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ABSTRAKT
Den här studien utforskade det relativt nya området inom offentlig mobil handhållen förstärkt verklighet och hur den pekskärms-
baserade interaktionen av mobila enheter påverkar sättet användare med åldrar 10-12 interagerar med de sex frihetsgrader
som förstärkt verklighet möjligör. Två experiment utfördes, det ena i en publik miljö på ett museum och det andra i en privat
miljö på en skola. En statistisk analys utfördes mellan begränsad och icke-begränsad pekskärms interaktion. Kvantitativ och
kvalitativ data samlades genom semi-strukturerade intervjuer och icke-deltagande observationer. Resultatet visar på att det inte
finns någon statiskt signifikant skillnad mellan den fysiska rörelsen av den mobila enheten och begränsningen av pekskärms
interaktionen. Den kvalitativa datan visar dock att en annorlunda implementation av mjukvaran kan ge andra resultat.
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ABSTRACT
This study explored the relatively new field of public mobile
handheld AR and how the touchscreen-based input of smart-
phones affects the way users aged 10-12 interact with the
6DOF (6 degrees of freedom) that AR provides. Two experi-
ments were performed, one in a public museum setting and
one in a private school setting. A statistical analysis was per-
formed between non-restricted and restricted touchscreen-
based input. Quantitative and qualitative data was gathered
through semi structured interviews and non-participant ob-
servations. Results show no statistical significance between
the physical distance moved of the smartphone and the re-
striction of touchscreen-based input. Qualitative data show
a different software application may yield different results.

KEYWORDS
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1 INTRODUCTION
Medelhavsmuséet in Stockholm, Sweden is a modern mu-
seum exhibiting findings from the Mediterranean. The main
attraction is currently the Egypt exhibition where the mu-
seum has a number of sarcophagi at display. To accompany
the physical exhibits, the museum has installed a large touch-
screen table depicting one of the sarcophagi and its mummi-
fied remains. The digital sarcophagi is volumetric-rendered,
allowing the user to explore its 3D contents and structure.
After receiving positive feedback from visitors about the
modernized exhibition they decided to extend their promi-
nent Cyprus exhibition with mixed reality. The mixed reality
exhibition was developed by "KTH - The Royal Institute
of Technology" and funded by "BFUF - Besöksnäringens
forsknings- och utvecklingsfond". It officially opened to the
general public on October 30th, 2018.

The main physical Cyprus exhibition consists of over 2000
clay statuettes excavated from the Ayia Irini sanctuary lo-
cated at the northern coast of Cyprus. The mixed reality
extension of this exhibit aims to allow the visitors to cre-
ate their own statuette in augmented reality (AR) and then
place the statuette in the Ayia Irini sanctuary. To accomplish

this, the user enters the virtual reality (VR) world, where a
representation of the sanctuary has been created.
Augmented reality is a technology that aims to expand

our physical world by enhancing it with computer-generated
images or objects. Compared to VR, where the user is placed
in an environment that is fully digital, in AR users share their
physical environment with virtual content. The development
of AR technology was started by the US Air Force in 1992 in
the form of "Virtual Fixtures"[1]. Requiring a complex hard-
ware setup consisting of a head mounted display (HMD),
two real physical robots and an upper-body exoskeleton[1].
Current implementations of AR run on any modern smart-
phone utilizing the Magic Lens metaphor[2][3] instead of an
HMD (e.g. Niantic’s Pokemon GO). VR, on the other hand,
has usually required an HMD as part of the hardware.
The museum’s goal of the mixed reality extension is to

increase the immersion and interaction between the visitors
and the exhibit. To achieve their goal, mixed reality is a
great medium since AR allows for unique full range of view
and motion with 3D objects while VR allows for full visual
immersion. However, during an initial open public testing of
the exhibit in April 2018 the users were visually observed to
not fully utilize the six degrees of freedom (6DOF) of motion
that AR provides. The 6DOF are forward/backward, up/down,
left/right movement combined with change in orientation
through yaw, pitch and roll rotation. Instead, participant
chose to remain static while interacting with the software. In
this paper, I will propose one research question that can help
explain the observations made in April 2018 in regards to
how the AR system was used. This will partly be done with
a test of significance of level 0.05 (α = 0.05) and partly by
non-participant observations and semi-structured interviews.
The quantitative and qualitative data will be gathered on
a modified version of the original mixed reality exhibit at
Medelhavsmuséet.

