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ABSTRACT
Mobile Augmented Reality (MAR) is an emerging technology that,
when done right, can o�er the users a rich experience. However, as
with most emerging technologies, it is primarily technology-driven,
o�en leaving the user needs aside. In this study a sensor-based
MAR prototype was developed and evaluated, following a User-
Centered Design process. �e prototype visualized a future building
in the city of Stockholm, Sweden.

However, sensors in today’s smartphones are not perfect, which
is a problem when used as tracking method to augment 3D-content.
Also, developing a MAR experience includes some challenges and
issues that need to be addressed in order to develop a good expe-
rience for the user. One of those challenges is to test and validate
ideas at an early stage of the development. Usually when following
a User-Centered Design process, prototyping is a useful tool for
testing and validating. �ough, even the simplest MAR experi-
ence requires an advanced infrastructure, which is expensive and
time-consuming to develop.

In this study both the inherited problems of smartphone sensors
and the challenges regarding MAR development were taken into
account during the development. To counteract these problems,
cleverly designed functions were implemented.

To evaluate the �nal version of the prototype, a user test was
conducted in an urban environment. �e most important lessons
learned during this study were that today’s smartphones do not
provide robust and accurate sensor data in an urban environment.
Resulting in incorrect placement and �ickering of the augmented
3D-object. Also, the functions that were developed to counteract
these problems helped in some degree, indicating the potential of
overcoming hardware problems with cleverly designed functions.
Last, using existing AR framework to produce an interactive and
AR-enabled prototype, to a low cost and relatively fast, proved
successful.
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1 INTRODUCTION
Two decades ago, in the year 1997, Ronald Azuma made a prediction
that “an architect [. . . ] might be able to look out a window and
see how a proposed new skyscraper would change her view” [1].
�is prediction is now, more or less, reality by utilizing Augmented
Reality (AR).

∗Master Degree Project in Computer Science and Communication.

AR can be described as the middle ground betweenVirtual Reality
(VR), which is entirely synthetic, and the real world [2]. Virtual
objects are superimposed upon the real world in real-time. Hence
AR supplements the real world, rather than completely replacing it
[1].

AR is not a new term nor a new technology. �e �rst fully
functional AR system was developed already in the late 1960s. In
the year 1992 the term augmented reality was coined by Caudell
et al., when they developed a system to simplify aircra� assem-
bling [3]. A common problem for all the early AR systems was
that they all required expensive and specialized equipment, making
it only viable for professional use [4]. �e rapid development of
computing power combined with improved tracking technologies
has continuously pushed the AR technology forwards [4]. In the
mid-1990s the AR technology became su�ciently powerful, and at
the same time small enough, to be used in a mobile se�ing. �is
made it possible to develop AR systems that were fully functional
outside carefully conditioned environments [5], known as Mobile
Augmented Reality System (MARS). An early prototype of an out-
door MARS is Touring Machine [6] using a laptop tucked down
in a backpack and a unique designed head-worn display to show
tour-guide information. Nowadays it is possible to develop and run
AR applications on platforms that users already own for other pur-
poses (e.g. smartphones and laptops with built-in cameras) without
extra hardware. �e aforementioned development has been crucial
in making AR available to a larger audience [7].

Hand in hand with Mobile Augmented Reality (MAR) applications
becoming more common, the need of good User Interfaces (UI) and
User Experiences (UX) follows. But the development of MAR expe-
riences is primarily technology-driven. User-needs o�en remains a
minor concern for designers and are principally integrated during
the later stages of the development process [8].

�is study aims to develop and evaluate a smartphone based
outdoor MARS that visualize future buildings, with the user in
focus.

2 RELATED RESEARCH
�is section presents related research about AR tracking. It also
includes theory about MAR development and design and interaction
guidelines.

2.1 AR tracking techniques
�ere are several di�erent tracking technologies to choose from
when implementing AR solutions. �e available technologies have
di�erent strengths and weaknesses, suitable for di�erent use cases.
AR tracking technologies can be divided into three main categories;



visual-based, sensor-based and hybrid (a combination of visual and
sensor-based) [9].

2.1.1 Visual-based. Visual-based tracking is based on computer
vision and can be divided into two basic groups; marker-based and
markerless [10]. Marker-based AR requires a prede�ned marker,
typically a �ick Response code (QR-code), a �ducial or an image,
that is associated with some virtual content. �e marker contains
feature points that the system detects using computer vision. Based
on the feature points the camera pose is calculated relative to the
real-world objects [9]. Markerless AR do not require a marker to
calculate the �eld of view. One technique to achieve markerless
tracking is to rely on natural feature points, such as edge detection
or object recognition, in prede�ned environments [10].

However, none of the above-mentioned techniques is optimal for
outdoor scenarios. Placing additional content, such as markers, in
the physical environment is not desirable since it can decrease the
immersion level if it is visible [10]. �is makes it an invasive solu-
tion when dealing with large outdoor usage scenarios [11]. Track-
ing natural feature points is not a good option either when it comes
to future buildings in vacant or urban environments. It is more
suitable for already existing buildings [10]. �e two techniques also
need a priori knowledge about the marker or the environment to
be able to work [4], making it less �exible [11].

Simultaneous Localization and Mapping (SLAM) is a markerless
tracking solution able to track the surrounding without any a priori
model [4]. Unfortunately, SLAM is be�er suited for small unfamiliar
environments [11] and therefore not suitable for outdoor scenarios
with large open areas.

2.1.2 Sensor-based. In contrast to visual-based tracking, sensor-
based tracking does not rely on any form of object detection or
recognition technique. Instead, the location and pose are estimated
based on sensor data, such as magnetic, acoustic, inertial, optical
and/or mechanical sensors [9]. Sensor-based tracking is a good op-
tion when developing outdoor MARS since it allows more �exibility
for the user [10, 11].

Most of today’s smartphones are equipped with sensors that
enable localization and pose estimation [11]. A device’s location can,
for example, be determined by using GPS, and its orientation can
be calculated by combining gyroscope data and magnetometer data
[12]. However, sensor-based MAR has some drawbacks. Using GPS
to determine location has good performance in open areas without
anything blocking the satellites’ signals. However, the performance
are reduced in urban environments. Shadowing from buildings and
signal re�ections a�ects both the accuracy and the availability of
GPS signals. Accuracy and robustness of magnetometers are also
a problem. In an urban environment, local magnetic �elds exists
that can disturb the magnetometer, causing the compass to be
inaccurate [10]. Gyroscope and accelerometer inside a smartphone
have a tendency to dri�, resulting in incorrect orientation [10, 13].

