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Abstract

In heavy industrial environments such as steel manufacturing plants, workers interact
closely with moving machinery under conditions of limited visibility and high noise.
A recent World Steel Association report attributes roughly half of industry fatalities
to causes with a strong attentional component, motivating research into augmented-
reality (AR) cues that direct workers’ attention to hazards outside their field of view.
This thesis presents ScrapAwear, a system combining an ultra-wideband (UWB)
real-time locating system with a Meta Quest 3 headset to guide users toward out-
of-view physical targets in 3D space. Two AR navigation cues were implemented: a
3D arrow that points directly at the target, and a top-down minimap that shows the
target’s position relative to the user. Their effectiveness was compared in a within-
subject user study (n = 16) using a dual-task design where participants performed a
1-back letter task while detecting a UWB-tracked object moving behind them. The
3D arrow produced significantly faster detection times than the minimap (mean 1571
ms vs. 2464 ms, p = 0:005) and faster concurrent n-back reaction times (p = 0:044).
NASA TLX workload was lower with the arrow on every subscale, though the over-
all score did not reach significance (p = 0:052). The arrow’s advantage was largest
for target placements outside the horizontal plane, reflecting the minimap’s lack of
vertical information. Subjective preferences matched objective performance for 13
of the 15 participants who expressed a preference. The findings show that the 3D ar-
row used in this study outperformed the minimap under dual-task conditions. They
do not necessarily establish a general superiority of arrows over maps.

Keywords: augmented reality, ultra-wideband, real-time location system, attention
guidance, navigation cues, user study



Sammanfattning

I tunga industrimiljöer som stålverk arbetar operatörer nära rörliga maskiner under
dålig sikt och hög ljudnivå. En rapport från World Steel Association anger att ungefär
hälften av dödsolyckorna i stålindustrin involverar en stark uppmärksamhetskompo-
nent, vilket motiverar forskning kring augmented reality-signaler (AR) som riktar
arbetarnas uppmärksamhet mot faror utanför synfältet. Detta examensarbete pre-
senterar ScrapAwear, ett system som kombinerar ett ultra-wideband (UWB)-baserat
realtidspositioneringssystem med en Meta Quest 3 för att vägleda användaren till
fysiska objekt utanför synfältet i tredimensionellt rum. Två AR-navigeringsvisare
implementerades: en 3D-pil som pekar direkt mot målet, och en minikarta sedd
ovanifrån som visar målets position i förhållande till användaren. Deras effektivitet
jämfördes i en användarstudie med within-subject-design (n = 16), där deltagarna
utförde ett 1-back-bokstavstest samtidigt som de skulle upptäcka ett UWB-spårat
objekt som rörde sig bakom dem. 3D-pilen gav signifikant kortare upptäcktstider än
minikartan (medelvärde 1571 ms mot 2464 ms, p = 0;005) och snabbare reaktion-
stid i det parallella 1-back-testet (p = 0;044). Den uppskattade arbetsbelastningen
på NASA TLX var lägre med pilen på samtliga delskalor, även om totalpoängen inte
nådde signifikans (p = 0;052). Pilens fördel var störst för mål placerade utanför det
horisontella planet, vilket speglar minikartans avsaknad av höjdinformation. Subjek-
tiv preferens överensstämde med objektiv prestation för 13 av de 15 deltagare som
uttryckte en preferens. Resultaten visar att 3D-pilen som användes i användarstudien
överträffade minikartan vid kognitiv belastning. De visar inte nödvändigtvis att pilar
generellt överträffar kartor.

Nyckelord: förstärkt verklighet, ultra-wideband, realtidspositionering, uppmärk-
samhetsstyrning, navigeringsvisare, användarstudie
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1 Introduction

The thesis was completed in collaboration with Foresight Data Machines (FDM)
Ltd. This chapter introduces the context, research questions, and goals of the thesis.

1.1 Overview

Signi�cant technological advances have been made in industrial environments over
recent decades. There are, however, still processes relying on human operators work-
ing while sharing a workspace with robots and machinery [23]. These workplace
conditions demand a high level of situational awareness (SA) to perceive and avoid
hazards in their surroundings [44]. Continuing to �nd ways to support workers in
maintaining both ef�ciency and safety therefore remains important for the industry
[36].

