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Abstract

Augmented reality (AR) gaming, where the real world is overlaid with
objects or information to create new gaming experiences, is one of the
latest trending technologies. This is due to increases in development
tools, mobile device availability and mobile device performance. This
thesis compared an existing augmented reality treasure hunt game, based
on image tracking, with a prototype based on simultaneous localiza-
tion and mapping (SLAM) to find differences and improvements in this
genre. It was found that the SLAM based prototype that drew treasure
hunt hints into the world using AR was significantly more fun to use
and also more challenging than the game based on image tracking. This
could be used to create AR games for broader demographics as well as
make existing experiences more immersive and engaging. More studies
could be conducted in this area. Both to find more differences between
the technologies in different circumstances and also to investigate other
AR navigation systems.

Användning av SLAM-baserad teknik för att förbättra
navigationen i Augmented Reality-spel

Sammanfattning

Augmented Reality-spel (AR-spel), där den verkliga världen supple-
menteras med object eller information för att skapa helt nya spelup-
plevelser, är en av de nyaste speltrenderna. Detta har gjorts möjligt tack
vare en ökning av antalet tillgängliga utvecklingsverktyg, tillgänglig-
heten hos mobila enheter och de mobila enheternas prestanda. Detta
examensarbete har jämfört ett existerande AR-skattjaktsspel, baserat på
bildigenkänning, med en prototyp som utvecklats baserat på SLAM (si-
multaneous localization and mapping). Detta gjordes för att identifiera
skillnader och förbättringsmöjligheter inom området. I en användarstu-
die visades det på en signifikant skillnad i hur roliga dessa två spel var att
spela. Spelet som använde SLAM för att rita ut ledtrådar i AR-miljön
som hjälpte spelaren hitta var signifikant roligare och mer utmanande
än spelet baserat på bildigenkänning. Resultatet skulle kunna användas
för att skapa AR-spel för nya målgrupper samt göra existerande spelup-
plevelser mer underhållande och engagerande. Fler studier på detta
område bör genomföras. Både för att finna fler skillnader mellan tekno-
logierna, men också för att undersöka andra navigationssystem.
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4.2.1 TiHi på skattjakt 22

4.2.2 ARCore prototype 22



5 Discussion 23

5.1 Prototype 23

5.2 Study methodology 24

5.3 SLAM 24

6 Future work 25

6.1 Studies 25
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1 Introduction

Augmented reality (AR) is a rapidly growing technology, the potential of which is beginning
to be explored [12]. In an augmented reality application a layer with objects or information
is displayed on top of the real world. This layer can also potentially be interacted with to
further enhance the user’s experience of reality. One of the bigger challenges when devel-
oping AR applications is how to make the application location aware with enough precision
in different environments. A possible solution to this problem is to use Simultaneous Lo-
calization And Mapping (SLAM). SLAM refers to when a moving camera or robot is using
its sensory data to simultaneously construct a representation of the area it is in and position
itself in that representation. This could then be used to create a better experience for the
end-user by making a more streamlined experience with less mundane actions for the user
to take.

The history of augmented reality systems goes back to 1968 [2], but for developers, access to
resources for the development of AR applications is relatively new. This with software de-
velopment kits (SDKs) for the major platforms, iPhone and Android, ARKit1 and ARCore2

being released in 2017 and 2018 respectively. However, AR has already seen successful
use in commercial applications and will continue to do so with the increased availability
of development resources. Notable applications using AR are for example, Pokémon GO,
Google Translate and Snapchat.

Augmented reality is part of a larger set of technologies all lying on the so called reality-
virtuality continuum (RV continuum) [16] (See Figure 1). This was defined by Paul Mil-
gram and includes the related concepts of mixed reality (MR), virtual reality (VR) and
augmented virtuality (AV). These areas are all related, but separate enough from each other
that they are being researched independently. As previously stated this thesis focuses on the
AR part of the RV continuum.

1https://developer.apple.com/arkit/ (accessed May 03, 2018)
2https://developers.google.com/ar/ (accessed May 03, 2018)

Figure 1: Visualization of the reality-virtuality continuum. Illustration created based on
original from [16].
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1.1 Background

This section concerns relevant background information for the thesis. That includes infor-
mation about the company at which this thesis was written and the problem statement that
is the basis for the objective.

1.1.1 Thnx Innovation

Thnx Innovation is the company at which this thesis has been written. Thnx is a company
that works with future innovations and product development. They have a very strong focus
on developing and creating digital companies around innovative products and right now
their core research area is AR. They value their employees by making them a big part of the
company going forward into the future. They are looking at AR to be the next big thing,
and for some time they have explored products in the AR space. They are currently 10
employees.

