
25 modules that expand OpenHPS with positioning algorithms and sensor
input. OpenHPS can run on smartphones, servers and web browsers. It
is designed to support a wide range of use cases and is not tailored to one
speci�c type of positioning system, platform or technology.

To aid in our research towards hybrid positioning systems and the data they pro-
duce, we developed a modular framework designed to be generic enough to create
various positioning systems. We presented OpenHPS at the Indoor Positioning and
Indoor Navigation (IPIN) conference in 2021, the Free and Open source Software
Developers' European Meeting (FOSDEM) in 2022 and at the Belgian JavaScript
Conference (BeJS) in 2023. OpenHPS is used for all subsequent research and pro-
totypes and was used to validate our research questions RQ1, RQ1.1 and RQ1.2.
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OpenHPS, as a framework, comprises a conceptual design representation of a hy-
brid positioning system, the data it produces and the implementation of this design.
With this contribution, we provided a standard data structure that could serve as
the basis for a future generic standardisation of hybrid or indoor positioning sys-
tems. Our framework implementation is aimed towards making the representation
tangible and usable, in order to validate its integration into existing and future
deployments.

Relevant Publications:

ˆ Maxim Van de Wynckel and Beat Signer. OpenHPS: An Open Source Hybrid
Positioning System. Technical Report WISE-2020-01, Vrije Universiteit
Brussel, 2020. doi:10.48550/ARXIV.2101.05198

ˆ Maxim Van de Wynckel and Beat Signer. Indoor Positioning Using the
OpenHPS Framework. InProceedings of the 11th International Conference
on Indoor Positioning and Indoor Navigation (IPIN 2021), 2021. doi:10.
1109/IPIN51156.2021.9662569

ˆ Maxim Van de Wynckel and Beat Signer. OpenHPS: A Modular Framework
to Facilitate the Development of FAIR Positioning Systems.Journal of Open
Source Software, 10(110):8113, June 2025. doi:10.21105/joss.08113

ˆ Dataset: Maxim Van de Wynckel and Beat Signer. OpenHPS: Single Floor
Fingerprinting and Trajectory Dataset, May 2021. doi:10.5281/zenodo.
4744380

ˆ Dataset: Benjamin Vermunicht, Maxim Van de Wynckel, and Beat Signer.
802.11 Managemement Frames From a Public Location, June 2023. doi:10.
5281/zenodo.8003771
Used for analysing the input and output data in @openhps/rf

ˆ Dataset: Nathan Hoebeke, Maxim Van de Wynckel, and Beat Signer. Object
Tracking on a Monopoly Game Board, June 2023. doi:10.5281/zenodo.
7990434
Used for analysing the input and output data in @openhps/video

ˆ Dataset: Maxim Van de Wynckel. Garage Positioning Dataset, 2025.
doi: 10.34740/KAGGLE/DS/6654647

ˆ Dataset: Maxim Van de Wynckel and Beat Signer. Sphero Dead Reckoning
and CV Tracking Dataset, 2025. doi:10.34740/KAGGLE/DS/6760212
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Positioning System Ontology

The Positioning System Ontology (POSO) describes positioning systems,
their algorithms and the data they produce using RDF. POSO is designed to
facilitate interoperability between positioning systems by de�ning a com-
mon vocabulary for describing the data and processing pipeline of this data.

We presented POSO at the International Semantic Web Conference (ISWC) in 2022
and its implementation within OpenHPS for serialising and deserialising data pro-
duced and consumed by positioning systems. In 2024, we extended POSO with
our �ducial marker ontology calledFidMark, which was presented at the Exten-
ded Semantic Web Conference (ESWC). With this extension, we demonstrated the
importance and possibility of creating interoperability in augmented reality envir-
onments while simultaneously evaluating the extendability of the POSO ontology.

With POSO, we provide an extensible solution to answer research question RQ2.
POSO builds upon the conceptual representation of a positioning system that
we de�ned with OpenHPS. Using the data structure and pipeline we de�ned for
OpenHPS, together with existing terminologies and standardisations, we provide
an ontology that describes this representation.

Relevant Publications:

ˆ Maxim Van de Wynckel and Beat Signer. POSO: A Generic Position-
ing System Ontology. InProceedings of the 21st International Semantic
Web Conference (ISWC 2022), Virtual conference, 2022. doi:10.1007/
978-3-031-19433-7_14

ˆ Maxim Van de Wynckel, Isaac Valadez, and Beat Signer. FidMark: A Fi-
ducial Marker Ontology for Semantically Describing Visual Markers. In
Proceedings of The Semantic Web (ESWC 2024), 2024. doi:10.1007/
978-3-031-60635-9_14

ˆ Maxim Van de Wynckel and Beat Signer. Discoverable and Interoperable
Augmented Reality Environments Through Solid Pods. InProceedings of
the 2nd Solid Symposium (SoSy 2024), volume 3947, May 2024. URL
https://ceur-ws.org/Vol-3947/short2.pdf
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RDF Object-Document Mapping

We investigated and designed a solution for automatically mapping ob-
jects to RDF. Our implementation was designed as a module for OpenHPS
(@openhps/rdf). This document mapper is 
exible and can be con�gured
to perform RDF mappings without changing the existing object-oriented
design.

To aid in designing interoperable positioning systems, we investigated how to
seamlessly map positioning systems and their data from the OpenHPS framework
to Resource Description Framework (RDF) using the POSO ontology. This contri-
bution helped us validate the POSO ontology's genericity by mapping it to concepts
of our generic OpenHPS framework.

Our solution was to design an object-document mapping tool that allows serial-
isation and deserialisation of the existing OpenHPS classes and objects to RDF.
Existing solutions often require the manipulation of classes to be mapped to RDF. In
contrast to this existing work, our solution does not require any modi�cations to the
classes themselves. This contribution serves as an implementation that bridges the
gap between our ontology and the practical implementation of OpenHPS. However,
it also provides novel solutions to help bridging this gap.

While our implementation was built on top of OpenHPS, the o�ered solution for
extensible serialisation to RDF and to query data by providing MongoDB queries
is generic enough to be utilised in other use cases.

User-centric Positioning System Storage Using Solid

UsingPOSO, OpenHPSand ourRDF object-document mapper, we created
a Solid-based positioning system that describes a positioning system and
the data it contains. This data is stored in personal data vaults managed by
the user. We treat data such as apositionor orientationas an observable
property that is linked to a user's Web Identi�er. Based on access rights,
applications canobservethe properties of a user that are stored within Solid.

Our initial solution for decentralising location data was presented at IPIN 2022.
Based on the feedback we received for this initial version, we modi�ed our solution
by optimising the structuring of the data within a personal data vault such as a Solid
Pod. We presented other use cases of decentralised location data at the Solid Sym-
posium, where we proposed two methods for utilising Solid as a communication
broker for data modi�cations.