1.1 Research Question
How does the touchscreen-based input, specifically the swiping
across the screen, of smartphones impact the way users aged
10-12 interact with the six degrees of freedom that handheld
augmented reality provides?



• Using a statuette-creation augmented reality application
with marker tracking technology publically available at
a museum and privately at a school.

• Measured by a Welch’s t-test with α = 0.05 of the time-
normalized total distancemoved of the smartphone when
using the application.

• The contextualization of the numerical data through
the use of non-participant observations and answers to
semi-structured interviews.

2 BACKGROUND
This section will briefly cover definitions used in this paper
as well as related work done on the subject. Extending on
current state-of-the-art research, the motivation behind this
study is explained in higher detail.

2.1 Definitions
Some definitions of augmented reality require the use of an
HMD (head mounted display), to avoid this limitation I will
be using the definition of AR as stated by Azuma (1997)[4]
and Azuma et al. (2001)[5]: An AR system is defined by three
characteristics:
(1) The combination of real and virtual,
(2) It should be real-time interactable
(3) And registered in 3D.

The common extension to Azuma’s definition is the one
used by Höllerer and Feiner (1999) to define "Mobile Aug-
mented Reality Systems" (MARS)[6]. In their setup they used
a backpack to carry the hardware and used GPS positioning
to render the 3D objects. More recently, these setups have
been replaced by smartphones and marker-less or fiducial
tracking. We will thus be referring to the system used in this
paper as a handheld AR system (HAR) as defined by Wagner
(2007)[7]. The definition states that the user actively hold
the mobile device with the AR application installed on in
their hand(s). This is important because the traditional HMD
setup left the user with both hands free to interact with,
compared to the HAR where at least one hand is restricted
by the mobile device.

The HAR system utilizes the mobile device’s built-in cam-
era lens to display video see-through AR. This type of interac-
tion is typically referred to as the magic lens metaphor[2][3].

The type of tracking mechanism used, e.g. fiducial, hybrid,
or marker-less[8], is important to consider since the mecha-
nisms have different drawbacks and benefits. In this paper,
due to the public nature of a museum exhibit, as well as the
somewhat limited computational power of a handheld device,
fiducial tracking is preferred. Fiducial marker tracking uses a
fiducial marker, typically an image with considerable visual
texture, to spot and position the 3D object to be rendered[9].
It offers robustness and computational efficiency[9].

2.2 Related Work
Ever since the AR community went from being thought of
as a new technology to an information medium public ap-
plications have been developed. For example in the field
of cultural heritage, "Archeoguide"[10] and "Lifeplus"[11]
explored the use of MARS in historical and archaeological
sites. Fixed AR installations have also been used in for ex-
ample Belgium’s Ename Center to visualize how the actual
sites could have looked[12]. Museums have also explored
the possibility of AR, for example the Limerick Museum in
Ireland using AR installations intramuros[13]. The "ARCO"
project[14] provided museums with a tool to create visual
replicas in AR of museum objects. The "Studierstube ES"[15]
framework for development of HAR was presented three
years after the ARCO project. The framework was presented
by Schmalstieg and Wagner (2007) in a paper that also de-
tailed two AR games deployed in two Austrian museums[16].
Schmalstieg and Wagner explored the affordances of hand-
held devices and how they affect the interaction with AR
applications[16].
More closely related work was done by Miyashita et al.

(2008) who created and evaluated a MARS museum guide for
the The Louvre - DNP Museum Lab utilizing the magic lens
metaphor with marker-less and hybrid tracking[17]. Obser-
vations, questionnaires and aural evaluation methods were
used. Observations match the preliminary findings at Medel-
havsmuséet, that "some users assume that what they see on
the screen has been created entirely by computer graphics",
"Visitors also tend to stop moving once the augmentation
appears" and "do not change the camera position at all". They
concluded that full 6DOF in a museum setting is possible[17].