1.1.2 Problem statement

Today, the mobile AR application TiHi på skattjakt by Thnx Innovation, where users try to
find real-life targets to gain virtual rewards, relies on the developers placing real-life targets
in the environment to give users hints about which direction they should search. This task,
placing the targets, is both time consuming for the developers as well as being a limitation
for the game. If the application could instead know where the device was in relation to the
environment and which way it was facing it could give hints in a more dynamic way that
also allowed the users to have a possibly more engaging gameplay experience.

1.2 Objective

The objective of this thesis is to explore the possibilities of using SLAM to increase the
user experience in augmented reality games. More specifically, this thesis will implement
a system that uses AR to show the direction of points of interest in an environment and
compare it to the directional system in an existing, marker-based, AR app on the market. By
collecting qualitative and quantitative data from comparing both systems, this test then aims
to find out if it is feasible to use AR and SLAM to guide users in unknown environments
compared to marker-based solutions.

1.3 Limitations

This study will be using the AR library ARCore developed by Google for the SLAM imple-
mentation. That means that it is not possible to affect the SLAM algorithm used. Therefore,
this study focuses on the usage of SLAM and not the SLAM itself. There are also time
constraints as there are only 20 weeks of work for use on this thesis.
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1.4 Outline

The rest of this thesis will use the following structure:

Theory Relevant previous work in the fields of SLAM, the reality-virtuality continuum
and augmented reality.
Method This section describes the methodology used while working on this thesis.
Results The results of this study are found in this section.
Discussion This is where there will be discussion about the results.
Conclusions This is where we draw conclusions and finish up the thesis.
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2 Theory

This chapter contains relevant theory on the different subjects touched upon in this thesis.
SLAM, the reality-virtuality continuum, augmented reality and more are described in more
detail here.

2.1 Simultaneous localization and mapping

Simultaneous localization and mapping (SLAM) refers to a computer’s task of constructing
an internal map of an unknown area while, at the same time, keeping track of its position
inside the area. Research on SLAM has made a lot of progress lately [9], but even today it
still has some issues with the stability of the tracking in environments with many moving
objects and/or few feature points. A feature point is usually referred to as a point that is dis-
tinct compared to the surrounding environment and therefore is easy to track. The SLAM
problem was first being discussed in 1986 [8] and has since been the subject of many pa-
pers with different approaches to the problem. The main research difference throughout the
years came in 2004 when research moved from understanding approaches to probabilistic
SLAM, to analyzing the fundamental properties of SLAM [6]. However, it is not until re-
cent years SLAM has really gotten more everyday use cases, mainly because of the advent
of smartphones. Smartphones are small enough to be mobile while still having the nec-
essary processing power to perform the SLAM tasks in real time. This has created more
opportunities for research and SLAM is becoming a much more robust technology [6].

SLAM algorithms usually work, at least in part, by using the camera for finding feature
points in the environment such as corners, interest points, edge segments and regions [9].
Corners are very frequently used due to their widespread usage in other computer vision
areas, so there exists efficient algorithms for identification of corners, and also their invariant
features. These are then tracked, along with their relative position in the image, to build the
map of the environment and place the robot in that environment. Other sensors (for example,
accelerometers, sonars or lasers) can be used to complement the visual data used to make
the map more accurate and less prone to intrinsic drift. However, while using multiple
sensors for SLAM does make for more robust and accurate results, it does present its own
problems in terms of sensor fusion and complexity [15].

What makes a successful solution to the SLAM problem successful is that it solves the
problems of loop closure detection and the kidnapped robot in a robust way. Loop closure
detection is the detection of an already visited place in the environment that is mapped in
the, arbitrarily big, internal model. This is, when done well, one of the strongest advantages
of a successful solution. However, because of the possible complexity of a large map it is
also one of the biggest obstacles of the scalability of a solution. It is also very important
that the loop closure detection does not return any false positives since that would instantly
compromise the integrity and correctness of the map. The problem of the kidnapped robot
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describes a situation when the robot’s position has to be determined without knowledge of
the robot’s previous positions. For example, this could occur when one or more sensors
are obscured for a period of time. Lepetit and Fua proposed a solution to this problem in
2006 that uses landmark recognition to localize the robot’s position in the map [14]. This
algorithm achieves a high success rate and fast run time. Most of the solutions to the SLAM
problem that have been used have implemented probabilistic techniques. The most suc-
cessful ones are Extended Kalman Filter (EKF), Factored Solution to SLAM (FastSLAM),
Maximum Likelihood (ML) and Expectancy Maximization (EM) [20].

