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ABSTRACT

Augmented reality (AR) has seen rapid progress in recent years, especially from
a consumer standpoint. Hardware, as well as software, is becoming better,
cheaper, and more available. As the technology becomes more mainstream, we
will see adaptations for many applications currently used on personal computers
and smartphones. This thesis aims to explore the adaptation of one such
application further by developing and studying the usability and effectiveness of
a map application running on one of the most modern AR headsets available to
consumers, the Microsoft HoloLens 2.

To develop the application, we chose to use the cross-platform game engine
Unity. It would provide us an opportunity to develop the application reliably and
fast, as the third-party packages available for it would prove to provide plenty
of ready-to-use assets and code. In addition, both of the group members had
some previous experience in using Unity. While planning the application we
studied many research papers to get an understanding of what makes a good AR
application.

With the application ready for testing, we recruited test subjects from family
members who would give us feedback relating to the efficiency and usability of the
system as a whole. The test subjects would perform tasks inside the application
but also have the opportunity to explore it however much they liked. After the
test, they would fill out a questionnaire and participate in an interview, which
would then be analyzed further.

From analyzing the questionnaire and interview answers, we were able to
conclude several things. Firstly the system in its current state provides no
additional value in comparison to traditional browser or mobile based map
applications. It is also inconvenient, hard to use and unintuitive. Despite these
shortcomings, the test subjects saw future potential in the system and found it
to be useful and fun to use. The findings suggest that even if the application
is developed further, the experience as a whole would still be lacking as AR
technology is not ready for mainstream adaptation quite yet.

Keywords: Virtual environment, extended reality
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TIIVISTELMÄ

Lisätty todellisuus (AR) on kehittynyt nopeasti viime vuosina erityisesti
kuluttajien näkökulmasta. Laitteet ja ohjelmistot ovat koko ajan halvempia,
parempia ja paremmin saatavilla. Kun tekniikka yleistyy, näemme vaihtoehtoisia
sovellutuksia moniin tällä hetkellä henkilökohtaisissa tietokoneissa ja
älypuhelimissa käytettäviin sovelluksiin. Tämän opinnäytetyön tavoitteena
on tutkia yhden tällaisen sovelluksen sovittamista AR laitteistolle. Tähän
tavoitteeseen pyrimme kehittämällä karttasovelluksen ja tutkimalla sen
käytettävyyttä ja tehokkuutta. Tutkimukseen käytämme yksiä moderneimmista
kuluttajien saatavilla olevista AR-laseista, Microsoft HoloLens 2:sia.

Sovelluksen kehittämiseen päätimme käyttää Unity pelimoottoria, joka toimii
useilla eri käyttöjärjestelmillä. Valinta antaa meille mahdollisuuden kehittää
sovellusta luotettavasti ja nopeasti, sillä Unitylle saatavat kolmannen osapuolen
paketit tarjoavat runsaasti käyttövalmiita resursseja ja koodia. Lisäksi
molemmilla ryhmän jäsenillä oli aikaisempaa kokemusta Unityn käytöstä.
Sovellusta suunnitellessamme tutkimme monia tutkimuspapereita saadaksemme
käsityksen siitä, millainen on hyvä AR-sovellus.

Kun sovellus oli valmis testattavaksi, rekrytoimme perheenjäsenistä
koehenkilöitä, jotka antaisivat palautetta järjestelmän tehokkuudesta ja
käytettävyydestä kokonaisuutena. Koehenkilöt suorittivat tehtäviä sovelluksen
sisällä, mutta heillä oli myös mahdollisuus tutkia sitä haluamallaan tavalla.
Testin jälkeen he täyttivät kyselylomakkeen ja osallistuivat haastatteluun, joita
analysoitiin pidemmälle.

Analysoimalla kyselylomakkeen ja haastatteluvastaukset pystyimme
päättelemään useita asioita. Ensinnäkin järjestelmä ei nykytilassaan tuo
lisäarvoa perinteisiin selain- tai mobiilipohjaisiin karttasovelluksiin. Se on
myös hankala, vaikea käyttää ja epäintuitiivinen. Näistä puutteista huolimatta
koehenkilöt näkivät järjestelmässä tulevaisuuden potentiaalia ja pitivät sitä
hyödyllisenä ja hauskana käyttää. Löydökset viittaavat siihen, että vaikka
sovellusta kehitettäisiin edelleen, kokemus kokonaisuudessaan olisi puutteellinen,
sillä AR-tekniikka ei ole vielä valmis valtavirran käyttöön otettavaksi.

Avainsanat: Virtuaaliympäristö, laajennettu todellisuus
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FOREWORD

This thesis was written as a part of a Bachelor’s degree in Computer Science and
Engineering at the University of Oulu in Finland. The goal of this thesis is to explore
the general usability of an augmented reality map and gauge the user reaction for
this next step in digital mapping and map navigation, gathering the possible pros and
cons along the way. The use of augmented reality is certainly an interesting direction
for maps to evolve towards, especially considering that the world in general is just
taking its first steps into making this futuristic technology available for consumers
and integrating it into everyday life. It was an enlightening opportunity to be able to
explore the many minute elements which constitute the current iteration of this budding
technology. We are thankful for the support and valuable advice from our supervisor
Paula Alavesa and technical instructors Mikko Korkiakoski and Saeid Sheikhin. We
would also like to thank our families for their continuous support, as well as their
contribution to the thesis as test subjects.

Oulu, October 20th, 2022

Topias Nykänen
Jere Leukkunen



LIST OF ABBREVIATIONS AND SYMBOLS

3D Three-dimensional
AR Augmented reality
API Application programming interface
DRAM Dynamic Random-Access Memory
FOV Field of view
GEQ Game Experience Questionnaire
HMD Head-mounted display
HPU Holographic processing unit
HUD Heads-up display
IDE Integrated Development Environment
JSON JavaScript Object Notation
MR Mixed reality
MRTK Mixed Reality Toolkit
QUIS Questionnaire for User Interface Satisfaction
SDK Software development kit
SUS System Usability Scale
SUMI Software Usability Measurement Inventory
TAM Technology Acceptance Model
UI User interface
USE Usefulness, Satisfaction, and Ease of use questionnaire
UEQ User Experience Questionnaire
UEQS UEQ-Short
UWP Universal Windows Platform
VE Virtual Environment
XR Extended reality
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1. INTRODUCTION

Maps have been a staple for wayfinding for humans for the better part of a millennium.
First drawn or printed on paper, maps evolved to fit the requirements of humans, taking
the leap from physical to digital in the 1960s and reaching mass adoption with the
development and deployment of the GPS in the 1990s [1]. Digital maps were, and
still are, the most prominent and widely used method of displaying geographical data,
although physical, printed maps do still exist and are in use to some extent.

This thesis explores the latest innovation and the next evolutionary step in electronic
maps: Three-dimensional (3D) AR maps. The goal of this project is to create a
functioning, comfortable and easy to use 3D map application for the provided head-
mounted display (HMD) and have it accurately represent real-time traffic and weather
events inside it. The software used to create and facilitate this project are Unity [2], a
cross-platform game engine, as well as the provided developer software for Microsoft
HoloLens2 [3].

We aim to utilize the open-source data provided by the city of Oulu [4], Finland.
Data from the website is imported to the 3D map hosted in Unity, where it is
appropriately represented in an easy-to-understand format to the user along with an
appropriate user interface (UI), which the user can then use to make more well-adjusted
routing decisions based on their current location and the surrounding traffic conditions.
For us to display the map of the city of Oulu in Unity, we will be using the Maps SDK
for Unity provided by Microsoft.

The main focus of our thesis is traffic and weather information. Traffic information
will be displayed in different colors, which depict the state of traffic on the roads.
Weather information will be provided by roadside weather stations. Furthermore,
we plan to have footage provided by traffic cameras to give a better picture of
the conditions. Some additional features that may be excluded are roadwork- and
maintenance due to time- and other constraints.

Overall we strove to create a 3D map of the center of the city of Oulu and provide
the user with a representation of different traffic data, both for private and public
transportation and pedestrians, displayed as accurately and efficiently as possible on
an interactive 3D map. By doing this, we believe we can contribute to the relatively
lackluster range of available AR maps, and to provide the citizens of our rapidly
modernizing society with the newest in wayfinding technology.

