- B UNIVERSITAT
LIECHTENSTEIN

This is the author’s version of a work that was accepted for
publication in the following source:

Sommerauer, P., & Miiller, 0. (2014). Augmented Reality in
Informal Learning Environments: A Field Experiment in a
Mathematics Exhibition. Computers & Education

Notice: Changes introduced as a result of publishing processes
such as copy-editing and formatting may not be reflected in this
document. For a definitive version of this work, please refer to
the published source.

The final publication is available at

http://dx.doi.org/10.1016/j.compedu.2014.07.013

www.uni.li


http://dx.doi.org/10.1016/j.compedu.2014.07.013

Accepted Manuscript

Computers
Education

A Tutemmionel §E

Augmented reality in informal learning environments: A field experiment in a
mathematics exhibition

Peter Sommerauer, Oliver Mller

Pl S0360-1315(14)00164-X
DOI: 10.1016/j.compedu.2014.07.013
Reference: CAE 2676

To appearin:  Computers & Education

Received Date: 24 January 2014
Revised Date: 25 July 2014
Accepted Date: 27 July 2014

Please cite this article as: SommerauerP. & MiillerO., Augmented reality in informal learning
environments: A field experiment in a mathematics exhibition, Computers & Education (2014), doi:
10.1016/j.compedu.2014.07.013.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.compedu.2014.07.013

Title: Augmented Reality in Informal Learning Environments: A Field Experiment in a

Mathematics Exhibition

Author names and affiliations:

Sommerauer, Peter, University of Liechtenstein, Fiirst-Franz-Josef-Strasse, 9490, Vaduz,

Liechtenstein, peter.sommerauer @uni.li

Miiller, Oliver, University of Liechtenstein, Fiirst-Franz-Josef-Strasse, 9490, Vaduz,

Liechtenstein, oliver.mueller @uni.li

Corresponding author: Miiller, Oliver



Augmented Reality in Informal Learning
Environments: A Field Experiment in a Mathematics

Exhibition

Abstract

Recent advances in mobile technologies (esp., smartphones and tablets with built-in cameras,
GPS and Internet access) made augmented reality (AR) applications available for the broad
public. While many researchers have examined the affordances and constraints of AR for
teaching and learning, quantitative evidence for its effectiveness is still scarce. To contribute
to filling this research gap, we designed and conducted a pretest-posttest crossover field ex-
periment with 101 participants at a mathematics exhibition to measure the effect of AR on
acquiring and retaining mathematical knowledge in an informal learning environment. We
hypothesized that visitors acquire more knowledge from augmented exhibits than from exhib-
its without AR. The theoretical rationale for our hypothesis is that AR allows for the efficient
and effective implementation of a subset of the design principles defined in the cognitive the-
ory of multimedia. The empirical results we obtained show that museum visitors performed
better on knowledge acquisition and retention tests related to augmented exhibits than to non-
augmented exhibits and that they perceived AR as a valuable and desirable add-on for muse-

um exhibitions.

Keywords. Augmented Reality, Informal Learning, Mathematics, Field Experiment, Muse-

um, Cognitive Theory of Multimedia Learning



1. Introduction

Augmented reality (AR) refers to technologies that dynamically blend real world environ-
ments and context-based digital information. More formally, AR has been defined as a system
that fulfills three characteristics (Azuma, 1997): First, it combines the real and virtual world.
Second, it allows real-time interaction. Third, it aligns real objects or places and digital in-
formation in 3D. In some professional contexts (e.g., military), AR technologies have been
around for more than 50 years, but only the recent proliferation and consumerization of mo-
bile technologies (e.g., smartphones, tablets) made affordable AR systems available for the
broad public. Today’s mobile AR applications leverage the built-in cameras, GPS sensors,
and Internet access of mobile devices to overlay real-world environments with dynamic, con-

text-based, and interactive digital content.

It has been asserted that education is one of the most promising application areas for AR (Wu,
Lee, Chang, & Liang, 2013). The NMC Horizon Report 2012 identified AR as an emerging
technology with high relevance for teaching, learning, and creative inquiry and predicted
broad adoption by 2015 (NMC, 2012). Yet, in a recent literature review on AR teaching and
learning Dunleavy and Dede (2014) stated that “[d]ue to the nascent and exploratory nature of
AR, it is in many ways a solution looking for a problem” (p. 26) and that “relatively few re-
search and development teams are actively exploring how mobile, context-aware AR could be
used to enhance K- 20 teaching and learning” (p. 8). In fact, the majority of existing empirical
research is of a qualitative nature (e.g., observations, interviews, focus groups) and concen-
trates on the elicitation of affordances and constraints of AR in education. Up to now, only
few quantitative studies (e.g., experiments) exist that try to measure the effect of AR on learn-

ing outcomes.