Concepts such as Industry 4.0 and Industry 5.0 have been de�ned to describe the
increasing integration of technology in industrial environments. Industry 4.0, intro-
duced in 2011, describes an industrial environment optimised and digitalised through
concepts such as cyber-physical production systems (CPPS), leading to smarter fac-
tories [33, 55]. Industry 5.0 emerged a few years later, strongly connected to the tech-
nological growth and collaboration between humans and intelligent machines [55].
The increasing digitalisation introduces new opportunities, but also more complex
workspaces. With a `human-centric approach' as one of the core values, Industry 5.0
emphasises the safety and well-being of the workers in the industry [55].

Foresight Data Machines (FDM) Ltd. is a technology company that develops data-
driven and machine-learning-based systems for heavy industrial environments. The
company focuses on industrial environments where materials of varying composi-
tion are moved intermittently using cranes or mobile equipment, making accurate
measurement and tracking challenging. Due to the complexity of material handling
and limited sensing coverage, it is dif�cult to track when material is moved or con-
sumed. As a result, raw material behaviour frequently constitutes one of the least
controlled variables in industrial operations.

To address these challenges, FDM develops systems for material tracking, mate-
rial classi�cation, and process monitoring using a combination of computer vision,
sensor data, and machine learning models. These systems are designed to integrate
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material-level observations with downstream process data in order to support im-
proved process understanding and decision-making. The company's solutions are
deployed in operational industrial settings, where close collaboration between engi-
neers, software developers, and domain specialists enables the development of sys-
tems tailored to site-speci�c constraints and requirements.

Many of the challenges addressed by FDM's systems arise in environments where
operators interact closely with heavy machinery under conditions of limited visi-
bility, high noise levels, and dynamic material movement. In steel manufacturing
plants, safety management is a high priority. Numerous hazards exist that are of-
ten outside workers' immediate view, making it vital for workers to maintain a high
level of SA to avoid accidents. Despite extensive preventive efforts in manufacturing
plants, accidents continue to occur. According to the World Steel Association [43]
report on safety and health in the steel industry, “Moving machinery” is the second
most common cause of fatality over the past decade, see Table 1.1.

Several of the fatality causes mentioned in the report involve dynamic hazards such
as falling objects, overhead cranes and moving machinery. These are examples of
incidents where a worker's safety might partly depend on their ability to perceive,
understand and predict the best action in time. There are various possible factors that
could worsen a person's SA in these situations [44]. Reduced SA has been connected
to an increased risk of human errors and accidents [44]. While preventative mea-
sures remain essential for improving workplace safety, having an additional system
capable of warning workers about potential hazards could serve as a complement.
Technological advancements have not only optimised the industry, but also enabled
the development of tools that could improve safety. This thesis explores the use of
augmented reality (AR) with a head-mounted display (HMD) for directing attention
and warning workers about hazards outside of their �eld of view (FOV). Combining
the AR-based visual warnings with a real-time locating system (RTLS) for tracking
physical hazards aims to support the SA of workers in industrial environments.
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Table 1.1 Causes of fatalities in the steel industry (2015–2024).

Rank Cause Fatalities
1 Fall from height 164
2 Moving machinery 139
3 On site road vehicle 77
4 Gassing and asphyxiation 76
5 Falling object 67
6 Overhead crane 45
7 Electrical 41
8 Fire 37
9 Hot metal 35

10 Explosion 30
11 Structural failure 29
12 Rail 28
13 Hot substances 28
14 Other mobile equipment 20
15 Forklift 14
16 Product handling storage 12
17 Manual tasks tools 10
18 Slips, trips and falls 6
19 Product loading 6
20 Off site road vehicle 6
21 Exposure to chemicals 3
22 Unknown 1

Note. Adapted from the 2025 safety and health report by the World Steel
Association [43].

1.2 Goals and research questions

The goal of this thesis is to investigate whether, and under which conditions, AR-
based visual attention guidance is safe and useful when applied to moving physical
hazards in a noisy industrial environment.

RQ1: How can the world-locking capabilities of the Meta Quest 3 simplify the pro-
cess of calibrating out-of-view real-time locating systems?

RQ2: How can AR be used to evaluate the effectiveness of real-time locating sys-
tems?
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RQ3: Which AR navigation cue, a 3D arrow or a minimap, better supports the
detection of out-of-view physical objects?

1.3 Sustainable development

This thesis contributes to United Nations Sustainable Development Goal 9 (see Fig-
ure 1.1), which is focused on infrastructure, innovation and sustainable industriali-
sation [49]. Researching the use of AR in an industrial setting aims to contribute to
the technological capabilities in the industry, with a focus on workplace safety.