1.1. Method

We used a constructive method [5] for the thesis, meaning we first developed an
application and then used it to investigate its usability and effectiveness. For evaluating
the application we decided to conduct a user study to get a deeper understanding on the
needs, motivations and behaviours of the possible end users of AR maps. This would,
in turn, help us identify many of the deficiencies and upsides of the application.

For the data to be collected, we chose to use three different questionnaires and an
interview. Alongside the questionnaires, we asked for the developed application’s three
positive and negative aspects. In the interview, we asked basic demographic questions
as well as questions about previous experience and feelings towards AR.
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1.2. Authors Contributions

The work was conducted during the course Applied Computing Project I over the
Spring semester of 2022 as a two-student group. Both authors contributed to the
project equally, although certain sectors were left to the other’s responsibility if they
had more knowledge, skill, or interest in it. In the end, the project in its entirety took
approximately 330 hours to complete.
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2. RELATED WORK

2.1. What Is AR?

AR, as well as other forms of extended reality (XR), are on the rise as consumer-grade
HMDs are becoming more available and affordable for the everyday user.[6] AR is a
method of presenting digital information in the context of the surrounding physical
environment. It can be used to display new elements in the physical world or to
highlight existing ones through different, computer-generated audiovisual stimuli. The
main goal of AR is to deepen its user’s understanding of a given subject by providing a
better, visually tangible representation of sometimes complicated phenomena, as well
as more simple data structures such as maps, graphs, or basic information. Ultimately,
AR is intended to enhance the existing physical world by offering a new dimension of
information-representation in its applied field.

AR is mostly facilitated by mobile devices: smartphones and HMDs.[7] The
embedded camera in these devices allows its user to see the surrounding environment
with superimposed, graphically rendered elements drawn onto the display of the
user. The main complication with this is the fact that mobile devices often lack the
required processing capability to display more complex and advanced elements in the
augmented space. Although this could be expected to improve as both the methods
of facilitating AR as well as the technology surrounding it develops further. Being
dominantly mobile-based provides AR and its applications with a vast audience and,
therefore a vast market.

The field of AR is still relatively young and has yet to see a true, worldwide mass
adoption in peoples’ everyday life. The true possibilities and adaptations of AR are
most likely not yet realized, and while the technology itself is still in its infancy, new
applications are constantly being developed all over the world, both for science and
research as well as entertainment, advertising and military. [8]

In this thesis, we will be exploring the field of AR maps, on the Microsoft HoloLens
2.

2.2. State of the Art in AR

Ever since the first inception of AR HMDs in the late 60s by Ivan Sutherland and
his Sword of Damocles, there have been many entries into the field of AR glasses
and headsets, from the infamous Nintendo Virtual Boy to the more recent 21st-
century entries from Google and Microsoft in Google Glasses and the Microsoft
HoloLens.[9, 10] Over the 60 years of development AR headsets have now evolved
into being more compact and computationally powerful than ever along with the ever-
advancing mobile-computing technology.

Modern society got its first glimpse of big-tech AR with Google’s Google Glass in
2014, which went on to spark innovation across the field of XR. The Google Glass was
later followed by the first commercially successful VR [11] headset, the Oculus Rift in
2016, which reignited the VR boom of the 70s and 90s, giving way to the development
of other mixed reality (MR) devices from brand new start ups and industry veterans
alike. The 2010s also saw the inception of such other devices as MS HoloLens, MS
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HoloLens2 [12], ANTVR MIX [13], CREAL [14], Amazon Echo Frames [15], Dream
Glass 4k [16], Google Glass Enterprise Edition 2 [17] and many more, along with
some major tech companies such as Apple only just now preparing their entry onto the
field of commercialized AR technology.

For the modern consumer, there exists a rather wide range of HMDs, some of
which can even be constructed with the user’s personal smartphone and a disposable
cardboard headset.[18] The hardware and quality of the HMDs range from cutting-
edge and innovative builds from established technological behemoths to much more
simplistic and usually more affordable devices from smaller companies and tech-
startups from all around the world.

Almost all of the modern HMDs function essentially the same way; by displaying an
image of the real world to the user’s eyes with digitally created objects superimposed
into the camera’s view. The creation and maintenance of the superimposed objects are
handled by the device’s processor, which in addition handles all the incoming data from
the different sensors for example, about the device’s position, rotation, acceleration as
well as incoming light and audio. The display, working together with the sensors
and the processor, is further supported by software to create the best possible AR
experience. The glasses are controlled through a human computer interface, which can
be interacted with using sound, buttons, eye tracking, or different gestures depending
on the HMD.[19]

The restrictions in current generations of AR hardware are mostly related to the
small field of view (FOV) of HMDs, as well as the requirement for good reference
points and precise lighting conditions. The reference points are essential for spatial
tracking in order to provide a feeling of AR elements being fixed in the environment.
XR technologies are, however, in such early stages of development that improvements
in these areas could happen in the next generations of hardware. [20]

The HMD we were provided for this project was the HoloLens 2: state-of-the-art
MR smartglasses manufactured by Microsoft, which is one of the leading pieces of
modern AR technology currently on the market [12].

Published in 2019, HoloLens 2 builds on the foundation of the first HoloLens, one of
the pioneering XR HMDs, providing multiple improvements to its predecessor, such
as increased dynamic random-access memory (DRAM) bandwidth and FOV as well as
improved AR element stability. The newer iteration also maintains the same pixels per
degree of sight of 47 with the previous model, even with the doubled FOV of HoloLens
2. The HoloLens 2 also provides significantly shorter hand gesture registration times
in comparison with the first HoloLens. [21]

The HoloLens is comprised of a head-mounted visor paired with two transparent
lenses which are able to project images onto the real world with the assistance
of the holographic processing unit (HPU), which is responsible for processing the
information it receives from the device’s many sensors, including head-tracking
cameras for visible light, infrared as well as depth. With the HoloLens 2 inputs from
the following sensors are also available: accelerometer, gyroscope, and magnetometer.

Upon wearing HoloLens 2 the glasses perform an automatic scan of the positioning
of the user’s eyes, hands and surroundings. The device is operated either by hand
gestures or voice commands, the former of which is made possible by meticulous
tracking of the user’s hands and gaze.
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Figure 1. HoloLens 2 from the right. (c) Jere Leukkunen

The HoloLens 2 also has an emulator [22] provided by Microsoft for developers
as of April 17, 2019, which we used in parallel with the physical device to test our
application.

2.3. Interaction with AR

Handheld controllers are commonly used for XR activities, possibly due to being
established early on, and their availability and reliability being better compared to
alternative systems. The controllers use positional and rotational data to navigate in
VEs. While not every controller has an inertial sensor, every controller has a way of
simulating inertia by other means. Buttons are often used to simulate predetermined
actions, such as finger and hand movements. While data and haptic gloves are also
an option, they are comparatively more expensive and less available for the general
public, meaning they are, in their current state, more for enterprise and research use
[23].

The gesture is a method for people to express their intent with the influence of
consciousness. Gesture interaction is based on the movement of the hand and the
specific meaning of the gesture. According to a study by Karam [24], it was revealed
that out of the compared body parts, hands were the most suitable for HCI purposes.
Respectively, in a research paper by Weissman et al. [25] it was demonstrated that the
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Figure 2. HoloLens 2 from the front left. (c) Jere Leukkunen

chosen combination of data gloves and neural networks had a high rate of recognizing
a set of predetermined gestures.

There are other less common methods of interacting with VEs, such as using the
movement of the head, sight, and gaze, voice [26], and myoelectricity (EMG) sensor
[27]. However, these are not as relevant as handheld controllers with the current level
of technology.

Since we were provided with Microsoft HoloLens 2, our team is proceeding with
Gestures and building the application around their use. While the paper by L. Yang
et al. [27] did contain many insights for using gestures in XR systems, such as object
handling, we are going to consider taking some inspiration from a paper by Newbury
et al. [28], where maps are moved by using gestures that resemble real-world body
movements, like pulling something towards you. Even though not necessarily valid
with all virtual map environments, it serves as a good example and base for more
physical interaction with the map.