In order to contribute to filing this research gap, we conducted a large-scale field experiment
to test the effect of AR on learning performance. Due to its context-awareness and interactivi-
ty, many researchers see the biggest potentials in leveraging AR in informal learning envi-
ronments (Dede, 2009; Greenfield, 2009), that is, voluntary and self-directed learning that
takes place outside of the classroom (OECD, n.d.). We concur with this view and, therefore,
conducted a field experiment at a mathematics exhibition, a typical example of an informal

learning environment (Screven, 1993).

Our experiment was driven by the hypothesis that visitors learn better from augmented muse-
um exhibits than from exhibits that are accompanied by traditional physical information dis-
plays only (e.g., boards, posters, leaflets, quizzes, books, screens). The theoretical foundation
for this hypothesis is based upon the cognitive theory of multimedia learning (CTML). We
argue that AR inherently implements a subset of the design principles formulated in the
CTML, namely, the multimedia principle, the spatial contiguity principle, the temporal conti-
guity principle, the modality principle, and the signaling principle. The empirical results we
obtained provide strong evidence for our hypothesis. Museum visitors learned significantly
more from augmented exhibits than from non-augmented exhibits, perceived AR as a valua-

ble add-on of the exhibition, and wish to see more AR technologies in museums in the future.

The remainder of this paper is structured as follows. We first present theoretical background
on AR in education and related experimental studies that tried to quantify the effect of AR on
learning outcomes. We then describe our experimental design in detail before we come to the
statistical analysis of the results. In the discussion section we compare and contrast our find-
ings with other studies and point out directions for future research. We conclude with a brief

summary and outlook.



2. Theoretical Background

The cognitive theory of multimedia learning (CTML) provides potential explanations why
AR may improve learning. In broad terms, CTML posits that people learn better from words
and pictures than from words alone (Mayer, 1997, 2009). CTML is based on three assump-
tions. First, humans possess two channels for processing information, an auditory/verbal
channel and a visual/pictorial channel (Paivio, 1990). Second, each channel can process only
a limited amount of information at one time (Sweller, Ayres, & Kalyuga, 2011). Third, learn-
ing is an active process consisting of selecting relevant incoming information, organizing se-
lected information into coherent mental representations, and integrating mental representa-
tions with existing knowledge (Wittrock, 1992). Based upon these theoretical assumptions,
CTML postulates principles for the design of effective multimedia instructions (Mayer,
2009). We argue that AR, designed and applied in the right way, inherently incorporates a
subset of these design principles, namely, the (1) multimedia principle, (2) the spatial contigu-
ity principle, (3) the temporal contiguity principle, (4) the modality principle, and (5) the sig-

naling principle.

The multimedia principle states that people learn better from words and pictures than words
alone. AR can implement this principle by overlaying printed texts with virtual pictorial con-
tent (e.g., integrating videos into a textbook) or, vice versa, by augmenting physical objects
with virtual texts (e.g., displaying labels and measures when focusing on a technical object).
The spatial and temporal contiguity principles state that learning is enhanced when the space
and/or time between disparate but related elements of information is minimized. AR can im-
plement the contiguity principles by superimposing virtual content onto physical objects in
real-time and thereby spatially and temporally aligning related physical and virtual infor-

mation. The modality principle states that learning can be enhanced by presenting textual in-



formation in an auditory format, rather than a visual format, when accompanying related vis-
ual content. AR can implement the modality principle by playing spoken text, instead of dis-
playing printed text, when recognizing a trigger event. Finally, the signaling principle states
that people learn better when cues highlight the organization of essential information in a
learning environment. AR can implement signaling by directing and guiding people through

learning environments using geographic location information and visual triggers.