Figure 1.1 Sustainable Development Goal 9

1.4 Ethical considerations

The aim of this thesis is to contribute to the development of AR glasses that can
be used to give warnings in an industrial environment. One issue that could arise
when using the intended end product is automation bias, where the worker could
start to favour the AR warnings and trust those more than their own perception of
their surrounding environment. Research from 2024 that required participants to �nd
real-world objects with the help of AR cueing showed that imperfect cueing led to
overall lower performance and longer response times [40]. This could cause issues
when the warnings are supposed to increase safety.

1.5 Usage of AI

AI tools such as Claude and Cursor have been used to assist in developing the soft-
ware used for this thesis. AI tools have also been used for spell checking and proof-
reading this report.
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2 Background

This chapter explains the technology and terminology used in the rest of the thesis.

2.1 Extended reality

Due to the rapid evolution of the technology in this �eld, different and often con-
tradictory terminology de�nitions have been used [52, 51]. For the purposes of this
thesis the following de�nitions are used for augmented reality (AR), mixed reality
(MR), virtual reality (VR) and extended reality (XR).

• AR: according to the de�nition by Azuma it has three different properties [3].

– Combines real and virtual

– Interactive in real time

– Registered in 3D

• MR: a view of the physical world with an overlay of digital elements where
physical and digital elements can interact.

• VR: a fully-immersive digital environment.

• XR: an umbrella term that covers all these different technologies, including
AR, MR, and VR.

This differentiation is visualised in Figure 2.1.

2.2 Head-mounted displays

A head-mounted display (HMD) is a display device worn on the head.
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Figure 2.1 Magic Leap's de�nition for VR (left), AR (middle), and MR (right) [52].

2.2.1 Virtual reality headset

A VR headset is an HMD that uses positional tracking to provide a virtual environ-
ment to the user. Some VR headsets utilise VR pass-through technology. VR pass-
through uses a combination of cameras and lenses to allow a user of a VR headset
to interact with the physical world. If a VR headset has pass-through functionality it
can be used for MR views [48]. Commercial examples of VR headsets include the
Apple Vision Pro and the Meta Quest 3 depicted in Figure 2.2.

(a) Apple Vision Pro (b) Meta Quest 3

Figure 2.2 Two commercial VR headsets.
Source: Wikimedia Commons.

2.2.2 Optical head-mounted display

An optical head-mounted display (OHMD) is a wearable display that can re�ect
projected images and allows a user to see through it. Commercial examples include
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MR headsets like Microsoft HoloLens and AR smart glasses like Google Glass and
Meta Ray-Ban Display.

2.2.3 Smart glasses

Smart glasses are wearable computers that add information to the user in some ca-
pacity. Not all smart glasses include an OHMD. Those without a display interact
with the wearer through other means, typically open-ear audio via built-in speak-
ers and microphones, sometimes complemented by a camera and voice or touch
controls. Commercial examples include AR smart glasses like Google Glass, Meta
Ray-Ban Display but also tethered MR smart glasses like XREAL One Pro depicted
in Figure 2.3. Most smart glasses with a display have AR functionality but not MR
functionality.

(a) Google Glass (b) Meta Ray-Ban Display (c) XREAL One Pro

Figure 2.3 Commercial smart glasses.
Sources: Wikimedia Commons (a), Mrwhosetheboss on YouTube (b), and Tom's Guide (c).

2.3 Methods of attention direction

Senses such as vision, hearing and touch are all a part of an individual's sensory
system [18]. The sensory system processes input from the surrounding environment.
The sections below introduce the modalities that can be used to direct a person's
attention. The cue designs chosen for this thesis, and prior studies that apply and
compare these modalities for attention direction and hazard awareness, are discussed
further in Chapter 3 (Related Works).

2.3.1 Visual

Visual cues are a common way of directing attention in AR, since the information
is rendered directly in the user's �eld of view. Typical visual cues include arrows
that point towards a target, highlights or outlines drawn on the object itself, and
overview representations such as a top-down map. Because virtual visual cues are
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drawn on top of the real world, they compete with it for the user's attention. A cue
can hide a safety-critical object behind it, or clutter the view and add to the user's
mental workload [41, 39]. Balancing visibility against this risk is a central design
consideration.

2.3.2 Spatial audio

Audio can also be used to give a sense of direction. Spatial audio simulates how
sound is perceived in 3D space [57]. The spatial impression is created using models
such as the head-related transfer function (HRTF), which captures how the sound
reaching each ear depends on direction, and the room impulse response (RIR), which
captures how sound is shaped by the environment [7, 57].