This contribution serves as a conceptual architecture that uses personal data vaults
for enabling user-centric storage of data obtained or used by positioning systems.
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However, to validate that this architecture is feasible, we have implemented it on top
of the Solid project, where we de�ned new concepts for enabling this architecture
within Solid.

Relevant Publications:

ˆ Maxim Van de Wynckel and Beat Signer. A Solid-based Architecture for
Decentralised Interoperable Location Data. InProceedings of the 12th
International Conference on Indoor Positioning and Indoor Navigation
(IPIN 2022), CEUR Workshop Proceedings, volume 3248, 2022. URL
https://ceur-ws.org/Vol-3248/paper11.pdf

ˆ Maxim Van de Wynckel and Beat Signer. Discoverable and Interoperable
Augmented Reality Environments Through Solid Pods. InProceedings of
the 2nd Solid Symposium (SoSy 2024), volume 3947, May 2024. URL
https://ceur-ws.org/Vol-3947/short2.pdf

ˆ Yoshi Malaise, Maxim Van de Wynckel, and Beat Signer. Towards Dis-
tributed Intelligent Tutoring Systems Based on User-owned Progress and
Performance Data. InProceedings of the 2nd Solid Symposium (SoSy
2024), volume 3947, May 2024. URLhttps://ceur-ws.org/Vol-3947/
short3.pdf This paper was used to investigate a di�erent approach to use
Solid as a communication method for triggering actions

Semantic Beacons

The SemBeaconspeci�cation is a semantic beacon solution for advert-
ising semantic data about geospatial environments and physical things.
It is based on the Bluetooth Low Energy speci�cations, AltBeacon and
Eddystone-URL, and is also backwards compatible with libraries or scan-
ners that already scan for these existing speci�cations. The SemBeacon
speci�cation includes an ontology alignment with POSO to ensure seamless
integration with existing positioning systems and data processing pipelines.

SemBeacon is our solution for enabling the local discovery of positioning systems.
While SemBeacon is primarily an implementation for discovering services and
physical objects, its design is problem-oriented by reusing the technologies which
are being discovered to aid in the discovery. This way, we created a solution that
preserves the interoperability as much as possible.

We �rst demonstrated the use of SemBeacon to discover and describe physical
things at the international Internet of Things (IoT) conference in 2023. We then
continued the development of the speci�cation so it could be used in subsequent
research. We developed and published an Android application and Arduino library
to bring SemBeacon to as many users as possible. In addition, we extended a
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popular Android Bluetooth scanning library to scan for and emulate SemBeacon
to promote its adoption among developers.

Finally, using SemBeacon, POSO and OpenHPS, we have explored the ability to
combine these three projects to create discoverable digital twins of environments,
positioning systems and reference spaces. Using FidMark together with our other
research, we concluded our research with two papers towards discoverable and in-
teroperable augmented reality environments within Solid Pods, which we presented
as a poster at the 2nd Solid Symposium in 2024. We also presented the use of
SemBeacons for discovering indoor environments at FOSDEM 2025.

Relevant Publications:

ˆ Maxim Van de Wynckel and Beat Signer. SemBeacon: A Semantic Proximity
Beacon Solution for Discovering and Detecting the Position of Physical
Things. InProceedings of the 13th International Conference on the Internet
of Things (IoT 2023), 2023. doi:10.1145/3627050.3627060

ˆ Maxim Van de Wynckel and Beat Signer. Discoverable and Interoperable
Augmented Reality Environments Through Solid Pods. InProceedings of
the 2nd Solid Symposium (SoSy 2024), volume 3947, May 2024. URL
https://ceur-ws.org/Vol-3947/short2.pdf

Linked Data Hash Tables

We designed a new speci�cation called Linked Data Hash Tables (LDHT)
that utilises linked data to create an Distributed Hash Table (DHT). It enables
a global distributed collection of data. Data retrieval uses the Semantic
Web to traverse the nodes in the distributed network. LDHT is a generic
global discovery method that we use to distribute knowledge about indoor
positioning systems.

SemBeacon aids in thelocal discovery of positioning systems by leveraging the
signal propagation properties of Bluetooth Low Energy to receive information about
positioning systems within proximity of these beacons. However, this requires
additional infrastructure for broadcasting information. Linked Data Hash Tables
is a speci�cation that leverages the Linked Data Noti�cations protocol to create a
distributed collection of URIs linked to geographical boundaries. We utilise this
to provide a global discovery of positioning systems.

At the time of writing, the work on LDHT has not yet been published in an academic
paper. However, the design is in
uenced by our use of Solid as a communication
broker withactionsthat can be sent to each Pod [42, 44].
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Integrated Solution

Our integrated solution combines SemBeacon, POSO, our decentralisation
with Solid and linked data hash tables into an architecture for designing
interoperable and discoverable indoor positioning systems.

Using all our combined contributions, we designed an architectural system for
building future interoperable and discoverable indoor positioning systems. This
integrated solution uses Solid personal data vaults to store properties of location,
orientation and other data. This data is described using the POSO ontology and
constructed by the OpenHPS framework. Our integrated solution represents a con-
ceptual blueprint for designingInteroperable and Discoverable Indoor Positioning
Systems. We utilise our implementations to detail our vision of this blueprint, but
the conceptual architecture can be applied using di�erent discovery methods and
data storage providers.

Other than the contributions listed in this section, we also contributed several
smaller software utilities that were separated from our SemBeacon contribution to
facilitate future researchers in their research e�orts involving linked data. These
include a standalone server for shortening URIs in a way that supports SPARQL en-
gines to access the data and a standalone linked data HTTP proxy server that aims to
provide a CORS-compliant proxy for accessing the Semantic Web. These software
utilities will not be further discussed but are available on GitHub3–4.

Relevant Publications:

ˆ Maxim Van de Wynckel and Beat Signer. Survey on the Privacy and Trans-
parency of Location Data, May 2025. doi:10.5281/zenodo.15564050
Survey used to position the problem and assess the motivation for user-centric
storage.

Finally, in Appendix E, we provide the results of a survey we conducted in 2025
to assess users' perspectives towards the privacy and transparency of location data.
With this survey, we wanted to determine how our integrated solution can be
improved in the future. Part of the aggregated results of this survey were discussed
in our introduction. Note that in the subsequent chapters, we have reused some
content from our previously published papers that have been mentioned under the
contributions in this section, speci�cations, blog posts and documentation from
*.openhps.org andsembeacon.org.

3https://github.com/SemBeacon/shortener
4https://github.com/SemBeacon/proxy



Chapter 2

Background and Related Work

Designing an interoperable and discoverable positioning system or service is a
challenging problem due to the broad domain it has to cover. A positioning sys-
tem is a collection of various technologies and algorithms designed to work in
pre-speci�ed conditions, such as speci�c environments or using calibrated hard-
ware. Creatinginteroperability for these positioning systems would �rst require
the seamless exchange of the data that these systems consume and produce and
the semantic description of the processing steps of this data to enable reasoning
on the produced data and its quality. Furthermore, while we can often assume that
positioning systems aim to determine a location on Earth, this is not always the
case. Often, such a system only aims to provide a location for the environment it
is responsible for, which can be a single 
oor of a building or even something as
small as a physical game board.