2.1.3 Sensor-based examples. Several sensor-based MAR expe-
riences have reached some success in the past, such as Layar, Wik-
itude and Junaio [14]. However, these applications’ success are
nothing in comparison with Pokémon GO which was released dur-
ing 2016. Pokémon GO opened the world’s eyes wide open to AR
and showed the great potential of MAR experiences [4]. All these

applications augment only 2D-content (even Pokémon GO), and not
3D. Examples of sensor-based MAR, augmenting 3D-objects, are
both fewer and less successful. Below are two interesting examples.
Allen et al. [15] created a sensor-based MAR prototype to be used
in urban planning. �e prototype visualized proposed architectural
designs to an existing building. To align the virtual building, the
researchers had to adjust it manually. Olsson et al. [14] also created
a sensor-based application for architectural planning. To solve the
problem with the alignment of virtual objects, the environment was
prede�ned and only worked at speci�c viewing locations. Also, to
calibrate the gyroscope and compass, the user needed to align the
phone with a prede�ned landmark and click a bu�on to con�rm.

2.1.4 AR storytelling. Azuma [7] argues that AR will enable
new forms of storytelling, making it possible to connect virtual
content in a meaningful way to particular locations. He also believes
that one of the ultimate uses of AR will be as “a new form of
location-based media that enables new storytelling experiences” [7].
Azuma de�nes three di�erent types of AR storytelling strategies;
�rst, reinforcing is simply put when a location that is inherently
compelling by itself, gets complemented by AR content. Resulting
in a new form of experience that is more compelling than the reality
alone, or the virtual content alone. Secondly, reskinning is a strategy
where the reality is remade to suit the purpose of a story. And last,
remembering is a strategy where memories tied to a speci�c location
are retold at that location.

2.2 Designing MAR
2.2.1 Challenges. Interesting challenges arise when developing

and designing MAR experiences; it is not a traditional UI instead
“the world becomes the user interface” [5]. De Sá et al. [16] identi�es
di�erent challenges and issues to overcome; (1) Discoverability -
the awareness and understanding of MAR is relatively low due to a
limited availability of MAR applications. However, this might have
been improved since they wrote the paper; the release of Pokémon
GO in 2016 showed the great potential of MAR experiences [4].
(2) Interpretability - the value of MAR experiences, beyond the
initial “wow-factor”, is o�en unclear to the user. Applications and
services should clearly present what the bene�ts and value of use
are. (3) Usability - MAR experiences o�en tend to be di�cult for
the users to learn how to use. Untraditional interactions and bad
use of context when delivering content. (4) Usefulness - many MAR
experiences do not o�er long-term value. (5) Testing and validating
a design are complex due to the richness of MAR experiences. MAR
applications usually require advanced infrastructure to be built
before any meaningful tests or evaluation of design concepts can
take place. �e lack of grounded guidelines and design heuristics for
developers makes it cumbersome to approach MAR development
[16]. To assist when developing MAR experiences, UI guidelines
and interaction principles are presented below.

2.2.2 MAR UI design guidelines. Ganapathy [17] stresses the
importance of understanding the context of a MAR experience.
Ganapathy identi�es three segments to address when designing a
MAR experience; (1) Detailing usage scenarios makes it possible
to gather user requirements, which in turn helps to set the design
of the product. (2) Di�erent types of interaction modalities (e.g.
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Table 1: MAR UI design guidelines [17]

# Design guideline De�nition
1 Clear textual contrast You need to make sure that the textual information presented is clear.
2 Contrast Text/background visibility: visual overlay should be such that there is su�cient contrast between the

overlay text and background.
3 Grouping Organization of information is very important when presenting overlay of information.
4 Placement It is important that the information that is presented should not obscure the item of interest.
5 Alert/A�ention sensitivity Speci�cally calling out information that may need action.
6 Interaction methods Based on the context, the user should be able to switch to di�erent interaction methods.
7 Distinct icons Use di�erent icons for di�erent types of augmented information.
8 Visibility and distance When augmenting information, especially in an outdoor scenario, it is important to provide �lter based

on distance and visibility.

touch-based, voice/audio, tactile feedback) will enable di�erent and
important experiences. (3) Device form factor is important to pay
early a�ention to. Many MAR applications run on small form factor
nowadays, o�en smartphones. Placing augmented information as
an overlay on a small form factor device with limited screen space
presents interesting challenges. Ganapathy introduces eight design
guidelines to assist when designing MAR UI (see tab. 1).

2.2.3 MAR interaction design principles. Kourouthanassis et al.
[8] proposes �ve interaction design principles for MAR (see tab. 2).
�ese design principles, or recommendations, can be applied during
the development process of MAR applications to create be�er user
experiences [8].

2.3 Motivation and research question
As mentioned earlier, a common problem with emerging technolo-
gies, including MAR, is that the development is heavily technology-
driven. �is problem o�en leads to user-needs being le� aside until
the very end of a development process [18]. �is is not preferable
and not in line with a general consensus of the Human-Computer
Interaction (HCI) �eld; user experience comes �rst [19]. Evaluating
MAR experiences is a key to achieve mass adoption [20] but it is
not trivial (see 2.2.1). �ere have been some previous research on
how to collect user needs and expectations on a conceptual level
[16, 21, 22], using e.g. use cases with none, or very li�le, interac-
tion. Dhir et al. [20] suggests an approach where user needs and
expectations instead are gathered from interactive prototypes and
stresses the need to study the User Centered Design (UCD) and UX
aspects of MAR.

�is study aims to examine how a sensor-based MAR experience
can be developed and designed to overcome the following problems
and challenges:

(1) �e inherited problems when using sensor-based MAR (see
2.1.2).

(2) �e challenges faced when developing an MAR experience
(see 2.2.1).

2.3.1 Research question.

What lessons can be learned when developing an
outdoor sensor-based MAR experience used to
visualize future buildings?

Subquestion:

How can carefully designed functions bridge both
the lack of stability in today’s sensor-based MAR
technology, and the challenges associated with
MAR development?

2.4 Technologies
2.4.1 Argon.js. Argon.js is a JavaScript framework for adding

AR content to web applications [23]. Using the Argon.js framework
makes it possible to develop both visual and sensor-based AR appli-
cations by only using web technologies. Argon.js was developed by
Blair MacIntyre at Georgia Tech. �e Argon.js framework is open
source.

2.4.2 React Native. React Native is a JavaScript library for writ-
ing native mobile applications for both iOS and Android. React
Native is developed by Facebook and is open source [24].

2.4.3 Atomic. Atomic is a prototyping tool that makes it possi-
ble to quickly create realistic prototypes of everything from simple
interactions to complete products [25].