3. Related Work

Empirical studies have examined the use AR-based technologies for teaching and learning in
natural science, medicine, engineering, languages, history, arts, and other subjects and in var-
ious learning environments, for example, kindergartens, schools, universities, laboratories,
museums, parks, and zoos (Dunleavy & Dede, 2014; Wu et al., 2013). Given that mobile AR
is still an emergent technology and field of study, it is not surprising that the majority of these
studies is of a qualitative nature (using methods such as observations or interviews) and con-
centrates on the elicitation of affordances and constraints of AR for teaching and learning. Up
to now, only few quantitative studies exist that try to rigorously measure the effect of AR on
learning performance. In the following, we will briefly review extant experimental studies of
AR for teaching and learning. As our field experiment focused on teaching general mathemat-
ical knowledge, we focused our review on studies that looked at teaching classical K-20
learning contents and excluded studies that looked at specialized professional trainings (e.g.,
maintenance, repair, medical training). We also excluded studies that lacked the rigorousness
of true experimental designs (e.g., control groups, sufficient sample sizes, statistical hypothe-

sis testing). Table 1 shows an overview of the studies we were able to identify.



Table 1: Overview of Experimental Studieson AR for Teaching and L earning

Study Domain Setting Participants | AR Treatment Control Group Dependent Variables | Positive effect
Treatment of AR
Dunser, Steinblgl, Engineer- | Classroom | 215 high AR via head- PC with CAD soft- Spatial abilities No
Kaufmann and Glick ing school stu- mounted dis- ware
(2006) dents plays
Liu, Tan and Chu (2009) | Ecology Field trip 72 elemen- AR application Paper-based mate- | Knowledge acquisition | Yes
tary school on a PDA rials
students
Martin-Gutiérrez et al. Engineer- | Classroom | 49 university | AR book Paper-based mate- | Spatial abilities Yes
(2010) ing students rials
Echeverria et al. (2012) Physics Classroom | 45 secondary | AR game Multiplayer com- Knowledge acquisition | No
school stu- puter game
dents
Fonseca, Marti, Engineer- | Classroom | 57 university | AR smartphone | Paper-based mate- | Academic perfor- Yes
Redondo, Navarro and ing students app rials mance (practical skills
Sanchez (2014) and spatial abilities)
Ibanez, Di Serio, Villaran | Physics Classroom | 64 high AR smartphone | Web-based learn- Knowledge acquisition; | Yes
and Delgado Kloos school stu- app ing application Flow experience
(2014) dents
Chang et al. (2014) Arts Museum 135 college AR smartphone | Audio guide; No Painting appreciation; | Yes
students app guide Engagement with

paintings; Flow experi-
ence




About half of the studies we found examined the effect of AR on learning spatial abilities; a
finding that is not surprising as 3D is one of the key affordances of AR. In one of the first
large-scale experiments Diinser et al. (2006) investigated the efficacy of AR for training spa-
tial abilities using 215 high school students as participants. Applying a pretest-posttest control
group design, the researchers compared an AR-based training application running on a head-
mounted display with a CAD application running on a traditional computer with screen, key-
board, and mouse. A between groups comparison could not find clear evidence for the advan-
tageousness of AR as a spatial ability learning tool. Martin-Gutierrez et al. (2010) also studied
the effect of AR on learning spatial abilities using a textbook enhanced by a desktop AR sys-
tem and found more promising results. In a pretest-posttest classroom experiment with 49
university students the AR group showed a significant gain in spatial abilities, whereas the
control group using a traditional textbook did not show significant improvements. Finally, in
a quasi-experimental study, Fonseca et al. (2014) used a mobile AR application as an educa-
tional tool in an architecture and building engineering course with 57 university students.
Comparing students’ final grades related to practical skills and spatial abilities with the grades
of students of the same course in the previous year (control group without AR), they found a
significant statistical difference indicating that the application of AR technology in the course

helped to improve students’ performance.

A second group of studies investigated the effect of AR on the acquisition of theoretical natu-
ral science knowledge. For example, Liu et al. (2009) conducted an experiment to measure
the effect of a mobile AR application on the acquisition of ecological knowledge during a
field trip to a nature park with 72 elementary school students. The researchers used a pretest-
posttest design with a control group and found that the AR group significantly outperformed
the control group in terms of learning improvement. Echeverria et al. (2012) compared an AR

game running on tablet computers with touch screens and additional head-up displays with a



multi-mice computer game running on standard PCs. In a pretest-posttest design they meas-
ured the acquisition of physics knowledge for both groups. The evaluation showed that both
technologies had a significant effect on learning performance, but there was no statistical sig-
nificant difference between groups. Finally, Ibanez (2014) conducted a classroom experiment
with 64 high school students to test whether a mobile AR application for smartphones is more
effective in supporting the acquisition of physics knowledge than a similar web-based appli-
cation. The experiment indicated that students in the AR group perceived higher levels of

flow experience during the lecture and also gained significantly more knowledge.