Relevant as well is the work done by Damala et al. (2008)
who presented a fully functional prototype of an AR-enabled
mobilemultimediamuseumguide, designed and implemented
for the Museum of Fine Arts in Rennes, France[18]. Their
HAR setup consisted of a personal digital assistant (PDA)
held with both hands, using the magic lens metaphor as well
as fiducial marker tracking. The fiducials were physical ob-
jects already in the museum to minimize installation and
remain discreet. They recognized two main difficulties:

(1) Few user studies have been performed in the field of
AR. Gabbard and Swan (2008) report that in a total of
1,104 articles on AR recessed, only 2% included a user
based study[19].

(2) Their target groupwere unfamiliar with AR and had no
previous experience with mobile multimedia guides.

Because of the former difficulty recognized, direct non-participant
observation of the visitors interacting with the system was
judged necessary as well as conducting semi-structured in-
terviews right after the visit.
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2.3 Motivation
AR has evolved in many ways from its first inception, rang-
ing from the technology behind it to the hardware it is used
on. However, the evolution of the latter has not been prop-
erly tested, as Gabbard and Swan (2008)[19] confirmed, and
may have resulted in unforeseen interaction problems. The
original platform AR was developed for was the HMDwhich,
as previously stated, left the user with both hands free to
interact with. The current most common platform is the
smartphone, which leaves the user with at most one hand
free to interact with. Due to the ubiquitous nature of the
smartphone it also carries its own interaction expectations
founded in years of standardized design choices. The swiping
motions to change, rotate or move content and the pinch-
ing motion to zoom in are just two of the many ways we
expect smartphone applications to behave when we interact
with them. The novelty of AR has brought a lot of attention
from developers accustomed to these standardized design
paradigms wishing to tap into an emerging technology on a
widely established familiar platform. The benefits of this is
clear; a collective effort to develop and distribute AR tech-
nology. Unfortunately the development of new, AR-attuned,
design and interaction paradigms can not keep up with the
rapid expansion of AR applications on the smartphone plat-
form. Previous studies made on HAR applications have noted
that younger users do not interact as intended with the 6DOF
that AR provides impacting negatively on the overall user
experience[20]. These observations were done in passing
remarks and not something the researchers were actively
investigating. The necessity to more closely examine the way
users interact with HAR applications is thus not unfounded.
By answering the research question proposed in this paper
we can potentially pinpoint a cause for the unintended in-
teraction with the 6DOF of HAR applications and highlight
it for future developers and researchers for further study.

3 METHOD
The research question was evaluated on a modified version
of the mixed reality exhibit (specifically the AR exhibit, see
sections 3.1.1-3.1.4) currently on public display at Medel-
havsmuséet in Stockholm using a between-group design.
The evaluation was done in two parts. The first part was per-
formed at Medelhavsmuséet in Stockholm. The second part
was performed at Skogsborgsskolan in Katrineholm, Sweden.
Quantitative data was gathered in both Medelhavsmuséet
and Skogsborgsskolan. Direct non-participant observations
were done at Medelhavsmuséet and semi-structured inter-
views were performed at Skogsborgsskolan. This was done
because of the invasiveness of user studies in an otherwise
public setting.

3.1 Medelhavsmuséet Mixed Reality
Cyprus Exhibition

The mixed reality exhibition consists of two parts; the VR
Ayia Irini sanctuary Android application and the AR statuette
creator/Island Explorer Android application. I will hence-
forth refer to them as the VR exhibit and AR exhibit respec-
tively. For the purposes of the research question evaluated in
this paper the VR exhibit and "Island Explorer" are however,
irrelevant and will not be covered.

3.1.1 Hardware used in the AR exhibit. The AR exhibit is
installed on a Samsung Galaxy S8+ smartphone featuring a
15.75 cm screenwith a screen resolution of 1440 x 2960 pixels.
The operating system of the smartphone is Android v7.0
(Nougat). The device is powered by an Octa core (2.3 GHz,
Quad core, M2 Mongoose + 1.7 GHz, Quad core, Cortex A53)
processor paired with 4 GB of RAM. The built-in rear cam-
era is a 12 MP Exmor-RS CMOS Sensor camera supporting
a resolution of 4000 x 3000 pixels. Other sensors include
Light sensor, Proximity sensor, Accelerometer, Barometer,
Compass, Gyroscope.

The museum fiducial is a 2 x 1.5 m back-lit high-contrast
mainly black and white description image installed at the
museum (see Figure 1). The school fiducial is a 1.5 x 1.12 m
printed replica of the museum fiducial. The school fiducial
is not back-lit.