2.2 The reality-virtuality continuum

In 1995, Paul Milgram et al. proposed the reality-virtuality continuum on which augmented
reality lies [16]. (See Figure 1). Their proposed model describes a continuous scale between
what is real, reality, and the completely virtual. As they describe in their proposition, the
left end of the scale simply represents the real world and any scene consisting solely of real
objects. Viewed either in person or through any kind of window or display. Meanwhile,
the right end of the scale is a completely virtual computer simulated environment with no
physical connection. Everything in between those two is called mixed reality. As can be
seen in Figure 1, MR can be split into two basic parts: augmented reality and augmented
virtuality. AR is when a real world environment is, directly or indirectly, overlaid with
information or objects that augment the things around us. More on AR in the next section
of this chapter. In addition to augmented reality, mixed reality also contains augmented
virtuality. Augmented virtuality means that real world objects are overlaid a virtual world
instead of the other way around.

2.3 Augmented reality

In the area called Mixed Reality, between the two extremes of the reality-virtuality contin-
uum (See Figure 1), augmented reality can be found. In augmented reality, a view of the
real world is enhanced by virtual elements and objects. The added information or objects
can both be used to add to the real world or to obscure the real world [18]. Obscuring
the environment can help in situations where focus on a particular task is important and
distractions are detrimental. Adding information to the environment can be useful in many
different applications [3]. For example, a surgeon could get overlays guiding vital insertions
or incisions, repair work could be more accessible to people using AR guides, tourists could
get more information about interesting things to see, or new types of games could use these
features.

Supplementing reality with a layer of information was first envisioned in 1901 by the author
L. Frank Baum in his book The Master Key [5]. The first real augmented reality system
was created in 1968 by Ivan Sutherland [2][19]. It consisted of a head mounted display
that tracked it surroundings using two 6 degrees-of-freedom trackers. Because of the level
of performance of processors at the time it could only display limited wireframes in real
time. The term ”augmented reality” was not coined until 1992 by Caudell and Mizell when
researching heads-up displays [7]. 2004, Möhring et al. released the first self-contained
AR system for a consumer-grade mobile device [17]. It was not until almost 40 years
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after the first AR system, in 2007, that mobile AR using SLAM was achievable on a hand
held camera in real time [13]. However, it was not yet fit for use by consumers in general
applications since it still required a 3 second initialization time and for the environment
to contain many contrasting feature points. In recent years, consumer-level hardware has
become capable of augmenting reality in real time and many software development kits can
be used to develop such applications [1].

There are different approaches when it comes to augmenting reality. An augmented reality
application can use different ways of displaying the augmentations [21]. For example, a
heads-up display, a hand held display, or a spatial display. An application can also differ
in the ways it finds what elements to augment [4]. There are marker based, markerless and
location based methods. These approaches will be described in the following subsections.

2.3.1 AR display technologies

Four major different display types can be found when it comes to AR.

Head-mounted display

Head-mounted displays (HMDs) are displays that are worn on the user’s head, often like a
pair of glasses, and using a see-through display they show an augmentation of reality to the
user. Notable examples of HMDs are Google Glass1 and Microsoft HoloLens2. One of the
greatest strengths of HMDs is that they leave the user’s hand free for real world interactions.
However, they often come with a limitation in the form of a short battery life [21].

Hand held display

Due to the prevalence of AR capable smartphones on the market hand held displays are a
common display technology today [22]. These are, as the name implies, displays that the
users hold in their hands while the augmentations are shown on the screen. The display
device often also has the camera that the video feed of the real world comes from attached
to itself. Compared to HMDs these types of devices are more available, but come with the
problem of taking up a user’s hands. Therefore, they are less suited for augmentations in
situations where precision with the hands are required.

Spatial display

A spatial display is a display that is placed in the environment and does not have to be carried
by the users in any way. This makes them suited for reaching many people in situations
that do not require much interaction from individual users [21]. Due to the limitations
when it comes to interaction from multiple users these are not suited for more personal AR
experiences.

1https://x.company/glass/ (accessed May 08, 2018)
2https://www.microsoft.com/en-us/hololens (accessed May 08, 2018)
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Projection based display

A projection based display is a type of display that is not based on a screen, but instead uses
a projector that projects the image onto another surface. These projectors can be static in
the environment or worn by a user [21]. An advantage of a projection is that multiple users
can see it at once from different angles. However, they suffer from the same limitations as
normal projectors. Brightness, contrast and the projection surface all limit the conditions
under which they can be used.

2.3.2 AR tracking types

Three major types of tracking can be found for AR: marker based tracking, markerless
tracking and location based tracking.