In Newbury’s demonstration, using the controller is still technically point-and-click,
and the arm movement dictates the action. Similarly, our method of using controls
makes use of gesturing with hands and arms, this type of interaction can be exhausting
for users, especially during longer sessions.
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2.4. AR Maps

Considered the next step in the evolution of digital maps, AR Maps are slowly finding
their way toward the mainstream. AR navigation solutions are becoming increasingly
common in all facets of modern navigation, ranging from AR car-navigation systems to
pedestrian wayfinding. With actual AR HMDs and smartglasses remaining relatively
expensive to the everyday consumer, most of the existing AR navigation apps are
platformed on smartphones and other mobile devices. Not that this is a bad thing,
since modern smartphones can emulate the capabilities of HMDs quite well in their
current form, especially in contrast to their generous availability to the public.

Aside from a few established industry giants like Google, there are not that
many companies rushing to create maps in AR, and the supply of AR-utilizing
map applications is currently very meager. Given how the software and technology
facilitating it can both be a bit clunky in their current state, this is not a big surprise.
Regardless, the mobile AR market userbase is projected to grow by nearly a billion by
2024[29], which should, in turn, bring lots more attention and interest into the space
of AR navigation and maps.

2.4.1. Benefits of AR Map Visualizations

Building on top of the existing foundation of 2D electronic maps, AR map applications
aims to present the user with several improvements only available through a third-
dimensional representation of the surrounding environment.

Currently, map applications on AR platforms have lots of potential as well as a few
restrictions. The most notable aspect of the potential of AR maps is the fact that they
are able to provide a sense of space, orientation, and navigation that is impossible for
traditional 2D maps to achieve. Secondly, map symbols and highlighting features can
be implemented in a way that does not interfere with the regular viewing of the map.

Modern AR maps allow their user to choose to most efficient routing options, often
providing real-time data to let the user avoid possible traffic jams or accidents. This
simplifies planning, and reactively changing your route based on such events, thus
saving time. With the additional information, the AR app is also able to provide the
user with, AR maps can make it a lot easier to find points of interest that the user
would otherwise have overlooked from his or her surroundings.[30] The usage of AR
maps have also been found to reduce cognitive workload in contrast with a regular
2D map.[31] The same study, conducted by the Faculty of Geographic science at
Beijing Normal university also indicated that users using AR for pathfinding paid more
attention to other pedestrians [31], providing the user with better situational awareness,
thus lowering the risk of collision hazards.

2.4.2. Best Practices in AR Maps

Another topic we wanted to explore was how we would be able to design an AR
map to be more immersive, intuitive as well as user-friendly. We found four design
considerations, as suggested in a paper by Newbury et al. [28], which explores the use
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of embodied interactions in AR maps. Firstly, the paper suggests displaying the map
as a 3D object in order to increase the sense of spatial presence. The second suggestion
is to keep physics consistent, even if they are not necessarily realistic. These design
choices were, however, already part of our design. Therefore they did not affect our
decision-making for the project. The third and fourth presented design considerations
are the ability for the user to use their physical skills to control the map as well as
support for direct manipulation of AR elements. In practice, these considerations
would allow for more engaging interactions by requiring the use of skills such as
grabbing, pulling, and shaking. Implementing these features would allow for a less
complex UI presentation, with the cost of possibly causing more fatigue in the user
compared to more traditional UI controls such as buttons and sliders.[28]

Furthermore, we wanted to research the effects of simulator sickness on users of AR
HMDs, as well as possible design considerations to minimize them. This was due to a
Microsoft article [32] advising to ensure the user of an application was comfortable. A
study by Vovk et al. [33] explored these effects by performing experiments with 142
subjects in aviation, medical, and space industries. The HMD used to conduct these
experiments was the first Microsoft HoloLens. The study found that the HoloLens
only caused negligible symptoms, mostly minimal discomfort due to eyestrain in a
few subjects, whereas most subjects did not experience any symptoms. This result led
us to the conclusion that we would not need to take special precautions to minimize
simulator sickness while using our application.

Another study from 2021 explored the use of AR maps in an urban Finnish city
environment by presenting its subjects with different geographical information through
four different views, including AR. The study in question found that spotting targets
in bird’s eye view were not only the most preferred by the subjects but also the most
efficient in terms of success rate and speed of finding the desired objects. [34] Our
intended approach with our applications was already leaning towards a comprehensive
bird’s eye view and these findings only reaffirmed our choice of viewpoint for our map.
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3. IMPLEMENTATION

3.1. Design

The design process was initiated with a brainstorming session among the group
members. The main issues for us were how we wanted the user to interact with the
map, along with how we would be able to present information in a simple and efficient
way in order to provide a fluent and immersive experience, as recommended by a
Microsoft article about designing MR applications [32]. First, we thought about and
sketched a heads-up display (HUD) based design for both interacting and presenting
information, but quickly moved on to less complex ideas as design considerations in a
paper by Newbury et al. [28] was brought up. The settings menu remained the only UI
element could not reduce to more embodied interactions during our meeting.

While ideating different relevant functions for the AR map, the problem of
overcrowding the user’s FOV with too many elements came up, such as icons and
menu placement. For this, we came up with the solution of having a separate method
for hiding menus with toggle-able functions, possibly activated with a specific gesture,
like swiping with X amount of fingers or so. The initial two designs for interactive
menu panels were: a toggle-able settings panel attached to map, and a tool belt-style
one, revolving around the user in and out of view. The design with the separate settings
panel can be seen in figure 3.

Figure 3. Sketch of the design with detached camera and weather views as well as the
opened settings panel. (c) Jere Leukkunen
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3.1.1. Interaction with the Application

Our design was that the user would be able to control the application with both voice
commands along with hand movements and gestures. We thought this would provide
the user with ease of access to using our application, with the mixing of the two made
possible for maximum accessibility. Naturally, our design would also include push-
buttons or icons from which certain features could be toggled, visible or invisible at
will.

We intended for all elements to have snapping points on each side, allowing the
user to group elements together for easier control of multiple elements at once. The
user would do this by grabbing and dragging the edge of one element on top of an
edge of another element. Ungrouping would be performed by grabbing two elements
and pulling them apart. When the user would no longer need a certain element, they
would grab it and throw it away to discard it. To further illustrate the interactions in
the applications, we created a simple flowchart as seen in figure 4.

Figure 4. User flowchart for the design. (c) Jere Leukkunen
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3.1.2. Example Scenario and Features

One example scenario we thought about with our design was one where the user was
to open the application and go through the main features of the design. The first step
after starting the application is to find an even surface, perhaps on a floor or on a table,
and place the map element there in the wanted orientation. Placing the map element
in the previously mentioned way is a set requirement for our project topic, meaning a
location-based application was not an option for us. After successfully deploying the
map element, the user would then open the settings menu and toggle wanted features
there, which would cause map symbols indicating the toggled features to appear on the
map.

The main intended features discussed were traffic highlighting by color; red being
high traffic and green being low. This was to give the user a comprehensive view of
the overall traffic on their planned route and the state of traffic in the overall area. The
traffic flow feature can be seen in figure 5 as it is implemented in a two-dimensional
browser-based map on the Oulun liikenne website [35]. Another feature we were keen
on implementing was the displaying of weather data at certain points of interest around
the map. In Finland especially, weather can have notable effects on both private and
public transportation, so this information should be highly relevant to the user. In
addition, we planned to have a camera feature that adds road camera objects to the
map that provides one or more camera angles depending on the location. Furthermore,
the weather station objects provide the user with live air and road temperature as well
as rain data.

Figure 5. Screenshot from https://oulunliikenne.fi/ showing traffic
highlighting, roadside cameras and a roadwork. (c) Jere Leukkunen

For this example scenario, the user enables the camera and weather station features.
Now the user can open a small view of a roadside camera and detach it from the map

https://oulunliikenne.fi/
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to get a larger view that can be resized and moved around the virtual environment (VE)
freely. In addition to the camera view, the user opens and detaches a weather station.
Now the user can group the weather station and camera views together in order to keep
them from mixing with other to-be-opened elements.