3.1.2 Software used in the AR exhibit. The AR exhibit was
developed using Unity 2018.1.0f2 and Vuforia Engine 7.5 on
a Windows 10 PC. The tracking technology used is fiducial
marker tracking provided by the AR SDK of the Vuforia
Engine. The magic lens metaphor is used to track the fiducial
markers. The SDK provides fiducial caching and persistent
tracking. This results in robust tracking that persists through
partial fiducial occlusion and if parts of the fiducial is outside
the field of view of the magic lens. The data gathered for
the statistical analysis (see section 3.2) is handled by a Unity
C# script reading the smartphone’s position relative to the
fiducial. The data is written to a real-time Firebase database.
To accomplish this the smartphone needs to be connected to
WiFi or no data logging is done.

3.1.3 Design of the AR exhibit. The idle screen consists of a
"start" button and a play-on-demand video showing a per-
son pointing the device towards the fiducial and then going
through the process of creating a statuette. Once the user
clicks the start button an image of the fiducial with accom-
panying text instructing the user to point the camera at the
fiducial is displayed. The camera is active during this part.
Once the user finds the fiducial and the 3D object is rendered,
the instructions are removed and replaced by a set of new
instructions. The new instructions consist of audio playback
and an animated image of a pointing finger sweeping across
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Figure 1: The source image of the fiducial used in both
setups.

the screen. The audio instructs the user that they can rotate
the 3D object by swiping across the screen. The 3D object is
a statuette that the user can customize through the 2D screen
overlay UI (see Figure 2). To save the statuette the user clicks
a "confirm" button prompting the user to fill in a name field.
Once saved, the system continues to the Island Explorer part
of the application. After 1 minute of inactive use, as defined
by any touch input or phone movement, the application re-
turns to the idle screen. The user can also at any point return
to the Statuette Creator by pressing a "back" button situated
where the previous "confirm" button was (Figure 2). The user
can also navigate between the Statuette Creator, idle screen
and Island Explorer through the in-application menu. The
menu is displayed by either clicking the menu button in the
top right of Figure 2) or swiping the bottom dashboard up.

3.1.4 Modifications of the design. Modifications to the orig-
inal design were made to successfully answer the research
question proposed in this paper. The exhibit was modified
to log real-time user data in the form of the smartphone’s
physical space position relative to the fiducial marker to an

Figure 2: Screenshot taken of the Statuette Creator,
showing 2D UI and 3D statuette.

online database. This had no impact on the performance or
user experience. A moving 3D cat was placed behind the
statuette so it was barely visible. The cat was placed as an
incentive for users to explore the 6DOF provided by the AR
technology. Another, key modification, was the restriction
of the touchscreen-based input. This was done by restricting
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the rotation of the statuette between the two values 0 and
360 degrees. The default value is the full 360 degrees. The
value alternates on one of two conditions:

(1) Every time a user successfully saves a statuette, or
(2) the fiducial is tracked then lost and more than 10 sec-

onds have passed before it is tracked again.

3.1.5 Medelhavsmuséet’s physical experimental setup. The
phone was mounted to a wall using a magnet at 1.2 m height.
It was secured by a LifeSafe case using a cased steel wire of
3 m length attached to the bottom of the wall. The fiducial
was located 30 cm to the left of the phone. The fiducial was
placed 15 cm above ground level.

3.1.6 Skogsborgsskolan’s physical experimental setup. Be-
cause the original fiducial was installed in the museum a
replacement had to be used. The replacement used the same
graphic with slightly different dimensions but same aspect
ratio; instead of 2 x 1.5 m it was 1.5 x 1.12 m. The setup
was not situated in a classroom but rather a separate well
lit connecting group room. The fiducial was placed 40 cm
above ground level.

3.2 Statistical Analysis
An unpaired, one-sidedWelch’s t-test with initially unknown
mean and unknown standard deviation was used. We use
Welch’s because we have sample sizes and variances of un-
equal values between the populations. Whelch’s maintains
a type I error rate and is more robust than a regular Stu-
dent’s t-test in our scenario (unequal variance and sample
sizes)[21]. The hypotheses we test are defined as:

• H0 = The average physical distance movement of the
smartphone is unchanged regardless if the smartphone
screen touchscreen-based input is restricted.