Finally, we found one experimental study that examined the use of AR in the context of arts
education. Chang et al. (2014) designed a AR museum guide and tested its effectiveness
against an audio guide and no guide at all. 135 college students participated in the experiment
and the AR group showed significantly greater scores in a painting appreciation test than the
two control groups. The researchers also investigated flow levels and amount of time spent

focusing on paintings, but did not find clear differences between groups.

In sum, we can conclude that there is first promising quantitative evidence that AR has the
potential to improve students’ learning performance. Yet, the experimental results are not
completely concordant. Two out of the seven reviewed studies did not find a significant dif-
ference between the AR group and the control group. Interestingly, both studies compared AR
to other computer-based learning technologies, and not to paper-based learning materials.
When looking at teaching and learning mathematics-related contents, which is in the focus of
this paper, the picture is even more inconclusive. Three studies found positive evidence for
the effectiveness of AR, while two studies did not. Finally, our brief review shows that the

majority of studies (five out of seven) investigated the effect of AR on structured, organized,



and intentional learning in the classroom (formal learning); only two studies were situated in

informal learning environments.

4. Materials and Methods

4.1. Experimental Design

The objective of our study was to investigate whether AR is an effective educational technol-
ogy in informal learning environments. Consequently, the hypothesis underlying our study,

which was conducted in the form of a field experiment during a mathematics exhibition at the
ANONYMOUS national museum in spring 2013, was that museum visitors learn better from

augmented exhibits than from non-augmented exhibits.

We chose to conduct a framed field experiment (Harrison & List, 2004), in which natural sub-
jects (i.e., visitors) performed natural tasks (i.e., engaging with exhibits) in a natural place
(i.e., museum). The only artificial component in the experimental setup was the fact that par-
ticipants were aware that they are taking part in an experiment and that their behavior is rec-
orded and analyzed. The field experiment was designed as a crossover study (Johnson, 2010;
Mills et al., 2009), that is, participants received a series of different treatments over time (i.e.,
augmented and non-augmented exhibits) so that each participant could serve as its own con-
trol, thereby eliminating potential bias caused by between-subject variability. To rule out car-
ryover and order effects, we designed experimental tasks that were logically and temporally
independent of each other and let participants roam through the exhibition and complete tasks

at their own order and pace.

Figure 1 graphically summarizes the design of the experiment. Participants were randomly
assigned to one of two groups. Participants in both groups were given 90 minutes to visit the

mathematics exhibition individually and at their own pace. Before entering the exhibition,



participants received a short hands-on training how to use the mobile AR app to discover and
activate hidden virtual contents within the exhibition. In addition, all participants had 15
minutes to take a pretest with 16 questions regarding the mathematical exhibits they will later
see. The same test, plus additional questions on demographics and user experience, was ad-
ministered to all participants as a posttest after visiting the exhibition (participants were not

told that the same questionnaire is used for the posttest).

The exhibition consisted of four separate rooms covering eight mathematical topics with a
total of 275 exhibits. All objects of the exhibition were accompanied by traditional physical
information displays (i.e., boards, posters, leaflets, quizzes, books, screens). For twelve exhib-
its, we created additional virtual augmentations, six accessible for participants in Group 1 and

six accessible for participants in Group 2. All twelve augmented exhibits were tagged with

markers.
Measurement Tiastgent M t
leasurement
E; E, E3 Es Es Es Ez Esg Eg E1o E1y E1p
s
3 AR AR AR AR AR AR
g|S Pretest Posttest Gain
g Score Score Score
g’ Augm. Exhibits Augm. Exhibits Augm. Exhibits
ol |
< Pretest Posttest Gain
13 Score Score Score
-8 Non-Augm. Non-Augm. Non-Augm.
% o~ Exhibits Exhibits Exhibits
- N-%
3 AR AR AR AR AR AR
S

En: Exhibit n

Figure 1: Overview of the randomized crossover field experiment

4.2. Participants

We recruited 101 participants to take part in the field experiment. The sample included heter-

ogeneous genders, age groups, and educational levels (Table 2). Participants were recruited
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via mailing lists and local media as well as at the entrance of the museum itself. Participants

received free entry into the exhibition as a compensation for taking part in the experiment.