Marker based tracking

Marker based augmented reality is the historically most used type. It works by finding
special targets placed in the environment that all have good characteristics for being easily
found by computer vision algorithms [4]. Having to place targets in the environment it is
to be used in limits the number of environments that can use marker based tracking. The
frequency with which this technique is used can be due to the stability of the technique and
the limits of other techniques. Advances in other areas of tracking can be something that
makes this a less used technique in the future.

Markerless tracking

Markerless tracking is based on the software’s ability to track objects in the environment
without the help of special images that assist the software [4]. Instead it relies on recogniz-
ing objects’ shapes and textures. This is a much more computationally intensive task and
therefore it has also historically been used much less than marker based tracking. However,
with smaller and more powerful devices commonly available, markerless tracking is able to
be used more and more. This means that developers do not have to prepare the environment
in which the tracking is going to be used.

Location based tracking

Unlike marker based and markerless tracking, location based tracking does not depend on
visual information. Instead it uses a location service (for example, GPS) to supply the appli-
cation with information about its environment [4]. Due to the limitations of GPS this type
of tracking is best suited for outdoor usage or cases when perfect accuracy is not needed.
Location based tracking can be enhanced with sensory information from for example, Blue-
tooth beacons, accelerometers and gyroscopes as well [4]. However, that will still not make
the accuracy perfect.
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2.4 ARCore

ARCore is a software development kit made by Google for creating AR applications. Cur-
rently, SDKs are provided for many environments, including Android, iOS and Unity3.
The main features provided to developers are motion tracking, environmental understand-
ing and light estimation4. Motion tracking uses SLAM to estimate the device’s position and
orientation over time. This both ensures that the device knows its position in the environ-
ment and also is what enables AR objects to be draw correctly on screen. Environmental
understanding is what Google calls ARCore’s ability to find surfaces in the environment
by recognizing clusters of feature points. At the time of writing ARCore can only detect
horizontal surfaces such as floors or tables. However, Google is adding support for vertical
surfaces such as walls5. Using light estimation, ARCore detects the light intensity and color
of the camera image to allow AR objects to be rendered in the same light the environment
is set. Only a limited number of devices support ARCore today6.

2.5 Vuforia

Vuforia is a software development kit used for AR and image recognition7. It is what the
application TiHi på skattjakt uses for its image recognition. Vuforia supports both marker
based and markerless tracking. This can be used to recognize both images loaded into
the application by the developers, and objects scanned at runtime, by the users, for future
recognition. Vuforia also finds planes in a way similar to ARCore. However, Vuforia will
not support finding vertical surfaces in the near future. A wider range of devices can use
Vuforia than devices that support ARCore8. The next release, at the time of writing, will
add support for the usage of ARCore at the same time as Vuforia on Android devices.

3https://developers.google.com/ar/develop/ (accessed May 16, 2018)
4https://developers.google.com/ar/discover/concepts (accessed May 16, 2018)
5As of 8 May 2018 support for vertical surfaces is added. This was not used in this thesis.
6https://developers.google.com/ar/discover/supported-devices (accessed May 16, 2018)
7https://developer.vuforia.com/ (accessed May 16, 2018)
8https://vuforia.com/devices.html (accessed May 16, 2018)
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3 Method

This chapter contains the methodology used while working with this thesis. This chapter
starts by describing the background study, then the application that has been developed,
then finally the user study and evaluation.

3.1 Literature study

A literature study was conducted first to investigate the history and current state of AR and
SLAM. The literature was gathered from Umeå Universitetsbibliotek and Google Scholar.
This included information about augmented reality, AR displays, AR tracking, AR devel-
opment and Bluetooth beacons. When beginning the transition to the development phase,
beacons were decided to be excluded from the project for the difficulty of fusing their data
with the ARCore data. All this research was then assessed when developing the application
and user study.

3.2 Technical application

The implementation of a new AR directional system was developed in Unity, a cross-
platform game engine, with ARCore. At the start of this project ARCore did not have
an official release, only a developer preview. On 23 February 2018, when the official re-
lease came, the application was then started to be developed. To include ARCore in an
application, the developer only has to add the ARCore device from the SDK to their project
and enable ARCore in the project’s settings. It will then take care of all SLAM and other
tracking while allowing the developer to use that information. When the application starts,
the internal starting position of the player is the origin. When the device moves in the real
world, ARCore will move the player’s internal position by the same amount (where 1 meter
in the real world is one distance unit internally).