The discoveryof positioning systems is the ability to�nd or learn about the ex-
istence of positioning systems in an environment. This can involve discovering
the technologies and techniques these systems use, their capabilities, data require-
ments and how they can be accessed and utilised. However, this discovery also
encompasses the discovery of data belonging to a particular person or object that is
being tracked by such a system, so that seamless data exchange can happen between
di�erent systems.

In this chapter, we delve deeper into the background of positioning systems, the
interoperability between these systems, how we can achieve the discovery of such
systems and the entities whose position is being determined. We focus on existing
standardisations, research e�orts and challenges that closely relate to the research
questions we are trying to answer. All of the background in this chapter is used
throughout the dissertation, either to compare the state of the art (SOTA), or to
investigate the requirements of our individual solutions.

21

You can't really know where you are going
until you know where you have been.

{ Maya Angelou
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2.1 Basic Terminology

Before we discuss the concepts of interoperable and discoverableindoorpositioning
systems, we need to establish a solid understanding of some basic terminology used
throughout the dissertation. In this section, we primarily focus on the di�erent
available positioning systems, the fundamental data that a positioning system should
be able to provide, and the naming conventions of this data. In later sections, we
delve deeper into system- and algorithm-speci�c terminology and their implications
on indoor positioning systems.

2.1.1 Positioning Systems and Services

Whenever we want to determine the position or orientation of a person or object,
we require sensors and software to retrieve this information. A positioning system
is a system or mechanism that can determine the position of one or multiple
objects based on some sensor data. Multiple positioning systems might track the
same object either individually or simultaneously. These multiple systems can
work independently from each other or combine information from other systems
to provide an output.

The ISO 19116:2019 standard [46], which de�nesgeographicpositioning services,
distinguishes between �ve main types of positioning systems:

ˆ Satellite positioning system: A positioning system using satellites in geo-
stationary orbit around the Earth. These types of positioning systems are
also referred to as Global Navigation Satellite Systems (GNSS). Examples
include the GPS, Galileo or GLONASS [47].

ˆ Integrated positioning system: An integrated or hybrid positioning system
(as detailed in De�nition 4) can be used outdoors, indoors or in any other
space and contains a combination of two or more technologies. It describes
any system that combines multiple technologies, regardless of whether they
also �t in one of the other positioning systems within the ISO 19116:2019
standard. Assisted GPS (A-GPS) [48] is an integrated positioning system
that combines GPS with other techniques such as dead reckoning or cell
tower, making this a combination of a satellite positioning system and an
inertial positioning system.

ˆ Optical positioning system: A positioning system that uses optical sensors
to determine a position. This includes positioning systems where objects
are tracked externally (e.g., Multi-Target Multi-Camera Tracking [49]), sys-
tems where the tracked object is the optical sensor observing the environ-
ment (e.g., Visual Simultaneous Localisation and Mapping [50]) or �ducial
marker trackers [51, 52].
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ˆ Inertial positioning system: An inertial positioning system calculates the
position based on its movement, measured through inertial measurement
sensors and an initial reference point [53]. The basic concept of these types
of positioning systems is further detailed in Section 2.3.7.

ˆ Linear positioning system: A linear positioning system calculates its po-
sition along a linear axis, such as an odometer [46] tracking the linear
movement.

Since the ISO 19116:2019 standard only considers geographical positioning sys-
tems, we also consider the terminology of indoor positioning systems as an
additional variant, based on theindoor navigation systemconcept de�ned in
ISO 17438-4:2019 [21]. An indoor positioning system covers all systems and
techniques that are deployed indoors as opposed to outdoor positioning, where
often satellite positioning is used [54]. Indoor positioning systems are tailored to
the building in which they are deployed and the use case they tend to solve.

This type of positioning system can be projected to a geographical coordinate,
but in use cases where the positioning is only required relative to the indoor
environment | this is not always the case. In such systems, Cartesian coordinates
relative to the building or 
oor determine the position rather than projecting these
coordinates to geographical coordinates. Furthermore, while indoor environments
are often �xed, this is not always the case, as seen on cruise ships that contain
a complex indoor environment but should not always be mapped to geographical
coordinates.

In general, our solution and research in this dissertation is based on a wide variety
of positioning systems, technologies, algorithms and use cases. However, with our
goal of designing interoperable positioning systems, we focus on the background
information for indoor positioning systems, as these are the types of systems that
do not provide standardisation and often utilise proprietary databases owned by a
building owner. We consider an indoor positioning system as a type of hybrid or
integrated positioning system due to these types of systems often not relying on a
single technology.

Hybrid Positioning Systems

Every technique used to determine a position has its advantages and disadvantages.
Some techniques require signi�cant infrastructure changes, while others require
a lot of processing power. Moreover, not every technique works perfectly in all
environmental conditions, preventing the use of a single technology to determine
a position. To solve this issue, hybrid positioning combines multiple systems or
sensors to provide more reliable output. Thehybrid positioning systemterminology
covers a wide range of use cases and therefore o�ers a good reason for further
research to identify a common data representation of such systems.
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One of the common tactics of hybrid positioning systems is the fusion of sensor
data to improve the overall accuracy and reliability of the positioning system. The
use of sensor fusion mitigates the limitations of individual sensors and enhances
the overall system performance.

Another hybrid technique that is similar to sensor fusion is data reasoning, also
called inference-based positioning. This technique leverages contextual informa-
tion to precisely determine a sensor's output. This method not only utilises sensor
data but also combines it with other positioning techniques and high-level data
to enhance the accuracy and reliability of the �nal output. By considering vari-
ous factors such as environmental conditions, historical data, and signal strength,
inference-based positioning can provide a more comprehensive and robust posi-
tioning solution.

Figure 2.1: Employee using a badge to enter a secured area

A basic example of data reasoning for position estimation is an employee who
is tracked inside a building using a non-trivial set of positioning techniques. The
employee has a personal badge to gain access to closed-o� areas within the company.
Other than traditional tracking methods which aim to determine a general location
in a building, when the employee uses their badge to gain access to a speci�c room,
their location can be more accurately inferred to be at the location where the badge
scanner is located. As shown in Figure 2.1, these badges are often personal (e.g., a
sta� card) and can therefore be used to assume that at the time when they are used,
the user is entering an environment.

Various research studies concerning the fusion of sensor data to predict a more
accurate position exist. SignalSLAM [55] represents an example of a hybrid
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system that uses signals of various positioning methods such as GPS, Wi-Fi and
Bluetooth to map the surroundings. Chen et al. [56] have shown how a smartphone
can combine sensor data of Wi-Fi access point positioning and pedestrian dead
reckoning. This combination of dead reckoning with another positioning method
is a common combination used by many hybrid systems.