• Ha = The average physical distance movement of the
smartphone increases when the smartphone screen
touchscreen-based input is restricted.

H0 : µ1 = µ2 Ha : µ1 > µ2

As measured by the average total distance moved of the
smartphone in real world relative to the fiducial marker, di-
vided by the average total time spent creating a statuette,
while the touchscreen-based input of the smartphone is re-
stricted compared to when it is not.

The average total distance was calculated using the Frobe-
nius norm between two sample points then aggregating the
result, divided by the total time spent creating. The Frobenius
norm is calculated by the following formula:

∥A∥F =
√∑

i, j

|ai, j |2 (1)

The position of the smartphone was sampled every 3 ms.
The two groups used were thus:

(1) µ1 : touchscreen-based input restricted
(2) µ2 : touchscreen-based input not-restricted

The touchscreen-based input refers specifically to the ability
of being able to rotate the statuette by swiping a finger across
the screen.

The measurement was done while the user performs their
task. The task was to create a statuette and saving it. The
measuring was thus started when the user first successfully
tracks the fiducial, and stopped when the user clicks the
"confirm" button. The measuring was only done while the
fiducial was being tracked.
Welch’s t-test defines the statistic t by the following for-

mula:

t =
X1 − X2√
s21
N1
+

s22
N2

(2)

The degrees of freedom, v , associated with the variance esti-
mate is approximated using the Welch-Satterthwaite equa-
tion:

v ≈
( s

2
1
N1
+

s22
N2
)2

s41
N1v1
+

s42
N2v2

(3)

Where (for both formulas) X1, s1 and N1 are the first groups
sample mean, sample variance and sample size, respectively.
v1and v2 represent the degrees of freedom associated with
the first and second variance estimates respectively and are
calculated by vx = Nx − 1. Once t and v have been cal-
culated the statistics can be used in conjunction with the
t-distribution to test the alternative hypothesis that one of
the means is greater than the other (using a one-tailed test).
The degrees of freedom are rounded down to the nearest
integer.

3.3 Non-participant Observations
The non-participant observations were performed at Medel-
havsmuséet. The observer was either situated standing 1-4
meters behind the subject, or sitting 5 meters to the left
or right of the subject. The non-participant observations
were performed with the observer’s status as a researcher
unknown to the subjects. Due to the public nature of the
setting, the anonymity and status of the observer was pre-
served throughout the whole experiment. Key points of in-
terest to observe for was how the subjects first found the
fiducial marker, how/if they interacted with the 3D object
and how/if they interacted with other subjects. There were
no direct interaction with the subjects.
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3.4 Semi-Structured Interviews
The questions used during the semi-structured interviews
were:

(1) Q1: Do you have any previous experience with smart-
phones? (Elaborate what a smartphone is if the subject
is unaware)

(2) Q2: Have you heard about Virtual Reality (VR) before?
(If yes, in what capacity)

(3) Q3: Have you heard about Augmented Reality (AR)
before? (If yes, in what capacity)

(4) Q4: How would you look at the side of the statuette?
(5) Q5: How would you look closer at the statuette?
(6) Q6: Where do you think the statuette is, on the screen

of the phone or on the poster at the wall? (Freely dis-
cuss answer)

The semi-structured interviews were performed at Skogs-
borgsskolan. The subjects were interviewed and video recorded
separately from their class. The videos were recorded to show
no information that could be used to identify the subject. The
subjects were between the ages of 10-12. They were allowed
to bring a friend or two, if they felt uncomfortable. The sub-
jects were asked a set of 6 questions, Q1 through Q6. Q1
through Q3 were asked, in stated order, before the subject
started using the application. The gender of the subject was
noted but not asked. Questions Q4 and Q5 were asked, in
stated order, once the subject found the fiducial. Q6 was
asked after the subject had successfully saved their statuette.
Impromptu case by case instructions were given as needed
throughout the session for the subject to successfully com-
plete the task of creating and saving a statuette. Q6 was asked
to see if there was any correlation between the behavioural
answers given to Q4, Q5 and the answer given to Q6. An
explanation of AR was given per request but also at the end
of the session.