What the application does with that information is essentially that it places a number of
hints between the player’s position and the targets’ positions (See Figures 3 and 4). To
do this the targets’ positions have to be defined manually by the developer based on their
distance in all directions from the player’s intended starting position. For this application
the number of hints used was six hints per target. Hints are different in color depending on
which target they belong to. When a player moves around and turns, these hints are also
moved around (described in greater detail in Section 3.2.1). The number was chosen to give
a high enough number for the players to feel intuitively that the hints indicated something,
but not too high so that they could clutter the screen [11]. To make sure that the hints always
reflect the direction in which the player should be searching, hints are moved and placed
between the player and the targets regularly. Another approach to this could be to place a



10(28)

large number of hints at the start of the application and toggle their visibility based on the
player’s location. However, the hints have a chance to be placed, not just freely between the
player and the target, but close to a surface found between the player and the target as well.
Since surfaces are found by ARCore after the application has been running, the approach
that was chosen was deemed more fit for this application. The reason that hints can snap
to surfaces found in the correct direction was to create a more immersive feeling where the
AR feels more like a part of the real world.

Since, at the time of development, there was no support for using ARCore at the same time
as Vuforia’s image recognition, this application used a naive way of checking if a target
has been found. The application checks every frame if there is a target position on screen.
Meaning that the player is looking towards it. It then also checks if the player is less than
a meter away from the target. If both those are true it can be assumed that the player
has found the target and to emulate TiHi, an egg is shown at that position (See Figure 5).
One meter is also approximately the distance at which Vuforia found a target under the
lighting conditions in the test environment. Solving target finding this way is naive because
the internal position will not accurately match the real world position of the target. Even
when SLAM drift is minimized and the initial internal position is as close as possible to the
target’s real position, the positions will differ by enough to have a slight negative impact on
the user experience. However, when support is added for usage of both at the same time this
step would no longer be necessary as it could use image recognition for target finding for
a better user experience. Finally, when all targets have been found a message saying ”Test
complete. Thank you for your participation!” was shown.

As this work was done to test the hint system itself and not the design of the hints, the
generic sphere shape was picked. In the same way, the egg shape when finding a target was
chosen to match what was used by the TiHi app at the time of testing.

3.2.1 Hint placement

When placing a hint in the world, the application first finds the horizontal distance from the
player to the corresponding target. It then determines the distance from the target at which
to place the hint by randomly generating a number between 0.2m (the shortest distance) and
the larger of 1m and the distance to the player. It is then randomly placed at that horizontal
distance from the target somewhere within a 60 degree circle circumference sector and
between 1.2m up or down. An illustration showing the possible area in which the hint can
be placed can be seen in Figure 2. All these values were chosen because they created a good
spreading of the hints while still feeling as if they pointed the user in the right direction. All
values used in the application’s code could possibly be altered for use in other environments
if that would create a better user experience.

At this point, if there are no trackable surfaces found by the application, the hint is placed
and the process is repeated for the next one. If there are surfaces tracked then the hint has a
33% chance to instead snap to the closest surface, if that surface is still between the player
and the target. The hint will then randomly be placed at a position in close proximity to that
surface.

When all hints are placed and the user moves around, the application checks to see which
hints are on screen and how long the other hints have been off the screen. If a hint has
not been shown on screen for over two seconds it is moved to a new position following
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Figure 2: On the left is a top-down image of the possible area a hint can be placed in and
on the right is a side-view of the same area. T is a target, P is a player and green
is the eligible area.

the process described above. This ensures that hints are always between the player and the
targets. While there is a possibility that the player faces the device and moves in such a way
that hints are not given a new position, it would require very unnatural usage by the player
and did not happen any time during development and internal testing.

3.3 TiHi på skattjakt

The application that was used in comparison to the application developed is called TiHi på
skattjakt (meaning TiHi goes treasure hunting, often shortened to just TiHi). It is an aug-
mented reality game developed by Thnx Innovation. Gameplay is based on using Vuforia
to recognize images placed in the environment to find treasures. TiHi is a game that is de-
signed to be played at events. At an event where it is to be played, the developers place a
number of hidden targets to find in the real world. To help the players find the targets many
hints are placed in the environment as well. These hints and targets are flat images that,
when recognized by the app, show the direction of a target and give a reward, respectively.
Pointing the app against a hint (See Figure 6), causing Vuforia to recognize it, will spawn an
arrow on top of the image (See Figure 7) that points in the direction of the intended path to
the corresponding target. However, this direction is not dynamically calculated. Instead, the
arrows point a certain direction based on how the image is placed. Therefore, it is important
that the developers do not place any images the wrong way.