In the research by Bekkelien and Deriaz [57], a framework called Global Positioning
Module (GPM) had been presented for in- and outdoor positioning. GPM provides
a uniform interface to di�erent positionsproviders. These providers are fused
in a kernel that selects the position based on providedcriteria (e.g., precision,
accuracy or detection probability). Their approach o�ers a clear methodology on
how these criteria can contribute to the selection or fusion of di�erent technologies.
However, the position providers and kernels are implemented on a high level of
abstraction, providing no room for developers to choose di�erent algorithms or
fusion techniques.

Ficco and Russo [58] presented a technology-independent hybrid positioning mid-
dleware called HyLocSys. Positionestimators, representing di�erent technologies,
provide positions when a user performs apull of their current position. Sensor
fusion combines these estimated positions into a �nal response. The middleware is
based on the JSR-179 speci�cation [59], which is a framework for mobile devices
to obtain a location. This framework enables pull requests for a location to accept
criteria such as the preferred response time and expected accuracy. Other than
many frameworks that only provide geographical positions, HyLocSys provides
geometric, symbolic, as well as hybrid location models. Symbolic locations rep-
resent abstract places such as buildings, 
oors and rooms that are positioned relative
to each other. A hybrid location can convert this symbolic location to a geometric
position. Note that the paper does not discuss positioning technologies such as dead
reckoning or SLAM that require periodic updates to keep an up-to-date position.

Scholl et al. [60] propose a system that uses a Light Detection and Ranging (LiDAR)
scanner to determine the �ngerprinting position. Using this technique, a more
precise positioning technique is used to aid in the calibration of another technique.
The Robot Operating System (ROS) [61] is a structured communication layer
that can be used to create autonomous robots. It focuses on the integration of
various robotics aspects such as positioning, computing and hardware interfacing.
ROS provides the concept of peer-connected nodes that perform computational
tasks. These nodes represent interchangeable software modules that help to build
a pipeline from sensory data to an output action. For positions and orientations,
ROS uses theposeconcept, which contains both the position and orientation of a
robot. In full body tracking of users, thisposeterminology is also used [62] as it is
also considered a non-technical terminology for indicating the posture of a person.

With hybrid positioning covering a wide variety of use cases and technologies,
it o�ers a stable foundation to generalise the types of positioning systems that
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could be implemented. In our dissertation, we �rst focused on generalising hybrid
positioning systems with the development of our OpenHPS framework.

Location-based Services

A location-based service (LBS) is an abstraction of the underlying positioning
system with its implemented techniques that o�er third-party applications aservice
to retrieve the position of a person or object [63]. An example of a LBS is the
Geolocation API implemented in most modern web browsers [64]. This API
o�ers an application interface to retrieve a position or watch for changes in the
position. However, depending on the available hardware, the underlying technology
varies from Wi-Fi positioning to GPS or even IP-address-based location estimation.
However, developers can request a high-accuracy result or maximum cache age if
the hardware permits this. The resulting positions of the Geolocation API are
geographical coordinates complying with the WGS-84 standard [65].

JSR-179 and the improved JSR-293 [59] speci�cations are Java 2 Micro Edi-
tion (J2ME) modules that provide developers with an API to obtain the location
and orientation of a mobile device. Included in the API is a storage interface
for landmarks, which can be used by RF-based positioning techniques to store
�xed landmarks for positioning techniques such as multilateration. The speci�ca-
tion represents locations as timestamped coordinates with an orientation, accuracy,
speed and information about the used positioning method [66]. When requesting
a location, criteria such as the desired accuracy, power consumption and response
timeout can be provided.

With this dissertation, we want to focus more on the interoperability of the under-
lying technologies rather than abstractions such as LBSs. While we still consider
location-based services when providing a solution to our research questions, we do
not aim to provide interoperability between these high-level services.

However, as we will point out at the end of this dissertation, future work should
also speci�cally focus on the interoperability of location-based services. Providing
interoperable indoor positioning systems is one key challenge that we address in
this dissertation, but without an abstraction layer that manages and controls this,
the full potential of an interoperable system cannot be realised.

2.1.2 Absolute and Relative Positions

Multiple de�nitions exist to indicate where a spatial object is located. Positioning
systems distinguish betweenrelativeandabsolutepositions [2, 54]. An absolute
position represents a �xed position in a speci�edspacewhile relative positions in-
dicate the position relative to another object or reference space. Absolute positions
indicate a position on a speci�ed coordinate system, such as latitude and longitude
in GPS. In contrast, relative positions are more dynamic and can change depending
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on the reference point. Hybrid positioning systems can utilise both absolute and
relative positioning techniques to enhance the accuracy and reliability of the over-
all system. Figure 2.2 illustrates the di�erence between an absolute and relative
position. A boat may have an absolute position at a speci�c coordinate, but can
also have a relative position to a lighthouse.

Figure 2.2: Absolute and relative position of a boat

The position terminology is often used as opposed tolocationorpose. Pose is a term
that is often used when de�ning a position and orientation in a three-dimensional
space and is often used in robotics [67] or when describing the movement of
a person [68]. A pose is a combination of the position and orientation of an
object. In real-world applications such as the Robot Operating System (ROS) [61],
it indicates a position and orientation within 3D space. Not every positioning
system might operate within three dimensions, so theposeterminology might not
be appropriate as a generic terminology. Location is described by the English
Oxford Dictionary as\a place where something happens or exists; the position
of something". Since aplacedenotes a larger area where something happens or
exists, we decided on the position terminology.

2.1.3 Coordinate Systems

A coordinate reference frame (CRF), coordinate reference system (CRS) or other
de�ned as\a frame of reference"is a standard way of specifying the coordinates
of points in space. It provides a set of axes that de�ne the position of a point or
an object, which can be used to specify its location. Di�erent applications may
require di�erent coordinate reference frames depending on the desired level of
accuracy and the speci�c needs of the system. For example, in the �eld of robotics,
a Cartesian coordinate system is often used to de�ne the position of a robot in a
2D or 3D space. Other applications, such as satellite position systems, may use
spherical coordinate systems to represent positions on the Earth's surface. The
choice of coordinate reference frame depends on the speci�c requirements of the
application and the nature of the spatial object being measured.

Another terminology that is often used to describe a position within a certain frame
of reference is alocal- and global reference space. In a local reference space, the
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positioning system may de�ne its own coordinate system, its own origin and its own
rotation without being earth-bound. Positions within a local reference frame can
optionally be mapped to a global reference space which maps the local coordinates
to an existing coordinate reference frame. An example of such a reference space is
a system that can track relative movements but has no knowledge about its absolute
position. A virtual reality (VR) headset may be able to track its movement and
orientation relative to the start of the VR session but often does not have knowledge
about its absolute position.

In our e�orts to design interoperable positioning systems, we must consider the
di�erent coordinate systems and reference spaces that may be used in various
applications. Whenever expressing location data, we should provide context about
the coordinate system used to express this location.