2.3.3 Tactile

Tactile feedback utilises a person's sense of touch to give cues, typically through vi-
bration motors worn on the body. A key advantage is that it is independent of vision:
it does not block the user's �eld of view and does not add to the visual workload,
which is bene�cial when the visual channel is already busy or limited [37]. Vibro-
tactile cues can convey not only the direction to a target but also how near it is, by
varying the pulse rate or vibration intensity [37].

How well the skin can tell two nearby points of vibration apart varies across the
body. The back, a common placement for wearable tactile displays such as vests,
is relatively poor at this, so vibration motors must be spaced fairly far apart to be
felt as separate rather than as a single buzz. This ability is also uneven on the back:
it is about twice as sharp horizontally as vertically, so motors can be spaced more
sparsely in the vertical direction than in the horizontal [38]. The direction of a vibra-
tion is also easier to judge for some orientations than others: on the back, the cardinal
directions (up, down, left and right) are perceived more accurately than the diagonal
ones [25]. These limits inform how many motors are needed and where they should
be placed.

Tactile feedback can be used either on its own or as a complement to visual or audi-
tory signals.

2.3.4 Multimodal

Cues from different modalities can also be combined, for example pairing a visual
cue with a tactile or auditory alert. Combining modalities in this way has been shown
to improve reaction times compared to a single modality [11, 46]. A redundant chan-
nel can also convey information without further loading an already busy sense.
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2.4 Locating a point in space

A positioning principle is the underlying method used to determine the unknown
location of a point from measurements taken relative to references at known posi-
tions. There are three different positioning principles: trilateration, triangulation and
scene analysis [30]. The three principles can be used in isolation or in combination
to create a system to track objects in real-time. A real-time locating system (RTLS)
is de�ned in ISO/IEC 24730-2:2006 as a wireless system capable of determining the
position of a transmitting device relative to �xed receivers in a de�ned space and
reporting that position in or close to real time [22]. In this section the major position
principles and their commonly used algorithms are described.

2.4.1 Trilateration

Trilateration uses distances to three or more known positions to calculate the un-
known position coordinates of a point of interest (POI) [30]. The pre-de�ned known
points are also known as anchor points (AP). As seen in Figure 2.4, trilateration in
2D space can be illustrated with the intersection of three circles from the APs, where
the radius of each circle is the measured distance to the POI. Similarly spheres can
be used to illustrate trilateration in 3D space. Looking at the illustration in Figure 2.5
there are two points of intersection. If the APs are suf�ciently spaced apart, one of
the points will always be underground or in space, allowing it to be excluded.

Figure 2.4 Illustration of trilateration using three distance measurements in 2D.
Adapted from Bartosz Ciechanowski, GPS.
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Figure 2.5 Illustration of trilateration using three distance measurements in 3D.
Adapted from Bartosz Ciechanowski, GPS.

The global navigation satellite system (GNSS) is a popular implementation of tri-
lateration. It is utilised by systems such as GPS and GLONASS and has achieved
a position accuracy at the sub-metre level [31]. When used indoors the accuracy of
GNSS is poor. It is suf�cient for identifying which room an object is in, but not for
reliably locating a fast-moving hazard [13].

2.4.1.1 Time of arrival

Time of arrival (ToA) is the simplest algorithm to achieve trilateration in theory. The
distance between the POI and APs can be calculated by multiplying the time of �ight
(ToF) with the speed of the signals. While the calculation is simple in theory, it is
impractical in practice because the clocks in the POI and APs have to be synced to
the nanosecond. Additionally it is preferred to have a clear line of sight (LOS) to
achieve high accuracy. When there is a non-LOS (NLOS) condition the signals may
be delayed or blocked making the ToA calculation inaccurate [30].

2.4.1.2 Time difference of arrival

Time difference of arrival (TDoA) is a modi�ed version of ToA [30]. Instead of
measuring the absolute time a signal takes to travel from the POI to each AP, TDoA
measures the difference in the time at which the same transmission arrives at differ-
ent APs. Because taking this difference cancels out the unknown instant at which the
POI sent the signal, the POI clock no longer needs to be synchronised with the rest
of the system. This is the main advantage over ToA, which requires the POI and the
APs to share a common time reference. The APs still require highly synchronised
clocks with each other, but that is a more practical requirement since they are sta-
tionary and can use large and very precise clocks that are continuously monitored
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to ensure synchronisation. Each measured difference places the POI on a curve of
possible positions de�ned relative to one pair of APs, and combining the differences
from several AP pairs yields the position.