When a player has followed the hints to a target in the real world and they point the app
towards it, an egg will appear, indicating that it has been found (See Figure 8). A counter
in the lower right corner will be incremented as well to show how many of the total number
of targets have been found. The reason an egg appears is because the last time TiHi was
used at an event outside of this thesis it was an Easter themed event. For this test, no
modifications were made to the TiHi app. Instead, where necessary, the application that was
developed was made to resemble TiHi. However, it would have been possible to alter the
design theme to create a more generic version, but this approach was not chosen due to the
minimal impact the theme has on the actual gameplay.
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Figure 3: A person using the app developed for this thesis and looking at a hint.

3.4 User testing

The application that was developed (described in Section 3.2) was then tested against the
system that was already in place in the TiHi app.

Ten participants got to test both TiHi på skattjakt and the prototype developed for this thesis.
The participants were 6 men and 4 women, all between the ages of 23 to 28. Participants
were found through social media asking for volunteers to test two AR games for a master’s
thesis. All instructions given and questions asked during the tests were in Swedish due to it
being the primary language used by everyone involved.

An environment in which the study was conducted was set up in the open area in one of the
buildings on Umeå University Campus (See Figure 9). This area was chosen because it was
an area that was available, easy to travel to for the participants and had many features similar
to an environment where TiHi could be used for real. These features include some people
in motion in the area, many contrasting feature points for the SLAM algorithm to track and
obstacles that block the participant’s view and walking paths. A drawn top-down view of the
environment can be seen in Figure 10. The targets were placed in the environment where
the participants would have to search for them. In Figure 10, targets are represented by
circles, green circles represent the targets used by TiHi and red circles represent the targets
used by the prototype. In the same figure, arrows indicate the position and direction of the
hints used by TiHi and the purple hexagon shows the starting position of the participants
during the tests. Targets were placed at their respective positions so they were not easily
visible from where the participants would be coming to the test. All tests were performed
on a Google Pixel phone that was provided to the people taking the test. This was done to
ensure that everyone got to test on a device supporting ARCore.
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Figure 4: A screenshot of the directional hints pointing towards a target in the app devel-
oped for this thesis.
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Figure 5: A screenshot of finding a target in the app developed for this thesis.
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Figure 6: A person using TiHi and looking at a hint.

Figure 7: A screenshot of the directional hints pointing towards a target in the AR game
TiHi på skattjakt. The arrow is only visible on the screen, but the paper under-
neath is visible in the real world. Photo courtesy of Thnx Innovation.
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Figure 8: Finding a target in the AR game TiHi på skattjakt. Photo courtesy of Thnx Inno-
vation.
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Figure 9: A view of the area at Umeå University in which the study was conducted.

Figure 10: A drawn top-down view of the area in which the study was conducted. With
targets marked as circles and TiHi’s hints drawn as arrows. The purple hexagon
represents the participants’ starting position.
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Participants got to test the applications one by one and no participants saw the test area be-
fore the test. Every participant was first given an introduction to the context of the test. This
introduction explained that they were going to test two AR games with the same objective,
to find real world targets using AR hints. Participants got to test both of the games in suc-
cession, starting with TiHi, before being asked a few questions about their experience with
the two games. This order was chosen so that participants would not walk around the area
and see too many of the hints for TiHi before using it and possibly weaken the results. For
the test they were tasked with finding two targets in each each game. The time it took from
getting handed the test device to finding the second target was recorded for each application.

Questions given to the participants at the end of the test were, for each application:

• How was your overall experience using the app?

• How fun was it to use the app?

• How much did the hints feel like part of the environment?

Finally, they were asked to share any other thoughts they had about their usage of the appli-
cation. All questions, except for their other thoughts about the application, were answered
on a scale of 1 to 6. This Likert-type scale was chosen so that there would not be a neutral
midpoint in the scale. Since the participants were informed that one of the applications be-
ing tested was developed by the tester, the lack of midpoint could eliminate neutral answers
given by participants to not affect the tester [10].

Since the nominal variable (the applications) only had two possible values, a two-sample
t-test was used to compare all quantitative results between the apps to find any possible
significant difference between the hint systems. This statistical analysis was done using a
standard alpha-value of 0.05 with a null hypothesis defined to be that there is no difference
between the applications. The alternative hypothesis was then that there is a difference
between the applications. Qualitative answers were analyzed and compared as well to find
any possible differences between the apps not captured by the quantitative results.
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4 Results

This chapter shows the results of the study described in Section 3.3. Quantitative data and
qualitative data are split up into different sections. The results are analyzed in the Discussion
chapter.

4.1 Quantitative results

The questions asked to the participants were:

• How was your overall experience using the app?

• How fun was it to use the app?

• How much did the hints feel like part of the environment?