2.1.4 Orientation

In the context of positioning systems, orientation refers to the direction in which
an object is facing or aligned. Depending on the type of system, this orientation
can be expressed with a three-dimensional vector or a simple angle.

Figure 2.3: Visual explanation of Euler angles [69]

Orientation is an important aspect of a positioning system. It not only o�ers the
�nal state of direction after a rotation of an object or person, but is also required by
many positioning algorithms to determine a position. In a geographical context,
the terminologybearing, heading, courseor azimuthis used as a one-dimensional
value [70]. To o�er a more generic terminology of a two- or three-dimensional
position, mathematical concepts can be used to describe an orientation.

The commonly used mathematical de�nitions of orientation areEuler Angles, Axis
Angles, Quaternionsandrotation matrices[71]. Each mathematical de�nition has
its advantages for a positioning system. Euler angles o�er a well-known semantic
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description of a 3D rotation using only three values as shown in Figure 2.3, while
still allowing the single use ofyaw for expressing the heading in a 2D scenario.
In robotics, quaternions are chosen since they avoid gimbal locks, as well as for
their analytic properties. Rotation matrices are commonly used to easily combine
a rotation matrix with a position matrix that contains the scale and translation of
an object within a space.

2.1.5 Velocity and Acceleration

Velocity consists of angular and linear velocity. Linear velocity is the velocity
along one or more axes relative to the current orientation while angular velocity
is the velocity around the position. When working with this type of data, the
timestamp of when this information was created is crucial to accurately compute a
location and orientation.

Acceleration on the other hand is the rate of change of velocity, both linear and
angular. It measures how quickly the velocity of an object is changing over time.
Like velocity, acceleration can be in di�erent directions and is also dependent on
the timestamp of when the data was collected.

Active positioning systems make use of an object's velocity to determine a position
and orientation based on its momentum. This procedure, called dead reckoning,
uses an entity's last known location together with its angular and linear velocity to
determine the new position and orientation at a later timestamp [72].

2.1.6 Accuracy and Precision

Accuracy and precision are vital concepts in hybrid positioning systems as they can
be used to determine the relevance of a particular algorithm or system. Accuracy
refers to how close a measured value is to the true value, while precision relates to the
consistency and repeatability of the measurements. When computing information
in a positioning system, accuracy describes how closely the calculated position
matches the actual ground-truth position, while precision indicates the level of
detail or granularity in the measurements.

When we are developing positioning systems, the accuracy indicates how close
the computed position is to the actual position of the object or person that is
being tracked. Precision, on the other hand, is related to the level of detail in the
location measurements and how consistently these location measurements can be
reproduced over time. Figure 2.4 illustrates the di�erence between accuracy and
precision using four examples. Mathematically, accuracy can be de�ned as the
absolute value of the di�erence between the measured value and the true value,
while precision refers to the scatter of measured values around the mean. In a
positioning system, high accuracy with high precision is the desired outcome, as it
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(a) High accuracy with high
precision

(b) High accuracy with low pre-
cision

(c)Low accuracy with high pre-
cision

(d) Low accuracy with low pre-
cision

Figure 2.4: Accuracy and precision

indicates that the calculated positions are not only close to the actual positions but
also consistently reproducible.

Interoperable positioning systems that exchange data should give assurances on
the data's accuracy and precision to ensure that the information being shared is
reliable and consistent across di�erent systems. This is important for applications
such as collaborative robotics, autonomous vehicles, and augmented reality, where
multiple devices and sensors need to work together seamlessly. Part of our research
e�orts is to ensure that this knowledge can be exchanged.

2.2 Indoor Positioning Systems

Outdoors, we can rely on satellite positioning systems such as GPS to help determine
a position; inside a building, we cannot rely on this technique due to the obstacles
between the satellites and the receiver within a building. Hybrid positioning is often
used within these environments to handle this limitation. In indoor environments,
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positioning systems face additional challenges such as multi-path e�ects [73], signal
interference [74] or even blind spots within an environment where users cannot be
tracked. These challenges require the use of di�erent positioning techniques that
are speci�cally tailored for indoor environments.

These positioning techniques may include Wi-Fi-based positioning, Bluetooth Low
Energy (BLE) beacons, ultrasound positioning, infrared positioning, and computer
vision-based approaches. Each of these techniques has its strengths and limitations,
making it essential to choose the most suitable technique based on the speci�c
requirements of the indoor positioning application and the building environment.

Figure 2.6: Two indoor positioning systems developed by IndoorAtlas1

Figure 2.6 showcases two indoor positioning systems developed by IndoorAtlas,
a company that develops and deploys indoor positioning and navigation systems.
IndoorAtlas provides customers with a platform as a service with a well-established
Software Development Kit (SDK) for combining Wi-Fi, GPS, Bluetooth beacons,
dead reckoning and even geomagnetic positioning [75, 76]. While the latter method
is less ideal in steel-reinforced buildings [77], it still o�ers a useful addition for
creating an indoor positioning system where geomagnetic positioning might be
combined with other positioning methods.

GoodMaps2 is a company that provides indoor mapping services for buildings.
They perform a visual LiDAR scan of a building after which they create a 2D 
oor-
plan. During the online phase, the features detected through this scan are used to
determine a user's location.

If we look at more open platforms and frameworks, LearnLoc [77] is a smartphone
positioning framework that uses the k-nearest neighbours �ngerprint algorithm in
combination with various sensor data available on a smartphone to provide power-
e�cient indoor positioning. The consideration of power e�ciency is a common

1https://www.indooratlas.com
2https://goodmaps.com
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requirement in mobile positioning systems, which this platform tries to address.
Other than achieving the most accurate position, these types of location-based
services (LBSs) use sensor fusion to prevent the continuous use of precise sensors
such as cameras or GPS.

One of the things most indoor positioning systems have in common is the need
to either perform a major calibration step by scanning or collecting �ngerprints,
or to install hardware within a building. Both of these approaches have their
pros and cons, but are generally considered costly or sensitive to environmental
changes. When these systems additionally require their own tailored application,
they become even more expensive and di�cult to set up. Interoperable indoor
positioning systems can help to alleviate these challenges by providing standardised
approaches that can work across di�erent platforms and devices, reducing costs
and simplifying the setup process for indoor positioning systems.

2.2.1 Use Cases

Indoor positioning systems are not free or e�ortless to deploy. Indoor navigation
applications require the development of a custom application, the mapping of the
indoor environment and the purchase and installation of specialised hardware such
as beacons or RFID tags [78]. Therefore, indoor positioning systems are often
not primarily deployed to simply enhance user experience but are rather used
to optimise business processes. However, once an indoor positioning system is
deployed, it can o�er a wide variety of other use cases, including the enhancement
of user experience.

Figure 2.7 illustrates the main domains and building types where indoor positioning
systems can or could be used. In this section, we further detail these use cases
to provide additional context on how an indoor positioning system is used. By
understanding these use cases, we can determine the requirements of such systems
and how they are deployed.