2.5 Definitions
2.5.1 Likert scale. Likert scale is a measuring of a�itude of a

respondent. It is usually a 5 (or 7) point scale indicating the degree
of agreement or disagreement with the statement [26].

2.5.2 System Usability Scale. �e System Usability Scale (SUS)
is a simple and inexpensive usability scale, yet e�ective tool for
assessing the usability of a product [27]. A ten-item Likert scale
measures it; ten prede�ned statements, each answered by a 5 point
scale. �e total score, so called SUS score, is measured on a 0-100
scale [28].

2.5.3 Occlusion. Occlusion in AR occurs when a virtual object
obscures a real object. Incorrect occlusion happens when a real
object, that is supposed to be closer to the viewer, is obscured by a
virtual object, that is meant to be further away along the line-of-
sight [29].

2.5.4 Onboarding. Onboarding is a feature for new users that
helps them to get started with an application’s UI; it is a virtual
unboxing experience [30]. �e onboarding should be short and
playful [31], with the goal to enhance the usage [30]. According to
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Table 2: MAR interaction design principles [8]

# Design principle De�nition
1 Use the context for providing content Employ sensor and marker technologies to collect contextual information

[. . . ] in order to augment real-world objects with contextual information.
2 Deliver relevant-to-the-task content Filter (or personalize) interactive content based on multiple contextual criteria.
3 Inform about content privacy Design the functionality around di�erent privacy spheres (i.e. public versus

private content).
4 Placement It is important that the information that is presented should not obscure the

item of interest.
5 Provide feedback about the infrastructure’s behavior �e application should inform users regarding its current state or regarding

changes in its state.
6 Support procedural and semantic memory Employ familiar icons and/or interaction metaphors to communicate the

application intended functionality and ensure smooth user interactions.

Figure 1: Example of UCD model [33].

Google’s guidelines, there are three di�erent models of onboarding
experiences; Self-Select, �ickstart and Top User Bene�ts. �ese
di�erent models are suitable for di�erent use cases. Top User Ben-
e�ts should be used when an app is tackling a new challenge or
providing a new kind of bene�t. �e Top User Bene�ts comes
with some guidelines: (1) Maintain visual continuity throughout
characters, environments, style, typography, and bu�on colors. (2)
Simplify the visuals to the essentials needed to convey a concept.
(3) Do not be UI literal, meaning that you do not show app UI if
users have not experienced it yet. Show the user bene�t �rst [30].

2.5.5 User-Centered Design. User-Centered Design (UCD), also
known as Human-Centered Design, is de�ned as “an interactive
process with the sole goal to develop a usable system, so�ware or
application” [20]. �e UCD model (see �g. 1), following the ISO
standard 9241-210, contains of four activities [32]:

(1) Understanding and specifying the context of use
(2) Specifying the user requirements
(3) Producing design solutions
(4) Evaluating the design

3 METHOD
�is section covers the methods that were used to answer the
research question of this study.

3.1 Prototype application
For the purpose of this study, a prototype MAR application using
sensor-based tracking was developed. �e prototype application
visualized a future building, planned to be built in Stockholm, Swe-
den. �e prototype was developed using Argon.js (see 2.4.1) for
the AR capabilities and React Native (see 2.4.2) for a native mobile
application environment.

3.2 Design process
�roughout the development of the prototype, a UCD (see 2.5.5)
process was applied. MAR design guidelines (see tab. 1) and in-
teraction principles (see tab. 2) was also taken in consideration
when making design decisions. Step one in the UCD process is to
understand the context of use (see �g. 1), which is also pinpointed
as a key to success when following MAR design guidelines (see
2.2.2). A comparative analysis (see 4.1.1) was made based on related
research, and similar applications and a target group were deter-
mined. �e development process resulted in three prototypes with
di�erent �delity and capabilities. User studies were conducted on
all prototypes (see 3.3).

3.2.1 The bare minimum. When considering the MAR challenge
regarding prototyping and testing in early stages (see 2.2.1), the
decision was made to develop an online low-�delity prototype,
using Argon.js, consisting of the bare minimum to enable a sensor-
based MAR experience (see �g. 2).

3.2.2 O�line prototype. Based on the result collected in 3.3.1,
an o�ine prototype, without AR capabilities, was developed to test
a potential UI design and navigation. First, low-�delity wireframes
were created using pen and paper. A�er some iterations, it was
re�ned to a higher �delity in Atomic (see 2.4.3).

3.2.3 Final version. �e insights gained from designing and
testing the two early prototypes were converted into an online
high-�delity prototype, with full AR capabilities. During the de-
velopment process of the online prototype, design challenges (see
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Figure 2: �e bare minimal prototype. a) Correct altitude, b) incorrect
altitude and c) incorrect occlusion.

2.2.1) and guidelines (see 2.2.2-2.2.3) were taken into account to
assist in making logical design decisions. Also, short recurrent
think-aloud tests were conducted, resulting in several iterations.

3.3 User Study
3.3.1 User test #1: The bare minimum. �e “bare minimum” pro-

totype was tested and evaluated to collect functional and user re-
quirements. A think-aloud test was used in combination with subse-
quent interviews. A total of �ve users participated. �e think-aloud
test consisted of two scenarios; nearby, respectively far away from
a building. Before the think-aloud test started, the participants got
information of the purpose of the prototype; visualizing a future
building. In this early prototype, instead of a 3D-model of a build-
ing, a 3D-model of a green cube was used to represent a building
(see �g. 2). On both scenarios the participants were instructed
to �nd the virtual cube and place it within the smartphone’s �eld
of view. A semistructured interview was conducted a�erward to
follow up the think-aloud test.

�e test was conducted outdoors in an urban environment, us-
ing a smartphone (three participants used an iPhone 5S and two
participants used an Sony Xperia Z3).

3.3.2 User test #2: O�line prototype. �e high �delity o�ine
prototype was tested and evaluated to validate a potential UI of
the prototype. A think-aloud test was used with four participants.
Before the test, the participants were given information about the
purpose of the prototype. Also, since this prototype did not include
AR capabilities, the participants were instructed to make a swipe
motion when they wanted to simulate movement of the camera. A
le� swipe moved the �eld of view to the right, and a right swipe
moved the �eld of view to the le�. �e participants were freely
interacting with the prototype, only given speci�c tasks if needed
(i.e. not exploring the entire prototype).

�e test was conducted in Chrome web browser on a computer.