4 RESULTS
This section covers the quantitative data gathered, the results
from the statistical analysis, qualitative data gathered from
the non-direct, non-participant observations and the semi-
structured interviews.

4.1 Quantitative Data & Statistical Analysis
Tables 1 and 2 show the results from the school (Skogs-
borgskolan) and museum (Medelhavsmuséet) experiments
respectively. In the school experiment a total of 32 statuettes
were created, of which 12 were with 360◦ rotation available
(noted as "yes" in tables 1 and 2) and 20 were with 0◦ rotation
(noted as "no" in tables 1 and 2). In the museum experiment
a total of 143 statuettes were created, of which 59 were with
360◦ rotation available (noted as "yes" in tables 1 and 2) and
84 were with 0◦ rotation (noted as "no" in tables 1 and 2).

Table 1: Quantitative results from Skogsborgsskolan.

Variable Time (s) Distance (m) Speed (m/s)
Average "no" 166.707 43.333 0.251
STDEV "no" 88.919 29.159 0.097
STERR "no" 19.883 6.520 0.022
VAR "no" 7906.534 850.253 0.009
Average "yes" 165.744 34.219 0.229
STDEV "yes" 72.567 14.556 0.109
STERR "yes" 20.948 4.202 0.031
VAR "yes" 5265.928 211.871 0.012
Average "tot." 166.346 39.915 0.243
STDEV "tot." 81.943 24.827 0.100
STERR "tot." 14.486 4.389 0.018
VAR "tot." 6714.720 616.399 0.010

Table 2: Quantitative results from Medelhavsmuséet.

Variable Time (s) Distance (m) Speed (m/s)
Average "no" 100.258 24.336 0.252
STDEV "no" 75.359 17.535 0.091
STERR "no" 8.222 1.913 0.010
VAR "no" 5678.955 307.485 0.008
Average "yes" 92.423 20.950 0.231
STDEV "yes" 44.516 13.536 0.100
STERR "yes" 5.795 1.762 0.013
VAR "yes" 1981.631 183.233 0.010
Average "tot." 97.025 22.939 0.243
STDEV "tot." 64.372 16.043 0.095
STERR "tot." 5.383 1.342 0.008
VAR "tot." 4143.769 257.368 0.009

Using the values from table 1 with N1 = 20, N2 = 12
we can apply a Welch’s t-test on the classroom data. From
equation 2 we acquire t = 0.5871 and equation 3 gives us
v = 21. Using any T table of critical values with v = 21 and
α = 0.05 gives us a critical value of 1.721. The calculated t
value is smaller than the critical value (0.5871 < 1.71), so
the means are not significantly different and we can reject
the alternative hypothesis in favor of the null hypothesis in
the classroom experiment.
Equally, if we use the values from table 2 with N1 = 84,

N2 = 59 applied on the same test we acquire t = 1.2983 and
v = 117 from equations 2 and 3, respectively. Again, using
any T table of critical values withv = 117 and α = 0.05 gives
us a critical value of 1.66. The calculated t value is smaller
than the critical value (1.2983 < 1.66), so the means are
not significantly different and we can reject the alternative
hypothesis in favor of the null hypothesis in the museum
experiment.
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4.2 Quantitative Data from
Semi-Structured Interviews

Figure 3: Stacked bar chart representing the results
from the semi-structured interview.

The quantitative data gathered from Skogsborgsskolan
on subject genders and answers to questions Q1-Q6 can be
seen in Figure 3. In total 31 of the 32 subjects that created a
statuette answered the questions. One subject choose not to
answer any questions and their non-answers are marked as
"Other". The answers to questions Q1-Q5 are presented as
"yes" or "no" in the graph for clarity. In reality, the subjects
did, in general, elaborate on their answers. The relevant
elaborations are covered in section 4.2.1. Answers to Q4
and Q5 are interpreted as; "yes" if their first action after the
question was to use finger gestures (i.e. touchscreen-based
input), "no" if their first action was physical movement.