3.2. Implementation Process

The implementation of our design was begun by setting up the Unity project for which
we decided to use a third-party, free-to-use sample project from the Maps software
development kit (SDK) [36] project. This was because none of us in the group
had previous experience working with the Maps SDK, and the sample project would
provide us with valuable examples of implementation. After making sure the project
worked and built as expected we began the development.

Soon after starting work on the project, we found a feature to display the traffic
information on the map without the use of the application programming interface (API)
we were going to use for this purpose initially [37]. We also decided only to include
weather stations and traffic cameras in the program due to limited time and issues
regarding large objects getting cut out once parts of them were to move outside of the
map boundaries. When we started exploring different interaction options, we came to
the conclusion that instead of hands-on interaction, as explained in our initial design,
we would instead use a pointer and voice commands to interact with AR elements as
that would reduce the range of motion required from the user and further improve ease
of use.

As our project was to rely largely on a third-party API, the first task was to write
a function that would allow us to query the API for the locations of cameras as well
as weather stations. This data would then be used to create interactable map pins in
the corresponding locations. The function used to implement the creation of map pins
for cameras can be seen in figure 6. After this, the next step was to query the wanted
camera or weather station by interacting with its map pin and display the received data
to the user. This would be done by calling a function on interaction with a map pin.
The function would then query the wanted data with an identification number. If the
queried station was to be a weather station, the function would parse the JavaScript
Object Notation (JSON) data [38], get the wanted sensor data, and display it as text on
an AR element. If the queried station was to be a camera, however, the process would
become a little more complicated, as the data would only provide links to images of
camera feeds.
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Figure 6. Function responsible for creating map pins for traffic cameras using the
GraphQL client package [39]. (c) Jere Leukkunen

When handling camera stations, querying the data would function the same way as
with a weather station. After that, however, we would have to call another function that
would download the images as textures, as well as keep track of how many textures
there are for the given camera station in total. As this function is required to be run
as a co-routine, we will also have to call the next function at the end of it. The next
and last function, as shown in figure 7, is responsible for displaying the wanted image
on an AR element. The function finds the first texture and sets it on the wanted AR
element. This function can also be called via AR buttons, which switch between the
given camera views of the station.

During the implementation, we faced a few issues that would take multiple hours
to solve but, in the end, that was only due to our lack of experience working with
Unity and the C# language. Our process for solving the issues was always first to try
and understand the issue and possibly solve it by ourselves with the help of the Unity
debug log. If we did not find any success without external help, we would move to
look into the official Unity documentation for help [40].
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Figure 7. Function responsible for displaying the wanted camera of a given map pin.
(c) Jere Leukkunen

3.2.1. System Architecture

Overall the system we built is comprised of two main elements, which are the map
object, which hosts most of the functionalities of displaying data and serves as the
output for user interactions, and the Mixed Reality Toolkit (MRTK)-component, which
acts as the player/user within the application, facilitating within itself all the necessary
inputs for interacting with the environment.

Map session

The map session component is a script that works closely with the map rendered
component and is used to authenticate the project’s access to Bing Maps service,
which is where the satellite image of the actual geographical map is derived from.
The map sessions also provide a couple of localization options for the developer, such
as automatic detection of the geographical region and language. This component has
to be provided with the Bing Maps developer key in order to gain access to the satellite
image within the Map renderer component. This component is automatically created
upon the addition of the map renderer.

Map renderer

Map renderer is the component that manages the streaming and rendering
of map data from the Bing Maps servers. This component provides the
developer with various options regarding the visible map render, such as
inputtinghttps://www.overleaf.com/project/61e6d5ec9a47f935738957a8 the longitude
and latitude coordinates for the desired location, the level of applied zoom on these
coordinates and setting regarding the Map object’s layout, scale and colliders. In
addition, the map renderer allows the developer to manipulate the rendered map itself,
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giving options on desired terrain type, scale of elevation, shadows, custom terrain
material and even the base color of the map object. Through the Map renderer the
developer also has access to texture tile layers allowing the switching between satellite,
or symbolic imaging of the map area, displaying road names and labels, as well as
enabling additional tile layers to be used, such as the Default Traffic Texture Tile Layer,
used to represent the real-time traffic flow on the surface of the map element that was
used in this project.

Map pin layer

The map pin layer is a component for handling and displaying pins on the map render.
The map pins created by this later can be interacted with by default and have a built-
in zoom-function when interacted with. The map pin layer also supports clustering,
which merges different pins in a certain range into a single pin in order to save
computing power and de-clutter the map interface.

Two individual pin layers were used to represent each of the two different types
of pins used in this project. The location data for the pins of these two layers was
acquired by using our personal Get Data script, and they should pinpoint the locations
of roadside cameras and weather stations, each on their own layer.

Mixed Reality Map Interaction Handler

Provided by the Maps SDK [36], the Mixed Reality Map Interaction Handler is used
to manage interactions with the map render, such as panning and zooming of the map
image on the game object using available inputs from the MRTK player object, namely
via the hand-anchored pointer rays. This object also provides sliders for managing
zoom speed and pan smoothness within the map render.

Map interaction controller

A Map Interaction Controller is created in joint with the Map Interaction Handler. This
component provides a wrapper on top of the map render to help with interactions like
pan, zoom, and rotate, and provides callbacks for events to track when interactions
have begun and ended or when specific events occur, like a double tap, tap, or tap and
hold. These events can be invoked with the Map Interaction Handler.

Near Interaction Grabbable

The Near Interaction Grabbable script enables any object it is attached to be
manipulated by the user’s hands with direct touch, usually in addition to manipulation
by the pointer rays.

Object Manipulator

Script for replacing the previously deprecated component Manipulation Handler,
which functions essentially the same way. MRTK provided both. Allows the user to
grab the physical map object and move, rotate and scale it using the pointer rays with
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both one hand or two hands. Works in joint with the constraint manager to manage the
scaling, rotation, and translation of the attached object.

Get Data and JSON

Get Data is the script that holds most of our custom functionality used in the project.
To work, it requires prefabs for map pins, the layers in which map pins are displayed,
GameObjects on which requested data are displayed, as well as the API reference
provided by the GraphQL client [39].

On program start, the script hides the given GameObjects and calls functions to
query all weather station and camera locations, as well as create map pins of the
received JSON data on the corresponding layers. JSON is a lightweight and simple
data-interchange format that is independent of programming languages. This makes it
easy to write and read for both humans and machines [38]. The basic structure of a
JSON object is illustrated in figure 8.

Figure 8. A graph depicting the structure of a JSON object [38]. (c) Jere Leukkunen

3.2.2. Mixed Reality Toolkit

MRTK is the second major component of the system, acting as the player-object within
the scene. The main function the MRTK provides is the different input profiles for
interaction with a MR environment. Most of these input profiles are fully functional
by default, while some others, like in our case, the speech-input-profile needs to be
specifically configured for it to function in the desired manner.

Speech Input Handler

A speech input handler is a script for managing the voice commands within the MR
environment. Command phrases created in the MRTK speech input profile can be
assigned different functions within this component.



24

Figure 9. A flow-chart depicting the interaction of the core subsystems within the
application. (c) Jere Leukkunen

3.3. User Interface

The main element in our implemented UI is the map itself, as seen in figure 10, which
initially does, and should take up the most space in the user’s starting view within the
application. By default, the map is set up so that the user is able to pan its surface
using the two remote pointers set up for each of the user’s hands, which are the user’s
primary way of interacting with the map and the rest of the UI. The panning of the
map can be performed by pinching one’s hand within the HoloLens’ view, which acts
as a grab on the surface of the map, allowing the user to then drag it to its desired
direction. The same pinching-action is used as a way to interact with the map pins. In
addition, the level of zoom on the map can be altered with voice commands "Zoom In"
and "Zoom Out" for the desired effect
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Figure 10. The default view on app startup. (c) Topias Nykänen

The map object is accompanied by a small, four-button menu at the bottom of the
user’s view, which allows for further manipulation of the map object by providing
toggles for map pins used to indicate both the weather stations and the roadside traffic
cameras. A better view of the menu by itself can be seen in figure 11. The first
two buttons allow the user to switch between desired manipulation modes for the
map object. The first button, "Free Map" changes the interaction between the hand-
anchored pointers in manipulating the map, removing the user’s ability to pan the map,
instead allowing the user to move and transform the map object itself. The available
transformations are provided by the Object Manipulator script from MRTK and so are
the rotation, scaling, and 3D movement of the map object. By default, the menu should
follow the movements of the user’s head, and always be positioned approximately at
the bottom of the user’s view independent of where the HoloLens itself is positioned.
However, this function can also be toggled, and the menu dragged wherever the user
desires and left there, for example in the case it hinders the interactions with the
map object. This menu is primarily interacted with touch and not the hand-anchored
pointers used to interact with the map.