Both ToA and TDoA suffer from degraded accuracy in NLOS conditions. Several
attempts at mitigating or identifying NLOS effects have been made using statistical
corrections and machine learning, yet no universally reliable solution exists. There
are methods that effectively mitigate NLOS conditions if the obstacle locations are
known. To date mitigating effects of NLOS in dynamic environments remains an
open problem [27].

2.4.1.3 Two-way ranging

Two-way ranging (TWR) utilises an exchange between the nodes in the system to
calculate the round-trip time (RTT) as illustrated in Figure 2.6. With a TWR ex-
change the clocks do not need to be synchronised, considerably simplifying hard-
ware requirements [35].

Figure 2.6 Two way ranging exchange.
Adapted from IEEE An Alternative Double-Sided Two-Way Ranging Method[35].

23



2.4.2 Triangulation

Triangulation estimates the position of the POI from angle measurements rather than
distances [30]. Each anchor measures the angle of arrival (AoA) of the incoming sig-
nal, and the POI is located at the intersection of the resulting bearing lines. Because
each bearing constrains the position to a line, two anchors are suf�cient to determine
a position in 2D. One way to obtain the AoA is to measure the phase difference of
arrival (PDoA) of a signal across two or more closely spaced antennas on the same
anchor, an approach that has been demonstrated on a commercial UWB module with
an average angular accuracy of about 2.4 degrees over a 90-degree range [32].

2.4.3 Position estimation and �ltering

The positioning principles above yield, in practice, an over-determined and noisy
system of equations that must be solved numerically and then smoothed over time.

Given distance measurements to several anchors with known positions, the POI po-
sition is commonly estimated as the point that minimises the sum of squared dif-
ferences between the measured and the predicted distances. This nonlinear least-
squares problem can be solved iteratively by linearising it around a current estimate,
an approach introduced by Foy as Taylor-series estimation, which gives a least-sum-
squared-error solution to the linearised equations and converges to the correct solu-
tion from a reasonable initial estimate [17]. Because individual range measurements
can be heavily corrupted (for example under NLOS conditions), a robust estimator
such as Random Sample Consensus (RANSAC) can be used to �t the position model
while rejecting outliers: it repeatedly estimates the model from random minimal sub-
sets of the measurements and keeps the solution supported by the most inliers [16].

The resulting position estimates are still noisy from sample to sample. A Kalman
�lter is a recursive estimator that fuses a model of the system's motion with suc-
cessive noisy measurements to produce a smoothed estimate of the state, and can
also be used to predict the state between or ahead of measurements [24, 54]. With a
constant-velocity motion model the state typically contains both position and veloc-
ity, allowing the �lter to smooth the trajectory of a moving tag.

2.5 Positioning technologies

A range of wireless technologies can be used to build a real-time locating system
(RTLS). They differ mainly in accuracy, robustness to obstacles and noise, cost, and
power consumption, and the most suitable choice is application and environment
speci�c [30]. This section surveys the technologies most commonly used for indoor
positioning and motivates the choice of ultra-wideband for this thesis.
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2.5.1 Global navigation satellite systems

GNSS such as GPS achieve sub-metre accuracy outdoors, but their signals are
blocked or severely attenuated by building structures, so accuracy degrades sharply
indoors [31, 13]. Specialised indoor GNSS variants exist, but they require addi-
tional infrastructure and still typically reach only sub-metre accuracy [30]. This
makes GNSS unsuitable for the centimetre-level indoor tracking needed to �ag a
fast-moving hazard.

2.5.2 Bluetooth Low Energy

Bluetooth Low Energy (BLE) is attractive for its very low power consumption and
low cost, as off-the-shelf beacons are inexpensive and BLE is available on most
smartphones [30]. Its positioning accuracy is, however, only at the multi-metre level,
typically estimated through signal-strength �ngerprinting [30]. BLE-based real-time
locating has nonetheless been proposed for proximity warnings that keep workers
away from hazards on construction sites [21].

2.5.3 Radio-frequency identi�cation

A radio-frequency identi�cation (RFID) system consists of tags and antennas con-
nected to a host computer [30]. Passive tags are cheap and battery-free but have a
short range, while active tags reach considerably further at a higher cost. RFID can
reach moderate to high accuracy, and specially designed systems attain centimetre-
level accuracy under line-of-sight conditions, but it scales poorly because identifying
a tag generally requires a search over the back-end database [30].