3.3.3 User test #3: Final version. �e �nal version of the pro-
totype application was tested and evaluated using a think-aloud
method. A total of 13 users participated. �e participants were not
given any speci�c tasks to complete, only suggestions if needed
(i.e. not exploring the entire prototype). To contextualize the user
test, and to give the participants a natural entry point to the proto-
type application, a news article regarding the virtual building was

shown. �e news article was a modi�ed web version, containing
links that launched the prototype application. �e test consisted of
two scenarios; (1) building far away and (2) building nearby. �e
think-aloud test started with scenario 1, building far away. �e
participant was then expected to interact with the prototype and
�nd a way to get to scenario 2, building nearby. �e test was con-
ducted outdoors in an urban environment, on an iPhone 5S with
internet connection. �e think-aloud test was followed up with
two subsequent questionnaires. One questionnaire focusing on the
di�erent supplementary functions of the prototype, consisting of 17
statements graded by a �ve-level Likert scale (see 2.5.1). �e second
questionnaire measured the prototypes SUS score (see 2.5.2).

3.4 Cooperation with Bonnier News
�is study was conducted in cooperation with Bonnier News. �e
idea to visualize future, much debated, buildings were a mutual
decision. �e story behind the future buildings was delivered by
journalists from Bonnier News.

4 RESULT
�is section presents the results from the three di�erent user tests,
as well as the functions that were developed during the UCD pro-
cess.

4.1 Pre-study
4.1.1 Comparative analysis. A comparative analysis was made,

analysing related sensor-based MAR services and experiences [14,
15, 34–38]. �e result from the analysis indicated that without
external equipment, or in prede�ned environments, li�le success
has been reached with sensor-based MAR, augmenting 3D-content.

4.1.2 Target group. �e decision was made to select early-adopters
as the target group. MAR is an emerging technology and based on
the comparative analysis the sensor-based technology may not be
ready for the average user.

4.2 User test #1: The bare minimal
�e age of participants age ranged between 26-28 years, 4 of 5
participants were engineering students. All the participants had
some level of previous experience of MAR, and all of them had
played the sensor-based MAR game Pokémon GO.

4.2.1 Scenario 1: AR-Building nearby. In this scenario, the AR-
building (in this prototype represented by a �ve meter high cube)
was placed nearby the participant’s location. When trying to get
the cube into the �eld of view, 4 out of the 5 participants struggled.
One participant expressed a confusion regarding in which direction
the cube was located:

“I feel like I have no idea in which direction I am
supposed to look, I feel kind of stupid when I am just
spinning around.”

All participants expressed confusion regarding the problem that the
real-world buildings did not occlude the virtual cube (see 2.5.3). �e
cube was placed on top of the real-world instead of blending in (see
�g. 2c). An example of a reaction from one participant regarding
the occlusion problem:
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‘‘Ok, that does not look good [points at building],
the cube is �oating in front of the real buildings.
Honestly, I have no idea what this means.”

Without suggestions from the test leader, 3 of 5 participants tried
to change their physical location in order to get a good view of the
cube. A good view meaning no, or li�le, problem with occlusion.
If the participants did not manage to �nd a good view, the test
leader assisted them in �nding one. Even when a good view were
accomplished, all the participants complained at least one time
during the test that the cube’s altitude was incorrect. Also, the
problem of dri�ing was signi�cant for 3 of 5 participants.

“When the cube is aligned to the ground, it is really
cool. You get a feeling of how big it is. But when it
is �oating in the air and jumps around, it makes no
sense.”

4.2.2 Scenario 2: AR-Building far away. In this scenario the AR-
building (in this prototype represented by a 5 meter high cube) was
placed far away from the participants current location, resulting
in a small projection on the screen. None of the participants were
able to locate the cube without guidance, they all expressed that
the main reason was the small size of the cube.

“�e cube was too small, I did not see it until you
told me where to look.”

4.3 User test #2: O�line prototype
�e age of the participants ranged from 26-29 years old. All the
participants but one were engineering students.

4.3.1 Scenario 1: Building nearby. All the participants success-
fully swiped to the arrows’ direction. One of the participants
wanted the arrow to be more explanatory:

“I understood that it was something where the arrow
pointed, but I was uncertain of what. Maybe a label
would be a good idea.”

Only 1 of the 4 participants interacted with the building, i.e. pressed
on it to show an information pop-up. When asked why, one partic-
ipant said:

“Actually, the building blended into the picture too
good. I did not think of it as something I could
interact with.”

4.3.2 Scenario 2: Building far away. �e map-view was expe-
rienced quite di�erently from participant to participant. One par-
ticipant showed a lack of understanding regarding sensor-based
MAR, disregarding the fact that it is based on location. He thought
that when he pressed a building’s marker on the map, the building
would show in the AR-view (even if it were too far away). All of the
participants complained about the buildings’ marker in some way.
One was associating the buildings’ AR-zone with GPS-accuracy:

“It looks like Google Maps’ circle to show the GPS
accuracy, confusing! Maybe change color of the
circle.”

Another participant expressed confusion about where the building
was located:

Figure 3: �e �nal version of the prototype application during user
test #3.

“I am not sure if the building is somewhere inside
that circle or at the marker’s position.”

4.4 Development: Final prototype
Based on the result from the above user tests (see 4.2-4.3) and the
MAR challenges (see 2.2.1), �ve functions could be derived. �ese
functions were implemented in the �nal version of application
prototype.

4.4.1 Onboarding. �e prototype application hosted four on-
boarding screens (see �g. 4) to give new users a be�er experience.
�e onboarding was only shown once. Since the prototype pro-
vided concepts and interactions that can be considered as unfamiliar
to most users, a Top User Bene�ts model (see 2.5.4) were chosen.
Screen 1 was a welcoming screen explaining the purpose of the
prototype (see �g. 4a). Screen 2 tried to solve the problem of ge�ing
the user to understand that unless you are physically close to a
building, it is not going to work (see �g. 4b). Screen 3 (see �g. 4c)
and 4 (see �g. 4d). explained the concept of adjusting the altitude
respectively shaking to reset.

All the onboarding screens were designed following Google’s
guidelines and best practices for onboarding experiences (see 2.5.4):
All the screens maintained visual continuity, using the same fonts,
bu�ons, proportions and style of images. �e images used were
explanatory and contributed to conveying the concept, instead of
just adding cosmetics. None of the images was UI literal, instead
of showing the UI it showed the bene�t. Also, the screens were
designed in a playful manner and utilized animations to encourage
learning (see 2.5.4).
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Figure 4: Onboarding screens: a) Wecloming screen, b) AR-zone, c) altitude adjustment, d) shake to reset.

Figure 5: a) “Far away” message, b) map-view with directions and
c) arrow function in use.