26

Figure 11. The floating menu. (c) Topias Nykänen

The other two major elements in the UI are the display for the active weather data
from the Oulunliikenne-website [35], and the display for viewing the various roadside
traffic-images also acquired form the Oulunliikenne-website. Initially, both of these
UI elements are invisible to the user as to de-clutter the semi-limited field-of-view of
the HoloLens. The weather and traffic-image display are toggled and made visible to
the user when they interact with one of the corresponding map pins. The map pin is
highlighted for interaction once the user points one of their hand-pointers onto it, which
should transform the pin orange. The map pin can be interacted with by pinching, as
seen in figure 12. Upon releasing the pinch, the corresponding UI element should pop
into the user’s view slightly behind and over the map, depending on whether the pin
was for a roadside weather station or a camera. Either set of map pins can be toggled
in and out of view by using buttons three and four on the menu.
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Figure 12. Simulated interaction with a map pin. (c) Topias Nykänen

Both of these elements can be manipulated by the pointers, and the user is able to
move, rotate and scale them however they desire. The roadside camera provides the
user with four to two different images of its location. These images can be flipped
through using the buttons attached to the object with the pointers and the pinching
maneuver. The weather station, in turn, will provide the user with the real-time
values of current air temperature, road temperature, air moisture and average wind
at the location, all displayed on a floating object behind the map. The traffic-image-
viewer and the weather-data display can be toggled out of view using corresponding
voice commands of "Disable Weather Display" and "Disable Traffic Display". The
two objects will reappear as soon as the user performs another interaction with a
weather-station-pin or roadside-camera-pin, and they can be disabled again with the
aforementioned voice commands.

The MRTK also provides the user with a performance profiler, displaying the current
latency and strain on the device’s CPU. This element is not an integral part of the UI
and can be disabled with the voice command "Toggle profiler".

3.4. Third-Party Materials

For our development platform, we were advised to use Unity. This was not only for
its ease of use but also because all of us would have some experience working with
it by the time the implementation stage began. As for our Unity version, we chose to
use 2019.4.32f1, as that was the long-term support version used to create the sample
project used as a starting point in our project.

In addition to the Unity engine and its built in packages, two projects by Microsoft
were used in our implementation. These projects were the Maps SDK [36] and MRTK
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[41]. Another essential third-party package was the graphQL-client-unity by GitHub
user gazuntype [39]. As for the API used to get most of the real-time data, we chose
to use the Oulun liikenne GraphQL API, as we were advised to focus on the Oulu area
when creating the application, and it was able to provide a lot of different data that
we could consider implementing in our project. GraphQL is a fast and stable query
language that allows clients to ask and receive the exact data they need [42].

For the deployment and testing of the project on the HoloLens device, we
used Microsoft’s Visual Studio Integrated Development Environment (IDE) as it
is necessary for developing .NET applications on the Universal Windows Platform
(UWP). As recommended, we used the 2019 version (16.11.11) of the software for our
project. Additional installations or "workloads" required for deployment on VS: UWP
development, .NET Framework 4.8 SDK, MSVC v142 - VS 2019 C++ ARM64 build
tools, C++ UWP support for v142 build tools.

MRTK is an essential tool for developing for the HoloLens but also required by
the Maps SDK to function, which was the base of our entire project. MRTK was
used extensively in the project. Examples of usage include all manipulation of AR
elements, menus with ready-to-use buttons as well as utility tools for building the
project. As Unity did not allow us to query the Oulun liikenne API [37] out of the box,
we decided to use a community-made package that would enable us to create GraphQL
[42] queries inside the Unity Editor, using a simple interface as seen in figure 13.

Figure 13. Screenshot of the graphQL client [39] interface in Unity, including three of
the used queries. (c) Jere Leukkunen
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4. EXPERIMENTS

4.1. Preliminary Evaluation Plan

4.1.1. Test Types and Objectives

Upon the initial discussion about the evaluation of our map-application, we figured it
would be best to conduct the evaluation as a user study [43], due to the user-oriented
nature of our project. The map is ultimately designed as a prototype of a possible
commercial product; thus it only made sense that it should be evaluated as such, using
feedback and data from actual end-users. The choice was also made easier by the
process of elimination since, upon consulting with our supervisor we also learned that
performing a purely technical evaluation might turn out to be too far out of the range
of our skills, and there might be a lack of suitable hardware to do so. In addition, given
the relative scarcity of available HoloLens 2 devices in customer circulation, complete
remote evaluation might prove to be too difficult, although adding some elements of
this to the user study was discussed within the group.

4.1.2. Test Procedure

Naturally, we then continued to discuss the possible methods and limitations for
this kind of evaluation style, the most notable of the limitations shaping up to be
the ongoing COVID-19 pandemic. The effect this situation has would probably
manifest itself in the possibly limited pool of test subjects we are able to conduct
our experiments with. Having to conduct such a within-subjects experiment should
also lower the chance of acquiring statistically significant results. In all likelihood, this
should force us to primarily favor subjects from our immediate or extended families
as well as any available friends and associates who agree to act as such. However,
if we decided to conduct this as a fully open face-to-face testing, possibly within
the university grounds, this would, in turn, mean us having to take special safety
precautions during the testing in order to avoid infection among the test subjects
and personnel. If taken, these safety precautions might, in turn, hinder the authentic
user experience of the hardware our app is on. On the other hand, the same issue
might also arise when using familiar test subjects since the testing situation would be
more relaxed and uncontrolled, thus meaning we would have to be careful with the
evaluation protocol and setting so as not to influence the testing with our personal
biases.

A possible solution discussed for the low pool of potential subjects was to reach
out to enthusiasts of this particular Hardware through social media sites to perhaps
garner more user reactions and data for better evaluation. This kind of approach would
mitigate the risk of a COVID infection and also possibly provide us with a larger set
of more diverse data from an acknowledgeable focus group. These testers would be
subjected to the same tasks and provided with the same questionnaires as the people
we would test face-to-face.
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4.1.3. Data Collection

As for the evaluation itself, we discussed a range of different task the test subjects could
perform to give us feedback and help us evaluate our system. The tasks would work
in joint with a provided questionnaire about the user experience, crafted according to
required academic standards.

For tasks, the test subjects could perform, we have two options at the time of writing.
The first option would be to let the subjects explore all of the map’s features by
themselves and give feedback on each feature. The other option would be to divide
the test subjects into two groups, both of which would be given a task to find specific
weather stations, cameras and traffic information, but instead of everyone using the AR
map, the other group would perform the task in a traditional online browser map. This
way we could compare the usability of the two map types by timing the subjects.

4.2. Experiment Setup

4.2.1. Test Types and Objectives

The test we conducted with our application was mainly task-based usability evaluation,
as that was what we wanted to determine with this project in the first place, the usability
of AR maps.

4.2.2. Test Procedure

For this test, we decided it would be best to recruit testers from friends and family to
reduce the risk of harmful infection in light of the ongoing global pandemic. This fact
would have to be taken into account when reviewing the final results, as the pool of
subjects would naturally wind up much more limited.

Once the testers had been recruited, each was provided with a set of instructions on
how the test would be conducted and what was expected from them as testers. At this
point the testers were also provided with, and asked to sign, a document disclosing
what their rights were regarding the examination taking place, what data was collected
of them, for what purpose, and how and by whom the information would be handled.
The consent form for the test was based on a draft by Mikko Korkiakoski a doctoral
researcher at the University of Oulu, Finland. The form was adapted by us. The
subjects were asked to read both documents carefully before the test continued.