4.2.1 Semi-structured interview subject comments & obser-
vations. In total, 2 of the subjects asked to have AR as a
concept explained. These 2 subjects had an above and below
average speed compared to the rest (0.370m/s , 0.114m/s
and 0.243m/s respectively). The subject with above aver-
age speed realized after the explanation that he could move
around with the phone to get different angles and zoom on
the statuette. Subjects (7 out of 32) who chose to bring a
friend had an above average, on average 0.290m/s , speed
compared to the total average of 0.243m/s . Observations
show that of these 7 groups of 2 users, in 4 cases the non-
active user (the user currently not holding the phone) ob-
served that the active user could move around/closer to the
fiducial to change the angle and zoom of the 3D statuette.
The 4 cases had an average speed of 0.352m/s . In 3 of the
4 cases the touchscreen-based input was restricted. These 3
cases had an average speed of 0.416m/s . The one case where
the touchscreen-based input was not restricted had a speed
of 0.159m/s (well below the total average).

One of the subjects noted that without the phone, hewould
feel inclined to move closer to the fiducial. When the ses-
sion was over he was asked to do so anyway and only then
realized that he had full 6DOF.
One subject with touchscreen-based input restriction on

immediately realized she had full 6DOF. When asked how
she knew, her answer was that "the statuette was already
rotated" and because she could not rotate it through the
software, she had to move to see the front. Another subject
similarly, with touchscreen-based input restriction on, also
immediately realized he had full 6DOF. When asked how
he knew, his answer was that because "the statuette was in
3D...I can move in 3D".

Only one subject changed their answer toQ6. The subject’s
original answer was "screen" but after shaking the phone
and realizing that the 3D statuette did not shake he changed
his answer to "picture".
Of the 32 subjects 19 gave verbal recognition of the 3D

cat placed as movement incentive. However, only 3 of the 19
explored the cat further by changing angle and/or moving
closer as a direct consequence of the cat. When the subjects
who noted but did not explore the cat specifically were asked
why the majority (11 of 16) answered that they did not know
they could. Another 4 of the subjects answered that it was
not interesting and 1 answered that it was not part of the
assignment (to create a statuette).

4.3 Qualitative Data from non-participant
Observations

The non-participant observations were done at the museum.
The observations were done in a span of one week on a
total of 211 subjects. Of these 211 a majority was below the
age of 16 and a good part, > 60, below or the age of 12
(approximately). The amount of users and their demographic
can partly be attributed to the advertisement efforts of the
museum. The museum had published advertisements on
pamphlets and their official website about the mixed reality
exhibition. It can also partly be explained by the timing of
the exhibition. The week coincided with the autumn break,
meaning that a lot of subjects within the papers demographic
had school leave.
Key observations made were that in a museum setting,

it was rare for a user to be completely alone with the soft-
ware. The demographic explored in this paper were in a
strong majority of cases, > 95%, not alone when using the
AR software. The users either had parents, grandparents
(or similar) present, or they were visiting in a class of > 10
people. The classes were always supervised by one or more
supervisors. The supervisors more or less controlled the in-
teraction through set queues and timed sessions. This limited
how much each user could use the software. Another key
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observation made was the increased timidity to explore the
software exhibited by the users in a public setting. Users ex-
hibited a reserved naturewhen interactingwith the hardware
and software. This observation was done when comparing
the interaction with the hardware and software between
users in a group of familiar people (friends, classmates, etc.)
and users in a group of unfamiliar people (other visitors). The
users in the former group exhibited longer usage sessions
(and often multiple), a higher observed speed (approximate)
and an overall more inquisitive nature. The users in the latter
group showed an increased inclination to give up before find-
ing the fiducial and if they found it chose not to explore the
software beyond the 2D UI customization buttons in most
cases.

In the former group if one of the users found out about the
6DOF the knowledge quickly spread throughout the group.
This resulted in the users exploring the software beyond the
2D UI, to for example the 3D cat model. A similar behaviour
was observed among the users who chose to bring a friend
at the school.

Both groups showed insecurity if the hardware at display
was for public use. This was observed in verbal exchanges
such as "Do we use our own phone?" and "Can we use this
one?".

The AR exhibit setupwas also observed to have interaction
inhibiting properties. The cased wire securing the phone to
the wall was observed obstructing other visitors when the
area was crowded. The users were often aware of this and
refrained from moving with the hardware in hand.
The observations showed that the original physical ex-

hibit had an impact on the user interaction with the AR
exhibit. The physical exhibit was the main attraction and
had scheduled guided tours. This increased the timidity fac-
tor enhancing the reservedness of users.