2.5.4 Ultrasound

Ultrasound-based systems can achieve very high accuracy, down to the sub-
millimetre level, in environments with little noise [30]. Their main drawbacks are
that ultrasound cannot penetrate walls and has limited coverage, so many �xed
units must be installed, and that accuracy degrades signi�cantly in noisy environ-
ments [30]. The latter is a serious limitation for the loud industrial settings targeted
in this thesis.

2.5.5 Ultra-wideband

Ultra-wideband (UWB) achieves the best accuracy and precision of the common in-
door positioning technologies, reaching the centimetre level or better, and its wide
signal bandwidth makes it comparatively robust to the multipath re�ections that de-
grade other radio technologies [30]. It is a wireless technology suitable for short-
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range communication [56]. The signals emitted from UWB devices are narrow
pulses, commonly ranging from 0.2 ns to 1.5 ns [56]. This results in a signal that
has a wide frequency spectrum [9, 29]. The wide signal, combined with a speci�c
frequency range being assigned to UWB devices, makes UWB a low risk for interfer-
ing with other nearby equipment [9, 56]. The short pulses also make UWB systems
more resilient towards physical objects disturbing the signals if anything is located
between an anchor and the tag [2, 9]. Another characteristic of UWB devices is the
potential for low energy consumption due to the short intermittent signals [2, 56].

A UWB positioning system requires a set of anchors and one or more tags [29]. The
anchors are stationary devices installed at �xed, known positions in the environment,
while a tag is a mobile device attached to the object that is to be tracked. The anchors
and the tag exchange UWB signals to estimate the distance between each anchor and
the tag. Since the clocks of the devices are not synchronised, this distance is typically
obtained through the two-way ranging exchange described in Section 2.4.1.3, which
derives the range from the measured round-trip time.

In principle, distances from three anchors are enough to determine the tag's position
in 3D space: the three distances give two possible points, and the impossible one (for
example a point outside the room or underground) is simply discarded, as described
in Section 2.4.1. In practice additional anchors are used, both to resolve this ambi-
guity reliably and to over-determine the system so that noisy or faulty measurements
can be handled; the position is then computed using the multilateration and �ltering
described in Section 2.4.3. Because the anchor positions are �xed and known while
the tag is free to move, such a system continuously reports the tag's position in close
to real time and therefore constitutes a RTLS, as de�ned in Section 2.4. Throughout
the remainder of this thesis, the terms anchor and tag are used in this sense.

26



3 Related Works

This chapter presents related work on augmented reality, hazard awareness and at-
tention guidance.

3.1 AR and safety

Multiple studies have investigated the use of AR and MR to improve safety in work-
place environments such as mining and industrial settings. Akhmetov and Varol [1]
mentioned the risk for accidents in an industrial environment and the current use of
safety devices within the sector that aim to make the workplace safer. The authors
present a new warning system using smart goggles that provides warnings when a
user looks away from their task. Experiments in AR were conducted to compare
different kinds of AR warnings. Results showed that participants preferred visual
warnings over auditory or audiovisual warnings. They also asked the question if AR
systems are better than already existing safety measures for increasing the user's
attention on their work task [1].

A study from 2016 [26] implies that smart glasses with AR information could have a
positive impact on workplace safety and task performance. Interviews conducted as
part of the study did, however, reveal that a majority of participants were worried that
wearing an HMD could distract from the work tasks. Kim et al. [26] also mentioned
existing evidence that AR in an HMD could improve performance for order picking
in warehouses.

A 2019 study investigating wearable augmented reality displays (WARD) concludes
that the technology improved situational awareness, self-ef�cacy, and trust, but also
increased the operator's experienced workload [42]. A similar result was reached
in another study from 2025 [8]. Camacho-Fidalgo et al. [8] conducted a user study
that aimed to examine the use of AR and its potential effect on a user's SA. The
study was conducted in a room with tasks placed in different locations to simulate an
industrial environment. Participants wore an HMD, receiving remote assistance from
a test operator in a different room, while navigating the room during the experiment.
The authors concluded that participants wearing AR-HMDs noticed fewer hazards
in their environment, something that could negatively impact a worker's safety.
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Automation bias could potentially be another side effect of using AR cues to alert
workers of surrounding hazards. Raikwar et al. [40] conducted a study where the im-
pact of imperfect AR cueing on visual search was investigated. Their results showed
that participants' performance was negatively affected by getting inaccurate cues.

Multiple studies have researched the possibility of using AR or MR to increase safety
for pedestrians sharing space with heavy equipment and autonomous machines [4,
46]. Baek and Choi [4] developed a warning system for pedestrians when walking
around construction and mining sites. The system used visual warnings displayed
in smart glasses to warn the wearer when they were close to potential dangers on
the site. Bluetooth was used to determine the wearer's proximity to dangers. Results
showed that their warning system based on smart glasses caused less stress than a
similar system using a smartphone [4].