All subjects were tested individually in the presence of an examiner, and they were
provided with the instructions document during the entirety of the test. The subjects
were then asked to, in order, complete a set of tasks on the application, running on
the provided hardware, to the best of their ability. In our case, these tasks included
navigating to a certain location on the map, observing traffic flow at given locations,
and observing the weather conditions and traffic camera feed at two to three locations.
These tasks would integrate the subject using both touch interactions as well as voice
commands for navigating the app. During the test, the think aloud protocol [44] was
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in use, in other words, the subjects were encouraged to share any positive or negative
feelings about using the app.

Once the subject had completed all the given tasks, we would move on to the
questionnaire, comprised of roughly fifty questions regarding the overall usability of
the application. The questionnaire was divided into three parts according to the three
academic questionnaires used.

After the questionnaire had been completed, the subject would be asked a series of
demographic questions in the shape of a free-form interview, which was recorded and
transcribed.

4.2.3. Test Environment

The test was conducted in an open area in a mixed reality environment using elements
both from the application as well as the real world. The hardware used for testing was
the HoloLens 2.

4.2.4. Participants

For our test subjects, we used the group members’ families and friends. The final
number of test participants ended up being eight. The ages of participants ranged from
18 to 55, which we believe could also be close to the age range of the target audience
for a similar map application. Four of the participants were students, whereas the other
four were in working life. The gender split of the participants was 37,5% to 62,5%,
female to male.

Around 38% of our subjects had previous experience using AR, although their
experience was mostly based on AR on smartphones. Age-wise, there was a clear
split between users who had previous experience with AR and those that had tried it
all, landing to the younger end of the age-spectrum of the subject pool. Most of the
subjects had a positive view of AR as a technology and believed that there is future
potential for applications in that environment.

Regarding the map-navigation habits of the subjects, around 90% of the respondents
usually used a digital map on their smartphone. This also had a small split between
age groups, with almost all of those opting for digital map use on PC above mobile
leaning towards the elder side of the age spectrum. It should be noted that all of those
mentioning the use of a PC in their map-navigation habits were male.

4.2.5. Data Collection

After designing the initial test procedure, we moved on to designing a suitable
questionnaire that would be filled out by the test subjects after they were done with
the tasks inside the application. At the beginning of the evaluation stage we were
recommended to inspect the Game Experience Questionnaire (GEQ) [45] and think
about using it to evaluate our application. We were also encouraged to look further
into other academic questionnaires ourselves.
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In the end, we settled on a combination three questionnaires: System Usability
Scale (SUS) [46], Usefulness, Satisfaction, and Ease of use questionnaire (USE)
[47] and User Experience Questionnaire (UEQ) [48], all of which had academically
proven usage in the testing of AR applications [49]. At this point, we also decided
to abandon the suggested usage of the GEQ. This was due to the realization that it
had multiple similar questions to our other chosen questionnaires, and some others
did not apply to our system. These questions related to the story of a game, among
other unrelated topics. Some other questionnaires explored were Software Usability
Measurement Inventory (SUMI) [50], Questionnaire for User Interface Satisfaction
(QUIS) [51], and Technology Acceptance Model (TAM) [52]. However, these were
cut either due to overlapping questions or us not wanting to over-inflate the size of the
full questionnaire.

System Usability Scale

The SUS [46] is a quick, ten-item questionnaire with five response options for
respondents on a Likert scale from "Strongly agree" to "Strongly disagree". It
is commonly referred to as the most widely used, standardized questionnaire for
assessing perceived usability. Notable pros for this questionnaire are how little time it
takes to complete (5-7 minutes), its easy scalability and perhaps the most important for
our case: it can be used with small sample sizes with reliable results.

The SUS will have each respondent grade a question on a scale from one to five
and the final score will be calculated by: Subtracting 1 from the score for each odd-
numbered question, subtracting the answer value from 5 for each even-numbered
question, adding all these new values together and multiplying by 2.5, resulting in
a score of 0-100. A score above 68 would be considered above average, and anything
below it below average [53]. It should be noted that the score does not represent a
percentage value.

Usefulness, Satisfaction, and Ease of use

The USE questionnaire, designed by Arnie Lund, is comprised of 30 questions, each
divided into one of four subsections of Usefulness, Ease of use, Ease of learning, and
Satisfaction. Each item is measured on a scale from 7 to 1, from "Strongly agree"
to "Strongly disagree". The higher the score, the better. In addition to the questions,
the respondents were prompted to list three of the most positive and negative aspects
of the system. We opted for the usage of USE due to its comprehensive set of easy-
to-analyze questions that would complement the other two shorter questionnaires we
chose for this experiment. The USE has also been applied to smaller sample sizes [54].

User Experience Questionnaire

The last questionnaire we chose to use for evaluation was the short version of UEQ
(UEQS) [48] [55]. The UEQ consists of 26 items, a pair of opposites (annoying-
enjoyable, creative-dull, etc.), each measured on a scale of 1 to 7 according to the
respondents’ experiences. The use of the UEQ would provide us with some basic user
characterizations of our system. The subjects are encouraged to be spontaneous with
their answers.
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Even though the original UEQ is relatively fast to complete, we decided to go with
the short-form version. The main reason for us opting for the short-form version was to
not make the questionnaire overly cumbersome for our respondents as well as to avoid
unnecessary overlap with our other two questionnaires. The UEQS cuts the questions
down to a core eight, removing multiple items we felt were obsolete for the evaluation
of our system. Although using the UEQS over the full UEQ is usually advised against
due to the loss of detailed information in doing so [55], we felt comfortable opting for
the UEQS in the light of our evaluation combining multiple questionnaires that would
complement the results of the UEQS.

Interview

In addition to the questionnaires, all subjects participated in a semi-structured interview
to further gauge their experiences with the app, as well as their general experience with
AR, Map-applications and what could have been done to make the experience better.
These interviews were recorded and transcribed. The participants’ thoughts on the
application were also gathered if they were to share them during the testing. This was
to prevent the participants from forgetting small details that could prove valuable to us
when thinking about the future of the project.
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5. RESULTS

5.1. Questionnaires

5.1.1. SUS-Score

With the pool of eight subjects our application received an average SUS-score
(calculated as per explained above) of 53.57. The minimum score received was 17,5
and the maximum score received 70. It should be noted that only a single entry
surpassed the desirable average of 68. The lowest score of 17,5 could be considered a
statistical outlier due to how much it differed from the average score. A few notable
positives from the SUS questions were the subjects’ trust in their ability to use the
system without the support of a technical person, as well as most of them feeling that
they did not need to learn a lot of things before using the application.

5.1.2. USE-Scores

With the Ease of Use section of the questionnaire we did see some better results with
our application averaging a score of 3,75. The highest average score from a singular
user was 5,91, while the lowest one was 1,91. This lowest average was from the user
with the minimum SUS-score as well.

The questions regarding Ease of Learning in the questionnaire earned our system its
best score yet with an average of 4,72, with over 70% of our testers grading the average
Ease of Learning above 4 out of possible 7.

And finally, the system satisfaction for our application scored an average of 3,79,
which was the second-highest average out of all the sections of the USE questionnaire.
The averages of every question in the SUS and USE questionnaires are illustrated in
table 1 in the appendix.

5.1.3. UEQS

The results of the UEQS very much coincide with the results of the other two
questionnaires regarding to the usefulness and practicality of the application. For the
first four items of the short-version questionnaire, measuring the pragmatic quality of
the studied system, we scored a mean of 0,3, the highest mean for a single item within
these four being 0,6 for the item complicated/easy, the lowest being shared by the
items inefficient/efficient and confusing/clear at 0,1. The highest variance of 1,6 and
standard deviation of 1,2 were observed on item three, inefficient/efficient. The overall
score for the pragmatic quality was 0,313 on a scale of -3 to 3.

For hedonic quality, the system scored notably better. An average score of 1,38 was
observed for the four items measuring how pleasant and easy the system was to use.
Of these items the highest mean was achieved by the item not-interesting/interesting at
1,8. The highest variance and standard deviation of all eight items of the questionnaire
were subject to item five regarding if the application was boring or exciting, with a
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variance of 2,8 and a standard deviation of 1,7. The overall hedonic quality of the
system was 1,344 which is considered a good score.