4.4.2 Map function. �e map function was developed to facili-
tate for users that are far away from a building, assisting in �nding
out where to go to enable the AR experience.

�e map-view (see �g. 5b) consisted of four important objects;
(1) the user’s location, using the native marker with accompanying
accuracy indicator. (2) �e AR-zone - a binocular icon and a blue
semi-transparent polygon - representing the area in which it is
possible to view a building. (3) �e building’s location, represented
by a house icon. (4) A line indicates the walking directions from
your current location to the AR-zone.

If the building’s icon were pressed, a pop-up was shown. �e
pop-up contained of information about the virtual building and
also an option to show directions.

If the user was outside of the AR-zone and and had the AR-view
opened, a message was shown instruction the user to use the map
to �nd an AR-zone (see �g. 5a).

4.4.3 Arrow. �e arrow was developed to help users to get the
building into the �eld of view. If a user was inside an AR-zone (see
4.4.2) and did not have the building in the �eld of view, the arrow
pointed towards the building (see �g. 5c).

4.4.4 Adjust altitude. A function to adjust the buildings’ altitude
was developed. �e users could drag-and-drop the building to
change the vertical position.

4.4.5 Shake. A function to reset the AR-view was developed.
�e users could shake the device to reset.

4.5 User test #3: Final version
Below the results from the user test of the �nal version of the
prototype application, with the supplementary functions (see 4.5)
implemented, is presented. Both from the think-aloud test and the
following questionnaire.

First there were questions about the user and the user’s expe-
rience of AR. �e age of the 13 participants ranged from 24 to 31
years old. �e majority of the participants were students; only 3 of
13 had work as main occupation, the rest were engineering students.
When asked if they had a lot of previous experience of AR, 4 of the
participants answered “strongly agree” or “agree”, 5 participants
were neutral while 4 participants answered “disagree” or “strongly
disagree”. Only 1 participant agreed when asked if they had a lot
of previous experience of location-based AR, 4 participants were
neutral while 8 participants disagreed or strongly disagreed.

�e participants were asked about their knowledge of the virtual
building’s planned location, both before they used the prototype
application and a�er. Before using it, 7 participants disagreed
or strongly disagreed on knowing the location, 1 participant was
neutral while 5 agreed or strongly agreed on the statement. A�er
using the prototype, 12 participants agreed or strongly agreed on
knowing the location of the virtual building, 1 participant neither
agreed nor disagreed. When asked if the visualization of the virtual
building increased the news-value of the news article (shown before
launching the prototype), 11 of 13 participants thought so while
2 were neutral. During the think-aloud, 5 of the participants also
expressed that the word “AR” in the news article invoked interest.
�e participants were presented with the statement “the overall
experience of the prototype was satisfying”, 6 participants agreed
or strongly agreed with the statement, 5 participants neither agreed
nor disagreed and 2 participants disagreed.
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4.5.1 Onboarding. �e onboarding was the �rst function the
user interacted with when starting the prototype application. Two
of the 13 participants scrolled through the onboarding screens fast,
without reading.

“I never read that stu�! I look at the images, if there
are any, and the title, then I try to �gure out the rest
while using the app.”

Overall, the images were appreciated; 12 out of 13 participants
thought that the images made it easier to understand the informa-
tion. Even though 2 participants ignored the text of the screens,
all of the participants thought the onboarding function made it
easier to understand the purpose of the prototype. Also, 9 of the
participants agreed or strongly agreed with a statement claiming
that the onboarding helped them to understand how to use the map,
while 1 participant disagreed and 3 participants neither agreed nor
disagreed. For all but 1 participant, the onboarding helped them to
understand how to adjust the altitude of the virtual building. One
of the participants expressed that the animation of the image made
it easy to understand:

“I really like that the image is animated with a �nger,
I know by just looking at the image how to change
the position.”

When given the statement “the onboarding helped me to under-
stand how to reset the prototype”, 1 participant answered “strongly
disagree”. All the other 12 participants thought that it helped them.
Overall, the majority of the participants appreciated the onboarding
function (see �g. 6).

4.5.2 Scenario 1: Building far away. A�er the onboarding, the
participants started scenario 1, where the virtual building was far
away. All the participants were successful in locating and walking
to the AR-zone using the map. �ough, one participant expressed
confusion regarding the AR-zone and the icon for the virtual build-
ing:

“I am not 100% sure what each icon represent. I
guess that I am supposed to be inside the blue area.
Also, I do not know exactly what the binocular icon
represents.”

However, other participants expressed the opposite, that they liked
it and thought it was intuitive:

“I really like the icons and colors of the map, I makes
it easy to know where to go.”

�is also shows when the participants answered the statement
“the map clearly showed where I was supposed to be, to be able to
experience the AR-building” (see �g. 6). Overall, the majority, 12
out of 13 participants, appreciated the map.

Not all participants explored the possibility to show directions
without suggestion from the test leader; 5 of the 13 participants did
not interact with the icons on the map, hence not displaying the
directions until the test leader suggested it. Some of the participants
expressed that the directions was a good feature, but redundant for
them:

“I do not need the directions, looking at the map is
enough for me. But I can see that it may be useful
when I am in an unfamiliar area.”

�is was also re�ected in the answers in the questionnaire; no one
answered negatively to any of the statements regarding the direc-
tions. �e majority, 10 participants, appreciated the directions even
though not necessarily needing it. When answering the statement
“the directions helped me to get in range”, 9 participants agreed or
strongly agreed, while 4 participants neither agreed nor disagreed.

4.5.3 Scenario 2: Building nearby. �e virtual building became
visible when the participants walked inside the AR-zone. �e arrow
helped the participants to get the virtual building inside the �eld of
view (see �g. 6). �e arrow proved to be intuitive, the majority of
the participants instinctively moved the camera towards the arrow
and all but 2 participants appreciated the arrow function.

Once the virtual building were found and visible on the par-
ticipants’ screens, 11 participants used the function to adjust the
altitude without suggestions from the test leader. �e other 2 partic-
ipants needed a reminder that the vertical position could be changed
by dragging and dropping. �is function proved to be important
since the virtual building never perfectly aligned to the ground by
itself. �e majority of the participants thought that the function to
adjust the vertical position made the experience be�er (see �g. 6).
Also, 11 participants answered that they appreciated the altitude
adjustment function, while 1 participant did not appreciate it and 1
participant was neutral.