The software instructions were observed to be inadequate.
During the design process, care was taken to reduce the
learning curve and amount of time the user had to spendwith
the instructions. This was done knowing that users would
likely have limited time with the software. Despite this, most
users skipped the initial video instructions completely and
had observed problems figuring out how to start tracking
the fiducial.

5 DISCUSSION
This section discusses the results of the experiments and
finishes with criticism of the method.

5.1 Discussing the Results
Despite the results of the statistical analysis rejecting the
alternative hypothesis there was still value gained in per-
forming the experiments. The robustness of current AR tech-
nology was tested with hundreds of users per week with
little to no technological breakdown. No user, during either
experiment, was observed complaining about the loss of
tracking or similar issues. The museum experiment in par-
ticular also gave reason to not outright accept the results
of this study. There was a second part of the AR exhibit as
mentioned, not covered in this study; namely the "Island
Explorer". Briefly, the Island Explorer allowed the user to see
a 3D miniature Cyprus island with the Ayia Irini sanctuary
on. In fact, the 3D island was a direct representation of the
VR exhibit world, even featuring the VR player in real time.
The Island Explorer used the same hardware and software as
the Statuette Creator, the only glaring difference was that the
Island Explorer’s fiducial was horizontally aligned and not
vertically like the Statuette Creator’s. During the non direct
observations, user were observed to interact a significant
amount more with the 6DOF of AR when using the Island Ex-
plorer as opposed to the Statuette Creator. There are multiple
possible reasons to this, covered in sections 5.1.1-5.1.3.

5.1.1 The horizontal alignment. The alignment itself might
not be the deciding factor here, but the way 3D objects are
rendered on horizontal alignment. In the AR exhibit, the 3D
object of the Statuette Creator was facing the user, while the
3D object of the Island Explorer was shown from a top down
view. The top down view limits how much of the model the
user can see from the original position, giving high incentive
to utilize the 6DOF.

5.1.2 The incentive to explore different angles. The Island
Explorer had more incentive to explore different angles. The
statuette object only had the 3D cat as a "real" incentive to
explore different angles. The island on the other had, featured
trees, houses, animals, the VR player etc. These object might
not be more interesting but they served as an occlusion
piquing the curiosity of the user.

5.1.3 Interactive use of 6DOF. The island had a unique in-
teraction with the VR player. The Island Explorer user could
see the VR player move around on the 3D island in real time
while the VR player could see a representation of the AR
player’s phone in VR space in real time. Both players could
interact with each other, for example the VR player could
ask the AR player to move closer to the ground and then get
on top of the AR player representation and be transported
around. This type of interaction was observed multiple times
during the museum experiment. The Statuette Creator on
the other hand, offered no real reason aside from explorative,
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to utilize the 6DOF. If perhaps, different angles gave differ-
ent statuette customization options for example, we could
potentially have seen a higher engagement with the 6DOF.

To note; the Island Explorer did not feature any touchscreen-
based input interaction.

5.2 Future Research
For future research based on this study (or in a similar vein)
I would propose to not give up on the premise that the singi-
fiers of smartphones affect the way users interact with the
6DOF that AR provides. A direct continuation of this study
would be to perform the same experiment on an application
with a higher incentive for the user to utilize the 6DOF that
AR provides, the Island Explorer to name an example. The
semi structured interviews revealed that a majority of the
demographic (81.3%) had no prior knowledge to AR. Chang-
ing the demographic to one with prior knowledge, or one
with higher cognitive functions could yield different results.

To explore the premise further beyond the scope of this
study a comparative study between traditional HMD AR and
HAR could reveal more about the impact that smartphones
have on the interaction with AR software.

5.3 Conclusion
The study show that there is no statistical significance at a
α = 0.05 level between the physical movement of users when
using a handheld AR software application with restricted and
not restricted touchscreen-based input. Observations made
point to a possible cause being the low incentive for users to
utilize the 6DOF of the particular AR applications used in this
study. However the study also show that users not operating
the software alone tend to utilize the 6DOF of AR more than
solo users. The study points to a need for further research
on the premise that the smartphone as a hardware affects
the way users interact with the 6DOF that AR provides. The
findings of this study can help future researchers design their
AR applications in a way that improves user engagement
with the 6DOF that AR provides.
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