Airports

Airports are large and often unfamiliar to travellers. Some airports have multiple
terminals that take a signi�cant amount of time to reach. Indoor positioning systems
can help passengers navigate through the airport e�ciently. A personal navigation
indoor navigation system helps passengers locate their check-in desk, terminal and
gate within the airport. It can also help them locate the location of their luggage
when reaching their destination.

Security systems at an airport already leverage surveillance cameras to track speci�c
passengers. Currently, there is no transparency towards the users regarding how
they are being tracked, and their use is limited to security purposes. However,
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Figure 2.7: Indoor positioning system use cases

with an indoor positioning system in place, airports could potentially request user
consent to let sta� track a speci�c passenger.

Museums

Museums are a popular use case for indoor positioning systems becauseenhan-
cing user experienceis part of the business goals of museums. Visitors can use
their smartphones to access interactive maps that guide them through the exhib-
its, providing additional location-based information and context about each arte-
fact [79]. Indoor positioning can also help museum sta� track visitor 
ow, gather
data on popular exhibits, and improve crowd management.

Museums also aim to engage visitors by creating interactive exhibits. Augmen-
ted reality is a technology that can help with this interaction. However, these
AR applications also require an indoor positioning system to correctly augment
information on physical exhibits [80].
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Conferences and Events

Conferences are often crowded events with multiple stands, multiple rooms for
presentations, and various activities happening simultaneously. Indoor positioning
systems are already being deployed in large conference halls to facilitate navigation.
However, these systems are often temporary deployments that require a single-use
application.

In addition to simple navigation purposes, person-to-person navigation is a type
of navigation where users have to navigate to another person. In a conference or
meetup, this type of navigation can be used to �nd speci�c speakers or participants
within the venue. This can enhance networking opportunities and streamline the
process of �nding and connecting with individuals in a crowded event space.

For organisers, indoor tracking can provide insightful analytics on popular stands,
busy walkways, and peak times during the event. This data can help better organise
future conferences and meetups to improve the attendees' experience.

Campus

On a university campus, indoor positioning systems can be used to assist students
and visitors in navigating the complex network of buildings and facilities. A campus
often spans multiple buildings, meaning students need to go from one building to
the next.

Next to user experience, an indoor positioning system can help to determine if rooms
are available or use attendance information in combination with other contexts
(e.g., air quality sensors) to automatically determine if di�erent rooms should be
assigned to courses with many attendees.

Transportation

In outdoor environments, transportation can easily be tracked using GPS. While it is
not necessary for anindoorenvironment, underground transportation also requires
tracking, which is not feasible using GPS signals. Furthermore, transportation hubs,
such as stations, are often large and complex, making it di�cult for passengers to
navigate e�ciently.

Figure 2.8 shows the 
oor plan of Tokyo Station, Japan. A station with 28 platforms,
multiple entrances and multiple 
oors to get to the platform. For a visitor, it is
already a challenge to navigate to the destination, but the complex environment also
makes it di�cult for a person to know exactly where they are and which entrance
they took.
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Figure 2.8: Tokyo station multi-level 
oor plan (source Kotsu Shimbunsha)

Hospitals

Hospitals are complex environments that are often also visited by people with
accessibility issues. These environments often provide aroutethat can be followed
to their destination. However, for people with a visual impairment, reading these
numbers or following these colours is di�cult. Furthermore, these routes are often
not optimised for e�ciency, causing patients to sometimes get lost or have delays
in reaching their destination. Indoor positioning systems can provide turn-by-turn
navigation for patients, visitors, and sta� within a hospital, improving e�ciency
and reducing stress [81].

Apart from improving visitor/patient experience, hospitals also have movable assets
such as EKG machines that are moved from department to department depending
on where they are needed most [82]. Asset tracking can help manage where these
assets are located, to ensure that these portable devices are not lost or misplaced.
This can save time for sta� who would otherwise have to search for these devices,
as well as improve patient care by ensuring that necessary equipment is readily
available when needed.

Retail Stores and Malls

Out of all use cases, retail stores and large malls are currently one of the main
businesses that implement indoor positioning or indoor tracking solutions [83, 84].
In warehouses, use cases range from asset tracking to automatic order picking
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using robots. For retail stores, it can be used to determine how long customers
spend in certain areas or to provide location-based advertisements on their phones.
Figure 2.9 showcases a robot3that helps employees perform order picking. These
robots need to navigate within a warehouse to the correct locations where these
orders should be picked.

Figure 2.9: Assisted order picking robot from Zeal Robotics

From a user's perspective, some of these use cases are not necessarily seen as
bene�cial, as they may invade their privacy or feel like an intrusion into their
personal space. However, from a business perspective, the data collected from these
systems can provide valuable insights into customer behaviour and preferences,
which can be utilised to improve marketing strategies and optimise the layout of
the store for a better shopping experience.

In large malls or even on cruise ships with multiple shops, indoor positioning sys-
tems can help visitors navigate through the complex layout of the space, �nd speci�c
stores or amenities, and allow them to receive personalised recommendations based
on their preferences. This can enhance the overall shopping experience for visitors,
leading to increased customer satisfaction and potentially higher revenue.

3https://www.zealrobotics.com
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Of�ce Environments

After the COVID-19 pandemic, more companies started to investigate smart co-
working spaces. These co-working spaces are 
exible workplaces where employees
are not assigned a �xed desk but rather expected to work at a
ex desk. The
idea behind this concept is that employees do not always work on-premises, and
therefore, companies should not be constrained by �xed desk assignments.

Managing co-working spaces requires a robustregistrationsystem to determine
which rooms or desks are available. Meanwhile, since employees no longer have a
�xed desk, it becomes more di�cult to have face-to-face meetings with co-workers.
An indoor positioning system can help with person-to-person navigation as well as
the automatic detection of which rooms or desks are available.

Similar to hospital environments, o�ce environments can also bene�t from asset
or resource tracking. Portable equipment that moves from one o�ce to another
should be easily tracked, especially in shared workspaces. Flexible workspaces also
entail that employees are not familiar with the nearby equipment, such as printers.
Resource tracking can help them �nd the location of the closest printer.

Figure 2.10:Sony Nimway wall panel

Figure 2.10 showcases a Sony Nimway [85] wall panel. Nimway is a smart
o�ce solution that handles employee tracking, resource allocation, last-minute
bookings and o�ce navigation. It o�ers executives and o�ce managers insights
into employee attendance, desk utilisation and occupancy.
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2.2.2 Seamless Positioning

Positioning systems are often tailored towards a speci�c environment or use case.
An indoor positioning system is designed to work indoors using a variety of al-
gorithms, while an outdoor positioning system is used in the open air. With
seamless positioning, we want to create a seamless transition from one positioning
system to another [86]. This seamless transition ensures that users can have a
continuous and uninterrupted positioning as they move between di�erent indoor
and outdoor environments, as illustrated in Figure 2.11.