These questions, and also the recorded time to find two targets for each app, can be quanti-
tatively analyzed. For the first question, their overall experience, the mean answer for TiHi
and the prototype was 4.4 and 3.8 with a standard deviation of 1.02 and 0.87, respectively
(See Figure 11). The second question, how fun he app was, had mean answers of 3.5 and
4.6 with standard deviations of 1.20 and 0.80, respectively (See Figure 12). The last ques-
tion, the hints feeling like part of the environment, had mean answers of 3.9 and 4.2 with
standard deviations of 1.37 and 0.87, respectively (See Figure 13). Finally, the mean time
it took for the participants to find two targets using TiHi was 76.2 seconds with a standard
deviation of 19.97 seconds. Using the prototype developed for this thesis, the mean time
rose to 105.4 seconds with a standard deviation of 34.3 seconds (See Figure 14).

The two-sample t-test comparison of the answers, for each question, between the appli-
cations returned mostly non-rejections of the null hypothesis. For the overall experience
the p-vaule was 0.196. Since 0.196 is greater than 0.05, the null hypothesis, that the ap-
plications had the same overall experience, was not rejected. Comparing the answers to
how the hints felt as a part of the environment gave a p-value of 0.587. Therefore, the null
hypothesis was not rejected in this case either. However, a comparison of the answers to
how fun the experience of using the app was, gives a p-value of 0.035. Since 0.035 is less
than 0.05, the null hypothesis, that the applications grant an equally fun experience, can
be rejected. The last comparison, between the times it took to complete the task, gives a
p-value of 0.041. As 0.041 is less than 0.05, the null hypothesis, that the applications have
an equal time required for completion, can again be rejected. To summarize, the ways in
which TiHi and this thesis’s prototype differed, in a statistically significant way, were how
fun the experience of using the application was and how long time it took to complete the
given task using each app. This thesis’s prototype being significantly more fun to use, but
taking significantly more time to complete the task with.
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Figure 11: The mean scores of the question ”How was your overall experience using the
app?” on a scale from 1 to 6 for each app. Error bars equal one standard devia-
tion.

Figure 12: The mean scores of the question ”How fun was it to use the app?” on a scale
from 1 to 6 for each app. Error bars equal one standard deviation.
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Figure 13: The mean scores of the question ”How much did the hints feel like part of
the environment?” on a scale from 1 to 6 for each app. Error bars equal one
standard deviation.

Figure 14: The mean time, in seconds, to complete the test for each app. Error bars equal
one standard deviation.
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4.2 Qualitative data

The answers to the open question where the participants were asked to share any more
thoughts they had regarding the application were mainly positive comments. Both applica-
tions receiving many similar comments from all participants.

4.2.1 TiHi på skattjakt

Most of the thoughts about TiHi på skattjakt were about how it was easy to use to find the
targets. 8 out of 10 participants mentioned something about the app being easy to use and/or
the hints being easy to find. Half of those comments did say that it was a bit too easy to
be a fun and engaging experience. Four participants said that one of the reasons that it was
too easy was that you could see the hints in the real world even if you did not know which
direction it was going to point. This removed a bit of the engagement in the AR experience.
However, one participant did say that is was a good thing that it was possible see the hints
in the real world as well so that it was not necessary to look at the device a lot. Feeling as
if they got caught looking at their screens too much (See Figure 6), three people did want a
reason to look up from their device without making it too easy.

Commenting on the performance of the image recognition of Vuforia, one person said that
it worked very well when holding the device at a comfortable distance. On the other hand,
one person thought the device had to be a bit too close to the image to recognize it for it to
be comfortable. One person suggested that using 3D objects in the real world could create
a more engaging experience. Finally, one person noted that they were not the perfect age to
be engaged by TiHi and that it would be a 100 on a scale from 1 to 6 if they were younger.

4.2.2 ARCore prototype

Every single participant said that using the prototype felt more like going on an actual
treasure hunt. Since the game is supposed to be an engaging treasure hunt this is consistent
with the higher scores on how fun the app felt while using. Nine out of ten people also said
that it was more fun because it was a bit more challenging since the hints did not lead them
straight to the targets, but instead they had to look around for a while. This is also consistent
with the higher time to task completion that the prototype had. Two other positive remarks
it received were that one person said that it was more fun to have the entire experience in
AR and two people noted the potential in creating a more engaging experience by changing
the models of the hints to anything.

However, six of the participants did feel that the hints were a little hard to see at first with a
lack of contrast against the natural background and that the generic look of the hints gave the
application a less polished feeling. This can be found reflected in the answers to the overall
experience of the app. For that question TiHi had a slightly higher mean score. Another
notable answer that regarded potential in the application came from one participant who
suggested using the hints to show how far away the target is as well, possibly using a color
gradient of some sort.
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5 Discussion

This chapter contains discussion about the results presented for this study. An important
thing to note is that while this test did compare the systems against each other, an application
could make clever use of both or parts of both. As can be seen in the results there are
different positive things to both systems and it is possible to have them complement each
other.