Another study discussed the use of smart glasses for reading while walking [20].
They examined how text could best be displayed while still enabling participants to
be aware of their real-world surroundings. The results showed that displaying a few
lines at a time, while allowing the smart glasses wearer to control when new text
appeared, was the most effective option for both user safety and overall user experi-
ence. Showing too much text at the same time negatively impacted the wearer's SA
[20].

3.2 AR and attention guidance

There are also studies and reviews examining AR and safety outside the context of
industrial environments. A review study from 2024 discusses the use of AR visual-
isation to make the user aware of objects outside of their own �eld of view (FOV).
They conclude that there is a gap in research concerning the use of AR to track
physical objects [39]. The review also compares the uses of egocentric and exocen-
tric guidance techniques, including a bird's-eye view and a 3D arrow. The authors of
the review theorised that an egocentric technique, such as the arrow, might be more
suitable for emergency responses.

Another study researched the use of AR in an HMD to support safe navigation for
pedestrians [47]. The study compared a context-adaptive navigation system with an
always-on system and the authors concluded that context-adaptive user navigation
could be useful in industrial environments.

The use of AR often aims to improve the user experience. Displaying additional
virtual information within the user's FOV could, however, introduce clutter that in-
creases the cognitive load. Renner and Pfeiffer [41] conducted a study to investigate
the usefulness of different visual AR cues when the user is focusing on something
in a visually cluttered real-world environment. Cueing workers in a manual assem-
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bly line was one potential related scenario mentioned. Six different types of visual
cues were used in the study, one of which was an arrow pointing to the next relevant
object in a virtual birdhouse building task. Their results showed that the arrow was
preferred above the other cues used, and also gave a quicker task completion time
[41]. The arrow also led to a quicker detection time when locating objects outside
of the participant's FOV [41]. The authors also presented a new type of AR cue
called the spherical wave-based guidance (SWAVE) which produced similar results
compared to the arrow.

Biswas et al. [5] conducted another study that also compared an arrow design to other
types of AR cues when locating objects. This smartphone-based study compared a
3D arrow to Halo3D and 3Dwedge+ as cues for pointing towards objects off-screen.
The authors also discussed the optimal placement of the 3D arrow on the smartphone
screen to minimise visual clutter for the user [5].

The design of the AR cues used for this thesis were inspired by the designs in Biswas
et al. [5] and Tonnis et al. [50]. The latter is a study from 2005, mentioned in the
review by Quinn and Gabbard [39]. Their experiment placed the participants in a
driving scenario where cues were projected onto the windscreen to indicate hazards
outside of the driver's FOV [50]. They compared an exocentric 2D bird's-eye view
with an egocentric 3D arrow. Their results showed that the bird's-eye view performed
better, but the authors theorised that limitations in the projection technology affected
the clarity of the 3D arrow and caused it to appear �atter [50]. This thesis aims
to partly revisit this experiment with newer technology, while also extending it by
presenting the cues in an HMD.

Weidinger et al. [53] explored the impact of the choice of cue type and cue density
on user experience and task performance by conducting a study in immersive VR.

3.3 Real-time locating system

Accurate tracking is required in order to determine when to display a hazard warning.
A real-time locating system (RTLS) enables this by monitoring positions of objects,
and by extension, their positions relative to the person receiving the warnings. There
are several existing localisation technologies for both outdoor and indoor positioning
[2, 30]. Ultra-wideband (UWB) is mentioned in several articles as a suitable technol-
ogy for indoor positioning [2, 9, 29, 56], partly due to its high ranging accuracy and
low energy consumption. Li et al. [29] set up a system aiming to track pedestrians
in a real-world environment. They installed 21 UWB anchors in the space to enable
tracking along the x, y and z axes [29]. Li et al. [30] lists 10 different positioning
technologies suitable for indoor environments and discusses different metrics that
can be used to decide which technology to use. Bluetooth Low Energy RTLS has
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also been proposed for tracking hazards on construction sites [21].

3.4 Additional modalities

The user study conducted for this thesis focuses on visual AR cues. Several studies
have, however, examined the use of other sensory modalities. Vibrotactile feedback
has been researched for both directional guidance [25, 37, 38] and warning signals
for hazard awareness [15, 19]. The use of spatial audio for directing attention has
also been explored [7, 10, 34, 46, 57].