Figure 2.11: Illustration of seamless positioning between satellite positioning and
indoor positioning

One of the main challenges to achieve this is thehandoverof the tracking from one
positioning system to another. In a use case where a user walks from one building
to another, the handover happens between the indoor positioning systems from the
two buildings and optionally also an outdoor positioning system that tracks the user
in between the two buildings [87].

The concept of creating seamless positioning systems is related to hybrid and inter-
operable systems due to the requirement to link from one to the other. To provide a
seamless transition, both positioning systems must operate with interoperable data
to correctly identify the same tracked object.

2.2.3 Indoor Landmarks

Indoor positioning systems can utilise a wide range of techniques within an in-
door environment. One of the common methods to compute a position or location
indoors is the use of visual, acoustic or electromagneticlandmarks. These land-
marks prevent the need for a complicated setup and are less prone to changes in the
environment as opposed to other techniques that utilise the existing infrastructure.
However, they also require prior knowledge of the locations of these landmarks,
which often results in the use of a database that is inaccessible to other systems.
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Ever since the release of Bluetooth Low Energy (BLE), BLE beacons have been
one of the more prominently used techniques for indoor positioning [88]. For their
use in indoor positioning systems, they are often installed as small battery-powered
devices in rooms, hallways or other key areas [89] but can also be embedded in smart
devices [90]. During the installation, the beacon's physical location in the building
is linked to its advertised identi�er. Despite the advances in indoor positioning
techniques that require no changes to the infrastructure, Bluetooth beacons are
still among the most popular options for implementing indoor positioning systems
due to their compatibility with various smartphone operating systems. Bluetooth
beacons send out an RF-signal that can be used to determine the distance to each
of these beacon landmarks.

One of the simplest positioning techniques using beacons is cell identi�cation
(see Section 2.3). With this technique, the proximity to a single beacon or a group
of beacons is used to determine the receiver's position [54]. We assume that the
beacons with the strongest signal strength are the closest. When multiple beacons
are in range, multilateration can be used to compute the absolute position based
on three or more beacons. In the context of positioning systems, the known �xed
location of beacons is used to determine the location of a user scanning for these
beacons.

In the Bluetooth Core Speci�cation version 5.1, a new method for location tracking
was introduced using the angle of arrival (AoA) or angle of departure (AoD) [91].
The speci�cation added the ability for devices to generate data that could help
receivers determine the angle of the signal. Advertisement data and the received
signal strengths from the transmitted data can still be used to combine the angle
with a distance approximation, o�ering better location tracking. Regardless of the
used technique, Bluetooth-enabled devices are capable of computing their relative
location between one or more beacons but require knowledge of the location of
these beacons in order to compute their absolute location within a building.

An alternative to this setup is a positioning system that uses Bluetooth receivers
with a �xed location. These receivers scan for movingbeacons[92] while the
transmitter is a moving beacon with an unknown location. Nevertheless, the same
positioning techniques can be applied.

Modern phones have started to support Ultra-wideband (UWB). Other than BLE,
UWB beacons provide more accurate positioning due to their higher precision in
distance measurement. Ultra-wideband technology operates by transmitting short
pulses at very high frequencies, allowing for accurate time-of-
ight measurements.
This enables UWB beacons to determine the distance between the transmitter
and receiver with high precision, making them suitable for applications requiring
centimetre-level accuracy, such as asset tracking or navigation in complex indoor
environments.
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2.3 Positioning Techniques and Algorithms

Di�erent technologies and algorithms are used to calculate a position or combine
multiple positioning methods. We provide an overview of some of these prominent
techniques to later allow us to determine a generalised method to represent the input
and output data of these algorithms, as de�ned in RQ1.1 and RQ1.2. A positioning
technique consists of sensor data and an algorithm that processes this data using
various techniques.

In this section, we focus on the most common positioning techniques and al-
gorithms that are used in positioning systems, or more speci�cally, indoor pos-
itioning systems. While the techniques and algorithms discussed in this section
are not exhaustive, they represent the foundational methods used in the �eld of
indoor positioning and are primarily detailed to provide us with the di�erent types
of data that should be considered. Moreover, by investigating di�erent techniques
and algorithms, we can also consider the overlap of data and processing.

2.3.1 RF-based Positioning

Radio Frequency (RF)-based positioning techniques rely on the use of electromag-
netic waves to estimate an object's position. This can include technologies such as
Wi-Fi-based positioning, Bluetooth Low Energy (BLE) beacons, Ultra-wideband
beacons or even cell towers. When these technologies transmit and receive inform-
ation, the receiver can obtain additional information such as the Received Signal
Strength (RSS) , representing the signal strength (indicated in3�< ) received by
the receiving antenna.

Figure 2.12:Radio Frequency Cell Identi�cation

The most basic method of RF-based positioning is Cell Identi�cation (CI) . This
method involves dividing the area into cells as depicted in Figure 2.12, each with
its unique identi�er. The position of the object is then estimated based on the cell
it is currently in. The estimation of the cell is based on the strength of the signal
compared to the signal of other transmitters. Cell identi�cation is often used in
combination with other positioning techniques, as it can provide a general area
before other techniques pinpoint a more precise position.
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Figure 2.13:Radio Frequency Received Signal Strength Indicator

An extension to CI-based positioning is RSS-based positioning. Unlike tradi-
tional CI-based positioning where only the strongest signal strength is used, this
technique estimates the position of an object based on the strength of the signal
received from multiple transmitters, as illustrated in Figure 2.13. By comparing
the signal strengths from di�erent transmitters, the position of the object can be
calculated using multilateration or trilateration. RSS-based positioning is more
accurate than CI-based positioning but requires more complex algorithms to pro-
cess the received signals and estimate the position accurately. The received signal
strength is subjective to noise from the environment, multi-path e�ects, and signal
interference, which can a�ect the accuracy of the position estimation.

Figure 2.14:Radio Frequency Time of Arrival and Time Di�erence of Arrival

To solve the issues of signal strength noise, Time of Arrival (ToA) and Time
Di�erence of Arrival (TDoA) techniques can be used. These techniques estimate
the position of an object based on the time it takes for the signal to travel from
the transmitter to the receiver, as shown in Figure 2.14. By measuring the time
di�erence of arrival from multiple transmitters with a known position, an object's
position can be calculated accurately. This type of RF-based positioning does
not su�er from signal interference making it a more reliable method for indoor
positioning applications. However, it requires precise time synchronisation between
the transmitters and receiver to accurately calculate the time of arrival. Additionally,
the accuracy of ToA and TDoA techniques can still be a�ected by factors such as
signal re
ections, obstacles in the environment and clock drift [93].