While looking at the virtual building, 8 of the 13 participants
expressed some kind of problem regarding occlusion; the partic-
ipants pointed out the fact that boats and lampposts sometimes
were occluded by the virtual building, even though the building
clearly should be behind it. �ey also expressed confusion regard-
ing occlusion of other buildings. One participants elaborating why
he lost the sense of depth because of incorrect occlusion:

“I am not sure if the virtual building should be in
front or behind that building [points at a building].
I am guessing behind, but right now it does not look
like that.”

�ere were problems with the virtual building’s position, mainly
caused by incorrect values from the compass and dri�ing gyroscope
and accelerometer. To aid this problem, the participants could
shake to reset which made the experience be�er for the majority
of the participants (see �g. 6). On the statement “I appreciated the
function to shake to reset” 10 of 13 participants agreed or strongly
agreed, while 1 participant disagreed and 2 were neutral. Even
though the participants could reset, the problem with dri�ing and
incorrect values sometimes recurred and resulted in the participants
started to question the technology. Once the virtual building got an
incorrect position, all the participants started to ask the test leader
if it was in the correct position. Some example quotations:

“Is it in the correct spot now?” or “I am not sure if
that is the correct position, is it?” or “Should I reset
now? Because I think I am in the wrong position.”

Once the virtual building was close to the desired position and
the dri�ing was low, the participants expressed that it was a good
experience; the knowledge of the size, compared to other buildings,
and the location of the virtual building were increased.
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Figure 6: Answers to statement 1-5: Statement 1: “I appreciated the onboarding function”. Statement 2: “�e map clearly showed where I was
supposed to be, to be able to experience the AR-building”. Statement 3: “�e arrow helped to get the AR-building inside the �eld of view of the
smartphone”. Statement 4: “�e function to adjust the vertical position made the experience be�er”. Statement 5: “Shake to reset improved the
experience”.

“I like it when it works. I get a feeling of how big
the building is gonna be, and also where it will be
built.”

4.5.4 SUS. �e SUS score (see 2.5.2) was calculated based on
answers from 11 out of the 13 participants, 2 participants did not
answer the SUS questionnaire. �e prototype application got a SUS
score of 72 out of 100, which is considered as “good” according
to adjective ratings and as “acceptable” according to acceptability
ranges [39].

4.5.5 Technical issues. �e sensors showed great sensitivity to-
wards external factors, such as di�erent weather conditions and
local magnetic �elds. Since the user test was conducted with vari-
ous participants on di�erent days, various weather conditions were
experienced. On a clear day the sensors were more accurate than
on a rainy and cloudy day.

Only 4 of the 13 participants thought that the technology was
ready for production, in an publicly released application, while 7
did not think so and 2 were neutral.

5 DISCUSSION
�is section covers a discussion and an analyze of the results, trying
to answer the research question for this study. Also, future research
are proposed in the end.

For the purpose of this study, a sensor-based MAR prototype
application was developed and evaluated in an outdoor urban envi-
ronment. Based on the development process and the evaluations
made, the following research question will be answered:

What lessons can be learned when developing an
outdoor sensor-based MAR experience used to
visualize future buildings?

Previous research have proven there are some challenges and is-
sues to consider when developing and designing MAR experiences
(see 2.2.1). �erefore, in this study, these challenges were taken

into account at an early stage, trying to overcome them. Below,
these challenges and issues are being discussed from this study’s
perspective.

5.1 Testing and validating
Prototyping MAR experiences in early stages of a development
process is a challenge (see 2.2.1). �is issue were tackled by using
an AR framework instead of developing everything from scratch.
Using a framework that delivers advanced infrastructure for AR
made it possible to develop a simple sensor-based MAR prototype
relatively quick. �is allowed early testing and evaluation of an
interactive prototype with AR capabilities, in line with recommen-
dations from Dhir et al. [20]. �e results from this initial prototype
evaluation made it possible to draw conclusions of what kind of
features and functions the user needed in order to have a be�er
experience. One lesson learned from this is that prototyping MAR
experiences can be both interactive and with AR capabilities, at an
early stage, by using AR frameworks. Doing so made it possible
to collect useful data, such as user requirements, and use it in the
UCD process. �e main problems that were detected during user
test #1 were the following:

(1) Problem to �nd the virtual building when it is far away.
(2) Problem to locate the virtual building’s direction when it

is nearby.
(3) Incorrect occlusion; the virtual building was placed upon

the real world instead of blending in.
(4) Incorrect initial position (both longitude/latitude and alti-

tude).
(5) Building dri�s sideways.

To solve, or at least reduce, these problems, four functions were
developed.

5.1.1 Map function. Derived from problem #1, the map function
was developed (see 4.4.2). �e map’s main function is to give an
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overview of the available virtual buildings, and how to �nd them
in the real world. However, the map function contains more than
just a traditional map view with markers. One important element
of the map is the AR-zone (see �g. 5b). �e AR-zone was created
to be able to control from what area the users should be able to see
the virtual building. Being able to control that area brings three
important bene�ts:

First, it makes it possible to set distance limits. One can decide
when the user is too far away (or too close) to a virtual building.
�is is important since the virtual building gets smaller and smaller,
like any real life object would, when the distance to it increases. If
it is too small, it serves no purpose to keep displaying it. Instead, a
message was shown that informs the user that the state has changed
and how to proceed (see �g. 5a) - in line with MAR interaction
principle #4 (see tab. 2). According to the results from the �nal user
test, the map function helped the participants to get themselves
inside the AR-zone (see �g. 5b). Hence, counteracting problem #1.
A lesson learned from this is that a MAR experience that is tied to
a physical location, can be bene�cial of a geographical overview,
such as a map. Also, it is important to always keep the users up to
date of the MAR application’s state, especially if the AR content is
based on location. Basically, this means making it context aware
and be able to switch mode and content when needed - in line with
MAR interaction principle #1 (see tab. 2).

�e second bene�t of the AR-zone is that it makes it possible
to have control over the user’s line-of-sight. Problem #3, incor-
rect occlusion, can be addressed by cleverly selecting an area with
no, or li�le, occluding objects in the line-of-sight. Since all the
participants complained about incorrect occlusion in user test #1,
occlusion needed to be addressed. �ough, developing an occlusion
handler is rather complex and not in the scope of this study. What
the AR-zone o�ers is by no means an occlusion handler, rather
it is a solution that minimizes the need for an occlusion handler.
According to the results from user test #3, the occlusion was still
perceived as a problem for some of the participants. However, when
comparing it to the results from user test #1, this is an improvement;
5 of 13 participants did not even complain about incorrect occlusion
during user test #3, compared to 5 of 5 complaining during user
test #1. Also, the level of confusion regarding incorrect occlusion
expressed during the user tests di�ers a lot; user test #1 was some-
times unacceptable, while that was not the case during user test #3.
�is may indicate that the AR-zone made the incorrect occlusion
less noticeable, making it a “quick-and-dirty” solution to achieve
an acceptable view. One lesson to be learned from this is that an
AR-zone with cleverly demarcated boundaries can be useful as a
compromise when no occlusion handler is available.