5.1 Prototype

While the prototype was, as commented on by participants, less polished and this might
have negatively affected the overall experience of the prototype, it also was significantly
more fun to use. This shows that, at least for the ages tested on, there is definitely a good
reason to put more time into developing a refined version of the system into in AR game.
However, a reason that the difference between the answers might have been exaggerated is
that the order of the apps was always the same. This could have caused people, comparing
them in their heads, to give a higher or lower score, respectively, than they would have had
they only tested one.

The fact that the time to complete was significantly longer while the fun also went up and
the overall experience was not significantly lower does show that the user experience is
about much more than just completing the task at hand in this case.

The question of how the hints felt like a part of the environment can have been worded in a
confusing way, causing people to interpret it differently from one another. Another reason
for the scores on that question possibly being lower than they would in a more realistic
setting could be the generic nature of the design that was tested. If the hints were something
themed, for example, monkeys when searching for bananas in a supermarket, they would
have fit in much better. This effect can have been magnified even more by the increase in
depth perception problems with the generic balls.

An interesting thing to note however, is that the answers were reliably less varied for the
prototype than for TiHi as indicated by the standard deviations. Since TiHi is easier it is
possible that a younger demographic could have answered less varied answers for the ques-
tions about that application. The consistent answers can also be interpreted as an indication
of well thought out design choices made when developing the prototype. Had the prototype
had more variability in its placements of hints and a higher risk of cluttering the screen the
variance in user experience should have gone up as well.
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5.2 Study methodology

The sample size used in this study probably makes the reliability of the results more suited
for the qualitative data than the quantitative data. Two separate studies with different setups
comparing the applications in qualitative and quantitative ways, respectively, might have
yielded more reliable results.

5.3 SLAM

Looking at the results of this study, the future of SLAM in augmented reality applications
seems promising. SLAM has long been of interest to researchers and due to the influx of
possible usages in commercial applications that is probably not going to stop soon. It seems
safe to say that it is feasible to use SLAM in AR to help guide users. More features are
becoming available for use by developers in this area meaning that the potential usages will
increase as well.
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6 Future work

This chapter contains suggestions for future work about SLAM and AR. Both in general
and for Thnx Innovation.

6.1 Studies

As was stated previously the results were only from one demographic (23- to 28-year-olds).
It could therefore be recommended to study the differences between the applications’ dis-
play methods for different age brackets. Another thing that was concluded was that the
systems are not necessarily mutually exclusive and so it could be studied if there if an op-
timal amount of overlap of both systems. Other new ways of navigating in AR could be
compared against these systems as well. This study compared the systems in gaming ap-
plications and so it could be studied whether the differences are the same in other areas of
applications where the needs of the users are different.

6.2 TiHi på skattjakt

If Thnx Innovation is considering new ways of expanding their application this study showed
that it could be successful to add this way of navigating. This could be done both to expand
to more demographics by adding a slightly more difficult way of searching and also to make
the experience more immersive and engaging. Using the proposed way of placing hints on
the screen does also present more opportunities to create different themes for the application
as there will be more objects on the screen that can be designed to fit a certain theme.
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Disclaimer

The source code for the application developed for this thesis is the property of Thnx Inno-
vation and will not be appended to this document.



27(28)

References

[1] Dhiraj Amin and Sharvari Govilkar. Comparative study of augmented reality sdk’s.
International Journal on Computational Science & Applications, 5(1):11–26, 2015.

[2] Clemens Arth, Raphael Grasset, Lukas Gruber, Tobias Langlotz, Ro Mulloni, Dieter
Schmalstieg, and Daniel Wagner. The history of mobile augmented reality develop-
ments in mobile ar over the last almost 50 years, 2015.

[3] Ronald T Azuma. A survey of augmented reality. Presence: Teleoperators & Virtual
Environments, 6(4):355–385, 1997.

[4] Jorge Bacca, Silvia Baldiris, Ramon Fabregat, Sabine Graf, et al. Augmented reality
trends in education: a systematic review of research and applications. Journal of
Educational Technology & Society, 17(4):133, 2014.

[5] L. Frank Baum. The Master Key: An Electrical Fairy Tale, Founded Upon the Mys-
teries of Electricity and the Optimism of Its Devotees. Bowen-Merrill, 1901.

[6] Cesar Cadena, Luca Carlone, Henry Carrillo, Yasir Latif, Davide Scaramuzza, José
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