There have also been studies that either compared different types of modalities [28]
or examined combinations of multiple modalities [11, 46]. San Martin and Kildal
[46] conducted a user study that compared single modality to audio-visual cues and
concluded that the inclusion of auditory signals improved participants' reaction time
to potential hazards.
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4 Pre-study

This chapter describes the initial research done before implementing a �nal AR ap-
plication and conducting the user study.

4.1 Introduction

The work for the thesis has been conducted based on the Double Diamond design
process [12] which consists of the four phases discover, de�ne, develop, and deliver.
Each phase has its own purpose. The Double Diamond model was de�ned by the
Design Council in 2003 to illustrate the innovation process, see Figure 4.1. The �rst
diamond, consisting of discover and de�ne, represents the process of researching and
understanding a problem. Develop and deliver in the second diamond then cover the
process of further �nding and developing a solution to the problem [12].

Figure 4.1 The Design Council's visualisation of Double Diamond. Illustrating the phases dis-
cover, de�ne, develop, and deliver.

The aim of the thesis was to �nd a way of supporting and alerting industrial steel
mill workers to hazards in their work environment. During the initial research phase,
corresponding to discover in the �rst diamond, emphasis was put on gathering in-
formation about different types of existing warning signals. The research focused on
compatibility with AR and included signal types such as visual, tactile, and spatial
audio. To reduce the scope of the thesis, the user study focused on visual signals. Dif-
ferent technologies for tracking physical objects in a 3D space were also explored.

A prototype of a user study was developed in Unity along with the initial research,
see Section 4.2 below. The purpose of the user study was to examine how visual
cues can be used to direct a person's attention within their environment. The pro-
totype simulated the experimental setting and helped de�ne the technological needs
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of a potential real-life study. The insights from the �rst diamond also led to further
investigation of different types of sensory modalities and their usages as signals for
attention direction and warnings. As a part of the �nal phase of deliver, a hazard
detection and awareness system was implemented as an AR application. The appli-
cation guided the user's attention towards objects outside their FOV through visual
cues indicating their location.

Previous work researched for the thesis had primarily focused on warning partici-
pants about virtual objects in VR or AR. An idea emerged of using a real physical
object to represent the potential hazard in AR. This approach sought to bring the
experimental setup closer to real-life situations where hazards are located in the
industrial worker's physical environment. An RTLS would therefore be needed to
accurately track the object in the room and identify which direction the cues should
point to. The physical hazard would then be the tag in the RTLS. The possibility
of using AR to simplify calibration of the RTLS anchors was also explored. The
development process leading to the �nal implementation is illustrated in Figure 4.2.

4.2 First prototype

An initial concept for a user study was developed in Unity alongside the �rst phase of
the research. The aim of the study was to examine the use of visual signals to indicate
the presence of hazards in a room. The goal of the prototype was to identify the needs
of a real-life study and examine the placement of future AR warning signals within
the user's FOV. An initial plan for a real-life study already included the use of an
HMD with colour passthrough. The prototype was, however, made in VR and could
be tested either with an HMD or in a web browser.

In the scenario used for the prototype participants would be asked to imagine them-
selves as a steel furnace operator. The scene was set up as a dual-task experiment
where their job was to keep the furnace temperature stable (primary task), while also
staying alert of potential hazards around them (secondary task). Two different visual
cues could be chosen to assist in detecting hazards. There was also an option to run
the experiment without any cues.

4.2.1 Primary task

The furnace temperature was shown on a computer screen placed on a desk. The
furnace was controlled using the keys 'Q' and 'E'. Pressing 'Q' increased the tem-
perature and pressing 'E' decreased it (Figure 4.3). The temperature gauge on the
screen consisted of a small circle moving along a line. A green box around the mid-
dle of the line showed the range for an acceptable temperature (Figure 4.3a). The
colour of the box changed to red when the circle, and thus the temperature, got too
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Figure 4.2 ScrapAwear development process.

high or too low (Figure 4.3b). The primary task was to keep the circle within the box.
Status text on the screen read either “TEMPERATURE RISING” or “TEMPERA-
TURE FALLING”, forcing the circle up towards a higher temperature or down to-
wards a lower one, respectively. The participant would then have to counteract these
movements with the keys to keep the circle within the box.

4.2.2 Secondary task

The secondary task of hazard detection was to notice red circular objects that ran-
domly appeared in the room, see Figure 4.4a. Objects were created one at a time,
and moved towards the participant's position at the desk. The participant then had to
turn and look directly at the object to make it disappear. A created object was �rst
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