On a scale from -3 (horribly bad) to +3(extremely good) the application scored 0.828
which is just barely above the line for the evaluation to be considered positive in overall
nature, which was 0.8.

5.2. Interviews and Other Observations

In addition to the questionnaires, we also gathered data from our testers in the form of
an interview, with the intention of gauging their experience and familiarity with AR
technology in general as well as their habits regarding the usage of maps in their lives.
On average, the interviews lasted around four and a half minutes, resulting in about
36 minutes in total. The resulting transcripts from the interviews are, on average, 300
words long and 2400 words in total.

According to the interview data, most subjects would not choose to use the
application over their current, preferred form of map navigation, but some expressed
genuine interest in possibly doing so, especially when and if the technology advances
and hardware becomes more available to the point they thought might make it feasible.
The reasons given for this were the unavailability and high cost of the hardware, the
hurdle of having to learn to use new technology, the ease of use, time-efficiency, and
portability of current technology i.e. smartphones and the AR experience not providing
any real value to the navigation among others. However, about half of the subjects
thought they might be more inclined to use an AR map if it was facilitated on a device
other than a headset. About half of the subjects also thought that they might prefer to
use an app like this out-of-town or perhaps even abroad.

Notable grievances with the system brought up by the testers were the small FOV of
the HMD, somewhat unintuitive controls, the hardware’s built-in gestures and voice
commands interfering with the experience, the active traffic data overlay blocking
street-names, and toggleable menu buttons not showing active toggle state, among
others.



36

6. DISCUSSION

The overall analysis of the acquired questionnaire data was quite easy, given the
straightforward nature of the questions and their grading, as well as the possible
formulas and tools provided for analyzing the score of the questionnaire. Generally, a
higher score on any given question would indicate a positive experience and a lower
score a negative one. And as for the interview data, we applied thematic analysis [56]

6.1. Questionnaire Data

In regards to the SUS questionnaire the system performed quite poorly with an average
score of 53.57. It was more or less expected that the system, given the technological
niche we were developing our application for, would receive a score below the desired
value of 68. It would have been unrealistic to expect our subjects, a great deal of
whom have never had any experience with AR, to rank the usability of an application,
created with limited manpower and resources, higher than the statistical average. Not
to mention that the application also suffered from the limitations of current technology
and therefore hindered the use of the end product.

It should be noted that both the minimum (17,5) and maximum (70) SUS-scores
were from female testers.

In contrast to how usable the system was, the USE questionnaire, in turn, provided
us with a better angle on what it was like to use the application. Regarding
the application’s usefulness, the application averaged 3,08 out of 7 from the USE
questionnaire. This relatively low score suggests that most of our subjects did not find
the system particularly useful based on the given questions, reinforcing the findings
of the SUS questionnaire. But in contrast with the SUS, this questionnaire helped us
develop a better understanding of the more hedonistic aspects of using the system.
Whilst not by any means stellar, the respective averages of the system’s ease of
use (3,75), ease of learning (4,72), and satisfaction (3,79) we can see that using the
application was thought of as a generally fun and interesting experience, even with its
lack of usability.

The results of the UEQ only act to enforce the findings already made with the two
preceding questionnaires. For pragmatic quality the score was just slightly above the
average score of 0 at 0,313, which does slightly contradict the findings of the SUS,
according to which the usability would have been almost extremely poor. And while
the results of the UEQ are certainly not stellar, they give us a more balanced look at
the pragmatic qualities of the system from a slightly different angle. And just like we
concluded from the results of the USE, the UEQ also shows us that from a hedonistic
standpoint, the system was at the very least commendable with a score of 1,34 on a
scale of -3 to 3 in hedonic quality.

Of the three questionnaires used to evaluate the system’s usefulness and usability,
only one provided us with below average results: The SUS. The score our system
received was 53.57, which is quite terrible, considering that the average SUS-score is
supposed to be 68. The lowest mean score out of this set of questions is about whether
using the systems saves the user time. This most likely occurs due to the fact that
the hardware’s controls can appear unpolished and imprecise compared to those of a
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traditional digital map, especially to a user with no prior experience with AR systems.
We also know that prior experience influences the SUS-score positively [57] and our
participants had no prior experience with HoloLens 2.

However, considering that the USE and UEQS did grade the system just slightly
above average when it comes to the general usability of the application, the
compatibility of the SUS questionnaire with this particular system can be placed under
some amount of scrutiny since the results provided were considerably worse. It felt
like the SUS had a considerably higher standard for what was seen as an average
for a system’s usability. Although, the same could naturally be said for the other
questionnaires as well since they are created as universal measuring tools of their
respective mediums and are not tailored to this particular project. For example, we felt
that some questions in the USE were fairly abstract and did not meaningfully correlate
to the system or its use, hence perhaps skewing the results in one direction or the other.

Overall we felt that the questionnaire results coincided quite well with our initial
expectations for the system. The combined questionnaire datasets paint us a decent
picture of a system with perhaps a slightly subpar usability, but one that is definitely
pleasant to use. The perceived usefulness of the application was around average, if
not slightly below, considering the result of the SUS. The undeniable efficiency of
traditional digital maps and their highly perfected user experience sets the bar quite
high for any competing map system for the time it takes to navigate the service, which
is something the current iteration of AR falls behind in. Seeing how the introduction of
AR into this medium of navigation does not actually provide the user with any tangible
benefits or added value in comparison with traditional maps, it is easy to deduce the
usability would score quite low, especially with the caveat that the hardware as still
very much work-in-progress at this stage of the technology.

6.2. Interview Findings

To analyze the interview data we chose to use thematic analysis, which is a commonly
used and highly flexible method for qualitative analysis used in psychology and
beyond. In research, it is used to identify, analyze and report patterns appearing in the
examined data [56]. Given the narrow pool of subjects and relatively concise interview
data, we did not see the need for agreement testing. Therefore the bigger themes
depicted in a mindman seen in figure 14 were not inherently difficult to develop.

The interview data we gathered was quite straightforward and enforced the findings
of the questionnaires. All of the test subjects had little to no experience at all with AR
technology. Most of the subjects who did have experience with AR had gained it from
the AR mobile game Pokémon GO, which was initially released in 2016 [58]. A game
like this however does not have any skills that could transfer over to an application
similar to what we developed.

Due to the lack of experience with AR, we expected possible issues while using the
system, yet some of the subjects managed to pick up on it relatively fast. The plausible
learning difficulties might have given the users a worse experience than what a more
experienced user might have had, which could have affected the questionnaire results
in a negative way. On the other hand, using the system for the first time may also have
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affected the test in a positive way, as it could have been a completely new and exciting
experience, which in turn, might have increased the enjoyability of the experience.

Figure 14. A diagram illustrating the different themes in the interview data. (c) Jere
Leukkunen, Topias Nykänen

6.2.1. General Experience and Perception of AR

One of the first major themes to emerge from the interview transcripts was the subjects’
lack of experience with AR and its usage. Nearly half had never tried it, while those
who had, were recorded as having incredibly moderate experience with the technology.
And while this does not come off as a big surprise, given the current state of both
the commercial software and hardware available in this medium, it provides valuable
context for both the rest of the interview-data, as well as the questionnaire-data parallel
to it. Whereas it would be quite easy to interpret this as a blatant negative to the user
experience of the provided application, the lacking background with AR could also
serve as a positive, giving the subjects a sense of wonder and intrigue when they were
allowed to test the technology. The users might also be able to recognize flaws in the
system easier, as they are not accustomed to the use of AR, and therefore become used
to them.

Another theme which was developed closely, with the AR-background of the testers,
was how they perceived the technology as individuals. The general consensus amongst
the subjects seemed to be that, whilst the medium was thought to have definite future
potential and was perceived as rather interesting, in its current iteration it was still too
impractical. The overall perception could be characterized as mostly positive, with
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the testers having quite realistic expectations as well as a good understanding on the
possible limitations present in the current iteration of the technology. "Interesting
technology that definitely has potential once the usability gets better." - Quote from
a tester.

6.2.2. Experience with the Tested System

The next themes we were naturally set out to develop from the interview data were
the users’ experiences with the system, both the good and the bad ones. From the
questionnaires we already had a rough idea on how the testers felt, but the interviews
really allowed us to dig in to what were the clear positives and negatives of the system.