�e third bene�t of the AR-zone is the possibility to customize
the AR-zone’s boundaries to steer away users from speci�c loca-
tions that work badly with sensor-based MAR. E.g. local magnetic
�elds that interfere with the compass, or signal shadowing that
limit the GPS signal. �is can be of good use, especially in an
urban environment, for any sensor-based MAR experience that
superimposes content on speci�c locations.

5.1.2 Arrow. Problem #2 was addressed by developing the arrow
function (see 4.4.3). �e arrow pointed towards the virtual building
(when it was not inside the �eld of view) to give the users a hint

in which direction they should pan with the phone. �e results
show that the arrow helped the majority of the participants to get
the virtual building inside the �eld of view (see 4.5.3). Also, the
participants instinctively followed the arrow, which indicates that
it is intuitive. Overall, the arrow clearly solved problem #2. A
conclusion to be drawn from this is that an indicator, of some sort,
that points towards AR-content can improve the experience for the
user. �ough, this may only be applicable when displaying one
AR-object, not multiple.

5.1.3 Shake. Derived from problem #4 and #5, the shake to reset
function was developed (see 4.4.5). Both these problems are, at the
bo�om of the line, caused by bad sensors in today’s smartphones
(see 2.1.2). �e solution in this study is to let the user shake the
smartphone to reset the AR-view - including the sensor values. �is
will force the prototype application to reinitialize the sensors and
collect updated values.

Problem #4, incorrect initial position, was mainly caused by in-
correct magnetometer data (see 4.5.5). Even small inaccuracies from
the compass, result in relatively large displacement errors. On the
location of user test #3, 1 degree inaccuracy results in approximately
4.5 meter displacement error. With that said, the compass needs to
be quite exact to function in an acceptable way. Unfortunately, the
compass is not that reliable, especially not in an urban environment
due to local magnetic �elds (see 2.1.2) created by e.g. cars and trams.
According to the results, the reset function occasionally �xed the
positioning problem, but not always (see 4.5.3).

Problem #5, that the virtual building dri�s, was solved by re-
se�ing. �e virtual building gets the correct position but, unfor-
tunately, it o�en proved to be a temporary �x. Since both the
gyroscope and the accelerometer are prone to dri� (see 2.1.2), the
problem sometimes recurred (see 4.5.3).

Solving the sensor problems, without hardware improvements,
is not trivial. When superimposing 3D-objects that need to be
almost perfectly aligned, without �ickering, the results indicate
that sensor-based tracking comes short. Also, the sensors showed
sensitivity towards weather (see 4.5.5). No measurements were
made, just observations, and during user tests on a clear day, the
performance was overall be�er compared to a rainy and cloudy
day. �is makes the system not so robust. �is is also re�ected in
the results, only 4 of 13 participants thought that the technology
was ready for production. However, even though the shake to reset
did not always �x the positioning problem, the majority of the
participants still appreciated the function and thought it improved
the experience (see 4.5.3). One lesson learned from this is that
today’s sensor-based tracking may not be ready to augment 3D-
content, that needs precise alignment. �e alignment o�en worked
well, without major displacement errors. �ough, as soon as the
virtual building got an obvious incorrect position, the users started
questioning the technology. Even if it were rese�ed back to a correct
position, the users never regained con�dence in the technology.

Another lesson learned is that if sensor-based tracking is used, as
in this prototype, some kind of function to reset the sensor values
can be useful. Even though it does not solve the actual problem of
inaccurate sensors, being able to reset the sensors gives the user a
tool to address the most obvious cases of displacement errors.
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5.1.4 Adjust altitude. To solve incorrect altitude, derived from
problem #4, a function to let the user adjusting it by dragging and
dropping was developed (see 4.4.4). Inaccurate GPS data cause
the incorrect altitude. According to the results, the adjust altitude
function made the experience be�er (see 4.5.3), hence counteracting
problem #4. For this function to work properly, the system relies on
the user. �e user has to be capable of determining what height the
virtual building should be at. According to the results, most of the
users found that intuitive and were able to place it on approximately
the correct altitude. One lesson to be learned from this, is that the
altitude data from a smartphone’s GPS is, most of the time, not
accurate enough to deliver a good experience. Le�ing the user
interact with the building and move it to a more correct altitude
can be useful, as it improved the user’s experience.

5.2 Discoverability
Next, the challenge of discoverability might have been improved
since de Sá et al. [16] de�ned these challenges; the release of
Pokémon GO in 2016 showed the great potential of MAR experi-
ences [4]. Also, this challenge was not evaluated, since it is not
publicly released.

However, during development this challenge was tackled by tak-
ing advantage of the cooperation with Bonnier News. To simulate
a natural and easy way to discover the prototype application, a
modi�ed web version of a news article was implemented. �e news
article was a regular article regarding the future building, but it also
contained a link that launched the prototype application. All the
participants pressed the link to view the building in AR. However,
no conclusion can be drawn from this, since no further evaluation
was made. Also, it is likely that the participants pressed the link
because they wanted to proceed with the test, and not necessarily
by interest. Notable is though that several participants expressed
that the word “AR” caught their interest (see 4.5).

5.3 Interpretability
When trying to overcome the challenge of low interpretability the
�rst screen of the onboarding was created, the “Welcome screen”
(see �g. 4a). �is screen describes the purpose and the bene�ts
of using the prototype application. Also, an illustration is used to
further explain the concept. According to the results from user test
#3 (see 4.5.1), all the 13 participants thought that the onboarding
helped them to understand the purpose of the prototype. �is result
shows that the “Welcome screen” served a purpose and counter-
acted the challenge of low interpretability. One lesson learned from
this is that o�ering the user a short and playful introduction to a
MAR experience can be bene�cial and is appreciated by the users.

5.4 Usability
Bad usability, was addressed partly by developing an onboarding
function and partly by following design guidelines (see tab. 1) and
interaction principles (see tab. 2). Onboarding is a commonly used
function among traditional smartphone applications to give new
users a be�er experience. �is study’s prototype hosts untraditional
concepts and interactions; an onboarding function can be useful in
these cases (see 2.5.4). �e results from user test #3 con�rms this; on
questions if the onboarding helped the participants to understand

how to use the map, altitude adjustment and reset function, a vast
majority thought that it did. �is indicates that the onboarding
made the the experience be�er and decreased the learning curve,
but it does not say anything about the overall usability of the pro-
totype. �e SUS score for the prototype, 72 out of 100, indicates
that the usability of the prototype was good. �is is no absolute
measurement, rather a good indication.