42 CHAPTER 2. BACKGROUND AND RELATED WORK

Figure 2.15:Radio Frequency Angle of Arrival

In TDoA, ToA and RSS-based techniques, the distance or estimated distance was
used to determine a position. Alternatively, the angle of an incoming signal can
be used to determine from what angle it was transmitted. Figure 2.15 depicts the
concept of radio frequency Angle of Arrival (AoA) , showing how the angle of
arrival of radio frequency signals can be used to determine the position of an object.
This technique is commonly referred to as triangulation where the position of an
object is based on the angle at which the signal arrives at di�erent antennas. Unlike
trilateration or multilateration, which uses the (approximated) distances between
transmitters, triangulation uses theanglesin which the signals arrive to determine
the location. By combining data from multiple antennas, a more accurate position
estimate can be obtained. A variant of AoA is Angle of Departure (AoD) where
the transmitter can encode information to determine from which angle it was sent.
While these techniques can obtain an accurate position, it does require multiple
antennas for each transmitter or receiver to determine the angle.

2.3.2 Fingerprinting

Fingerprinting, as the name suggests, is the creation of a unique�ngerprint at each
location in the environment. Imagine being blindfolded in a building and hearing
sounds from various machines. You hear the copy machine in the distance, the
humming of an air conditioner overhead and a co-worker chatting. All of these
sounds combined provide a unique �ngerprint that can be associated with a location.
In theo�ine stage of a �ngerprinting algorithm, �ngerprints are associated with a
location and stored in a database. During theonlinestage, the database is used to
determine to location based on sounds that are heard or other sensor data.

Machines can create these �ngerprints as well. Like in the example above, they can
be based on sounds or even ambient background noise [94], but they can also be cre-
ated from data humans cannot detect, such as RF signals or magnetic interference.
While with multilateration we only need information about the position of the used
RF landmarks, �ngerprinting requires a calibration for all possible positions in the
tracking area [95]. A �ngerprint of the sensor data at a given provided position is
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created during the o�ine stage. Later, these stored �ngerprints are used during the
online stage to reverse the sensor data into a position.

Fingerprinting can be performed on a variety of sensor data types, including RSS,
ToA, TDoA, and AoA data. Each type of sensor data provides unique information
that can be used to create �ngerprints. For example, RSS data can be used to create a
�ngerprint map based on signal strength measurements at di�erent locations within
the tracking area while ToA and TDoA data can be used to create �ngerprints based
on the time it takes for signals to travel between transmitters and receivers.

Figure 2.16:Fingerprinting of three access points with an unknown location

During the online stage, the sensor data collected in real time is compared to
the stored �ngerprints to determine the most likely position of the object. The
matching process can be based on various algorithms such as nearest neighbour,
k-nearest neighbour [96], machine learning algorithms like support vector ma-
chines or neural networks [97]. Despite the computational complexity involved in
�ngerprinting-based positioning, it o�ers high accuracy and robustness in indoor
environments where traditional positioning techniques may not perform well due
to signal variability.

Figure 2.16 illustrates the �ngerprinting of an indoor environment with a limited
amount offeatures. Features are the most noticeable characteristics of the sensor
data that are used to create the �ngerprints. In the example, we have three access
points with an unknown location and multiple �ngerprints that recorded the signal
strengths of these three access points. In the online stage of the positioning system,
the signal strengths are compared to the �ngerprints. Based on the �ngerprinting
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algorithm, a location is chosen from the �ngerprint that most closely matches the
signal strengths or multiple �ngerprints are combined to interpolate a location in
between the recorded �ngerprints.

2.3.3 Magnetic Positioning

Magnetic positioning, also called geomagnetic positioning, is a positioning tech-
nique that uses the disruptions of the magnetic �eld within a building to �ngerprint
locations [75, 76]. The earth has a magnetic �eld that can be in
uenced by various
factors such as building materials, electrical equipment, and structural components.
These factors can create unique magnetic signatures at di�erent locations within a
building, which can be captured and used for positioning.

In the o�ine stage of magnetic positioning, magnetic �eld measurements are taken
at various locations within a building and stored as �ngerprints in a database.
During the online stage, real-time magnetic �eld measurements are compared to
the stored �ngerprints to determine the current location of an object.

Figure 2.17:Geomagnetic intensity of our o�ce building with cubic interpolation
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Figure 2.17 shows the geomagnetic �ngerprint of our o�ce building with a
dataset we recorded in 2021 [35]. This geomagnetic intensity is visualised asp

<06- 2 ¸ <06. 2 ¸ <06/ 2 where<06- , <06H, <06/ represent the magnetic
intensity measured on three axes in`) . Similar to �ngerprinting, a set of features
(i.e, a small trajectory) can be matched against the geomagnetic �ngerprint of a
building or 
oor.

Sensor data from a magnetometer is susceptible tohard iron andsoft irone�ects.
Hard iron e�ects interfere with magnetic �elds that cause a constant o�set in the
readings, such as other metallic objects near the magnetometer. Soft iron e�ects
distort the magnetic �eld in a non-uniform manner. These e�ects need to be
corrected for accurate magnetic positioning through calibration of the sensor [98].
This type of technique demonstrates the need for user actions in positioning systems.
When designing a conceptual framework for processing sensor data, we should
consider the need for calibration and user actions.

2.3.4 Noise Filtering

Positioning techniques often have to process inaccurate sensor data to obtain a
position. Techniques such as RF-based positioning, as shown in Figure 2.18,
use signal strengths that can 
uctuate depending on the distance. To solve these
inaccuracies, sensor data should be �ltered, which can be done through di�erent
noise �lters. Similar to dead reckoning, a noise �lter often requires knowledge of
previous sensor readings and positions to predict the next result.

Figure 2.18:RSSI noise (in dBm) at 1 metre and 8 metres [99]

Noise �ltering is one of the main requirements of our hybrid positioning system.
The reason why we want to combine multiple technologies or algorithms is to
reduce errors and noise �ltering is the key component in realising this error reduc-
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tion of positioning data. Note that individual positioning methods such as object
recognition or dead reckoning may want to perform di�erent types of noise �ltering
algorithms tailored to their data.

We also consider noise �ltering algorithms that consist of a calibration phase, such
as the calibration of a magnetometer as detailed in Section 2.3.3. These algorithms
require user interaction and the storage ofcalibration datathat must be used at a
later stage.

2.3.5 Machine Learning

This type of algorithm includes several machine learning algorithms that can be
of aid during calibration as well as positioning. These algorithms require training
during the o�ine stage with the results being deployed during the online stage.

Figure 2.19:CCpos [97] Wi-Fi RSSI �ngerprinting neural network model

Figure 2.19 shows the neural network model of CCpos [97]. Other than regular
�ngerprinting techniques introduced in Section 2.3.2, the model trains itself to
�nd patterns and features within the RSSI �ngerprints. Training is done using an
autoencoder. Such a model trains the input data of the encoder to be equal to the
decoder output. The dimensions of the middle part of the autoencoder become
smaller to force the encoder part to extract the useful features that can then be
decoded by the decoder. Once the main model is trained, the decoder is removed,
and the model is trained using the encoder to match RSSI readings to a position.
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