The theme of the system’s positives ties in very well with the first two themes
discussed since it reinforced the initial reactions and possible reception of the system
within the pool of users. Despite the apparent flaws present within the system, using
it was generally found quite fun and the application useful for its purposes of route-
planning and urban navigation within both local and foreign environment. Most of the
testers also believed in the future potential of the technology. The additional features
of active traffic cameras and weather displays also garnered praise and was though as
useful features for not only this particular app, but also as something the testers would
have liked to see in other digital maps. "I think they were quite cool. Would be good
to have in all map-applications on the market." - Quote from a tester regarding their
opinion on aforementioned features.

For the last overarching theme within our interview-data we developed the set of
issues the users most commonly found with either the system itself or using it, the free
comments asked at the end of the interview providing us some good and concise points
of improvement. What we could already interpret from the sub-mediocre SUS-rating
the questionnaires provided for us, it came as no surprise that the majority of testers
thought the system had poor usability. This further extended to both the hardware
itself as well as the application running on it, some negatives mentioned regarding the
device were that it was big, clunky and heated up during use, whilst the application
mainly caught critique for its unintuitive controls. Some users also faced issues with
the HoloLens picking up probably hand gestures or voice commands during the test,
that interrupted the use of the application. With these issues in mind, most if not all
testers went on record saying they would rather use a similar application on another
device, for example smartphone, stating that in comparison, this particular system was
more difficult and slower to use. Another kind of critique a fair deal of subjects brought
up was that in its current form, the system provides no additional value to other maps
on digital platforms. Small tweaks and fixes to the overall UI were also brought up
by most testers. "The hardware is expensive and impractical compared to its modern
applications. Although this might admittedly only be a question of learning, since I
am more used to using those ones." - Quote from a tester regarding their opinion on
whether they would use this system over a similar one on a smartphone.
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6.3. Project Overview and Initial Objectives

Initially we set out to create an application used for navigation within urban city-
environment and test its effectiveness and usability in wayfinding and everyday
navigation, contrasting the findings to more traditional forms of map navigation and
their efficiency.

6.3.1. Simplification of the Original Design

For the original design, we had quite a good vision of the layout and UI of
the application. As the implementation stage progressed, we had to cut some
improvements due to time constraints. Some of these improvements include better-
looking panels and buttons for the menu as well as camera and weather data. In
addition, in the original design, we wanted to have different 3D models for the camera
and weather map pins, and the ability to link the various panels to the map object.
In practice, the linking of panels to the map object would have enabled the user to
move all AR elements at once by only moving the map element. If we were to have
implemented these design ideas in the final version of the application, we believe it
would have impacted the test results positively.

6.3.2. Change in Evaluation Procedure

The original plan for the evaluation of the application was to divide the test participants
into two groups, one of which would first test the AR map and then move to perform
the same tasks on a more traditional browser-based map. The other group would in turn
first test the browser-based map and then move onto the AR map. The plan involved
timing the tasks on both platforms and comparing the completion times to each other.
The data would have been analyzed using the Kruskal Wallis [59] and Mann Whitney
U methods [60] in order to discover possible disparities between the groups. This
would have given a rough estimate of the effectiveness of both platforms.

Us failing to implement the subtask timing successfully we originally planned to
use as a parameter for our evaluation would also mean that all of the data we collected
were to only be that of the qualitative kind. However, that was to be our main focus
from the get-go. While testing however, we realized that not timing the tasks might
only be a good thing. This was because if we did time the tasks and wanted to use
the times to compare two different platforms for maps, we would have to keep the
test subjects from wandering away from the given tasks. This would then damage the
authentic explorative nature of the application and possibly prevent the subjects from
trying different things.

6.3.3. Limitations

The main issue with the reliability of the experiment’s results is the limited number
of test subjects, as we chose to conduct this test with friends and family due to the



41

ongoing COVID-19 situation. The final number of testers was therefore very low with
only eight people. We had hoped to have a few more, but at the time, these potential
participants were unfortunately unable to accommodate the testing into their schedule.
This made it so that the final sample of data wound up a little small, which had to be
taken to account analyzing the results.

Another element we feared would create bias in our experiment was the participant’s
close relationship with the developers and examiners of system and its use. This would
most likely cause them to be a bit more forgiving in their evaluation of the system.
On the other hand, this element might affect the results of the free-form interview
positively, seeing as the subject would be more relaxed in the presence of an examiner
and therefore be more honest with their feedback of the system.

Given the inexperience of the authors regarding AR and the adjacent technology,
as well as the short period of time the app was conceived, it was rather easy for us to
expect subpar results when it came to the system’s usability and usefulness. That is not
to say that there were not any pleasant surprises to be had when it came to the overall
user experience of the application.

6.4. Comparing Our Findings to the Extant Knowledge

One of the top priorities for us was to have the AR elements as 3D objects to improve
the sense of spatial presence within the application as suggested in the paper by
Newbury [28]. We followed this principle with everything but the small menu seen in
figure 11. The lack of a 3D object for the menu was noticed by one of our test subjects,
as they lost it in the VE due to the panel being at an angle which made it almost
invisible. The paper also advised on using direct manipulation of AR elements as well
as the ability to use physical skills to manipulate the elements. The Unity packages we
used already took advantage of both of these design considerations. Despite this, we
chose to use pointer based interaction instead, as it allowed the user to interact with the
map element from further away to reduce the amount of reaching required to interact
with it.

6.5. Future Work

As the results suggest, there is still plenty of work to be done in order for the application
to be worth using in everyday life. The most notable of these improvements is the UI.
In addition to polishing and making the changes suggested by our test subjects, the
problem of overlapping map pins needs to be fixed. In addition, HoloLens interrupting
the use of the application needs to be looked at if possible. This, however, may not be
up to the developers to fix. And last is the hardware itself, which needs time in order
to become more practical. The impracticality, in its current state, derives mainly from
its size, weight, and portability.
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7. SUMMARY

This project was carried out to gauge the usefulness and effectiveness of a map
application on a head-mounted AR headsets using the Microsoft HoloLens 2 as the
development platform. We succeeded in developing a simple tabletop map application
that housed three features: live traffic fluency and weather data, as well as traffic
cameras. The traffic fluency data was displayed by coloring the roads, whereas
the weather information and camera images were displayed in separate panels that
could be opened by interacting with various map pins all over Oulu. After the
implementation, we recruited test subjects from family members to test it and give
feedback on the usability and effectiveness of the application.

From analyzing the feedback, we could conclude that while the system was found
to be useful and fun, it was not practical and did not provide additional value in
comparison to alternative map applications. The system being impractical was mostly
due to issues with the application itself, but also because of problems with the
HoloLens 2 itself. For this reason, we believe that while AR is starting to become
more available, it still needs time to iron out some of the larger issues in order to
become mainstream.

Due to time constraints, we had to cut some of the UI features and focus more
on the features over visuals, which definitely hindered the user experience in some
amount. Additionally, our original plan was to evaluate the effectiveness of the
application against a traditional browser-based map by timing various tasks. This plan
was replaced by a more free-form testing scenario as we failed to implement subtask
timing, but also because we wanted to give the test subjects the opportunity to explore
the application however much they liked.

The results we gathered indicated that AR technology still has a long way to go until
it is ready for mainstream adaptation. Our application definitely needs a UI overhaul
and additional features, but the HoloLens also needs a more fluid user experience.
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Table 1. Average answers to questions on the USE and SUS questionnaires
Question USE1 SUS2

1 3,125 1,375
2 2,75 2,125
3 4,125 2
4 2,375 1,5
5 2,625 2,875
6 2 1,375
7 2,875 1,625
8 4,75 2,125
9 3,5 1,625

10 3,75 1,5
11 3,625
12 3
13 3,875
14 2,75
15 4
16 4,25
17 3,75
18 4
19 4,75
20 4,5
21 6,25
22 4,5
23 3,625
24 4
25 3,625
26 5,125
27 3,875
28 3,875
29 2,375
30 3,625

1) Answers ranging from 1 to 7.
2) Answers ranging from 0 to 4.
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