A conclusion drawn based on this is that an onboarding for new
users may be bene�cial for sensor-based MAR experiences. Since
MAR is an emerging technology, many users might be unfamiliar
to interactions and concepts. �e onboarding makes it possible to
give these users a smooth transaction into this new technology.
�is is also most likely applicable for most applications that contain
unfamiliar interactions and concepts. Another conclusion based
on this is that following MAR design guidelines (see tab. 1) and
interaction principles (see tab. 2) proved valuable when making
design decisions. MAR development possess di�erent challenges
than traditional application development (see 2.2.1), and having
guidelines to follow was useful.

5.5 Usefulness
�e challenge usefulness was addressed by focusing on delivering a
meaningful experience, using AR for storytelling and not just for a
“wow factor”. �e AR storytelling approach used for this prototype
is reskinning (see 2.1.4), which rely on remaking the reality to suit
the purpose of the story; visualize future, much debated, buildings.
According to the results, 11 of 13 participants thought that the
visualization of the building increased the news-value of the news
article regarding the building. �is indicates that the prototype
succeeded in telling a story and delivered a useful experience. Also,
visualizing the virtual building helped the participants to get an idea
of the placement, size and looks of the virtual building. A�er using
the prototype, all but one agreed to knowing where the building is
planned to be built. However, according to what the participants
expressed during the think-aloud test, they were all uncertain, at
least once during the test, of the exact position. �is indicates
that the participants got a good general idea of the placement, but
maybe not an exact position. One lesson learned from this is that
using AR for storytelling, instead of just “wow factor” is important.
A good starting point is to focus on a good story, then complement
with MAR.

One aspect of making a useful experience is to deliver long-term
value. In this study only one virtual building at one location was
supported, which should be considered as short-term, essentially
a one-time experience. Hence, the long-term goal is not achieved
in this study. However, the prototype’s infrastructure supports
multiple buildings on di�erent locations. Due to the limited time
span of this study, this feature was not evaluated. But one can argue
that several buildings, and the possibility to expand with new ones,
have the potential to add long-term value.

5.6 Methodology criticism
�e methodology of this study has some �aws. If these �aws had
been corrected, it might have resulted in be�er data. Hence, some
of the conclusions drawn in this study cannot be con�rmed. �e
�rst �aw is the low number of participants in the three di�erent
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user tests; 5, 4 and 13 participants. All three user test would have
bene��ed from a larger test group. Also, more diverse participants
may have generated be�er data; 17 out of the total 22 participants
were engineering students. �e second �aw is the �nal evaluation
method. �e development process took more time than planned.
Hence, the �nal evaluation might have su�ered. A di�erent method
to evaluate the supplementary functions, for example a comparative
study, might have been a be�er choice. E.g. using the prototype
with, and without the supplementary function and comparing. Also,
the choice to evaluate the overall experience with SUS can be ques-
tioned. Maybe SUXES method [20] would have been a be�er choice,
since it is suggested for MAR experiences. Also, the �nal user test
was conducted on only one phone model, the iPhone 5S. Using
di�erent phones may give a be�er picture of usage in real life.

5.7 Future work
Considering the �aws described in the methodology criticism (see
5.6), future research could conduct a more thorough evaluation of
the system to validate, or discard, the conclusions that were drawn.

Also, creating prototypes with the help of existing AR frame-
works proved to be a good solution for this study’s type of expe-
rience. Future research could explore bene�ts of using interactive
prototypes created with AR frameworks, compared to approaches
using low-�delity mocks as suggested by de Sá [16].

Future work could further examine how to overcome the tech-
nical �aws of sensor-based tracking. As discussed in section 5.1.3,
there are no real solutions in this study for the dri�ing and po-
sitioning problem. Without hardware modi�cations, there is not
much to do about the dri�ing problem. However, the incorrect
initial position might be able to �x. Since it most of the time, in this
study, was caused by wrong compass data, some sort of orientation
calibration could solve this. Similar to the function Olsson et al.
[14] developed, where the users pointed towards a prede�ned land-
mark and pressed a bu�on to calibrate the orientation. To make
this more dynamic and remove the requirement of a prede�ned
landmark, a more �exible solution could be to let the users calibrate
with respect to the sun [40].

6 CONCLUSION
Many lessons were learned during the development and evaluation
of this study’s sensor-based MAR prototype application. However,
three of these lessons were more interesting than the others. First,
the problems of inaccurate sensors. A conclusion to be drawn,
based on the development process and the evaluations made, is that
today’s smartphones do not provide robust and accurate sensor
data in an urban environment. �e lack of robustness and accuracy
makes the task of augmenting 3D-objects, which require almost
perfect alignment, challenging. As soon as the users experience a
displacement error they started to question the technology, making
them constantly uncertain if the virtual building’s position was
correct or not. If someone is considering to develop a sensor-based
MAR experience with superimposed 3D-objects, be aware of these
problems and design the experience with the limitations in mind.

�is leads to the next interesting lesson that was learned; clev-
erly designed functions can assist in reducing problems caused by
sensor-based tracking. �e most interesting feature developed in

this study is the AR-zone (see 4.4.2). �e AR-zone o�ers a simple
and robust solution to reduce the e�ect of three rather di�cult prob-
lems (see 5.1.3); Firstly, it makes it possible to control the visibility
in regards to distance. Secondly, it is making incorrect occlusion
less noticeable. It o�ers a “quick-and-dirty” solution to achieve an
acceptable view. �irdly, it o�ers the possibility to steer away users
from speci�c locations that works badly with sensor-based MAR.
E.g. local magnetic �elds that interfere with the compass, or signal
shadowing that limit the GPS signal. All these problems still exist,
but by using the AR-zone in a clever way, it is possible to hide them
from the user.

�e third interesting lesson learned deals with the problem to test
and validate ideas at an early stage of MAR development (see 2.2.1).
Due to the richness of a MAR experience, a prototype without AR
capabilities is not that meaningful. However, developing even a
simple MAR experience is expensive and time-consuming, therefore
not ideal for prototyping. �is study explores the possibility to use
AR frameworks to enable testing of interactive and AR-enabled
prototypes at an early stage of the design process. Using an existing
AR framework brings the advanced infrastructure required for MAR,
out of the box. In this study, this approach showed great potential
in making AR prototyping less expensive and time-consuming.
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