Table 2: Participants of thefield experiment

Gender Age Education
(highest degree achieved)
Male Female 14-20 21-40 41-60 61-79 Primary Secondary University
school school
62 (61%) 39 (39%) 35 (34%) 27 (27%) 26 (26%) 13 (13%) 40 (40%) 34 (33%) 27 (27%)

4.3. Treatments

We used Aurasma Studio (Version 2.0) to design augmentations for twelve selected exhibits
(Table 3). Nine objects were augmented with videos (incl. audio) in which the curator ex-
plained and demonstrated the mathematical exhibits, three objects were augmented with ani-
mations of the mathematical phenomenon described in the exhibit (Figure 2). The length of
the augmentations varied between 60 and 252 seconds. Visitors used the Aurasma mobile app
running on iPads (4™ generation) to discover und unlock augmentations by pointing the tab-
let’s camera at exhibits and trigger images. All tablets were equipped with headphones to al-
low listening to sound without disturbing other visitors. Manipulation of treatments was done
by assigning each augmentation to only one of the two experimental groups. Thereby we en-
sured that for each exhibit half of the participants were able to access the augmented virtual
content and the other half had to rely on the physical information displays only. We used the

channel concept of Aurasma to implement the grouping of participants and treatments.

Table 3: Exhibitsand AR experiences

Exhibit | Group Exhibit and topic AR Experience

1 1 Video in which the curator explains and illus-
trates that a cycloid has the properties of a tau-

tochrone curve

Interactive model of a cycloid
constructed of a three-lane
marble track

11




2 Interactive model of a cycloid Video in which the curator explains and illus-
constructed of a three-lane trates that a cycloid has the properties of a bra-
marble track chistochrone curve

3 Interactive model of a hyperbo- | Video in which the curator explains why the cool-
loid constructed of strings ing towers of nuclear power plants are con-

structed in the form of hyperboloids

4 Interactive model of a hyperbo- | Video in which the curator explains why a hyper-
loid that is used for plugs in boloid form guarantees full galvanic isolation of
aircrafts; real aircraft plugs plugs

5 Interactive model of a double Video in which the curator shows that a double
cone on a diverging monorail cone on a diverging monorail seemingly rolls

upwards

6 Explanation of the approxima- Video in which the curator explains how to ap-
tion of Pi in an annexed book proximate Pi by tying a rope around the earth’s
and on exercise sheets equator

7 Physical models of a cube and | Animation showing the unfolding of all different
the various nets of its surface nets of a cube’s surface (Figure 2)

8 Interactive installation illustrat- Video in which the curator illustrates the correla-
ing the attributes of a plain tion between distance and height of the objects
mirror; additional descriptions in the mirror
on exercise sheets

9 lllustration of linear and expo- Animation illustrating the exponential growth
nential growth through an in- through the wheat and chessboard problem
teractive paper folding experi- (Figure 2)
ment and a representation of a
exponentially growing number
series on the steps of the en-
trance hall’s stairs

10 The Monty Hall problem ex- Animation explaining the Monty Hall paradox
plained in book in the exhibi-
tion’s reader’s corner

11 Fully functional exemplar of the | Video in which the curator explains and demon-
Arithmometré mechanical cal- strates the functionalities of the Arithmometré
culator from Thomas de Col- calculator
mar in a glass cabinet

12 Fully functional exemplar of the | Video in which the curator explains and demon-

Heureka mechanical calculator
in a glass cabinet

strates the functionalities of the Heureka calcula-
tor

12




Der Wiirfel kann aus
11 verschiedenen
Netxdarstellungen
konstruiert werden:

Figure 2: Interactive exhibits of hyperboloids (top left); AR experiences (top right: video in which the
curator demonstrates an exhibit, middle: two animations illustrating mathematical problems); Illustration
of exponential growth on the stairs of the entrance hall (bottom left); Historical calculatorsin glass cabi-

nets (bottom right)
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As outlined in the Theoretical Background section, we argue that AR enables the efficient and
effective implementation of a subset of the design principles stated in the cognitive theory of
multimedia learning. In the following, we explain how we incorporated these design princi-
ples into the experimental AR materials. We incorporated the multimedia principle into the
AR materials by explaining the mathematical concepts of an exhibit through rich motion pic-
tures, that is, animations and videos, instead of static graphics and texts. For example, while
the physical information display for Exhibit 9 (Linear and exponential growth) illustrated ex-
ponential growth through a number series (2, 4, 8, 16, 32, 64, 128, ...), the corresponding AR
experience showed an animation of the wheat and chessboard problem using time-lapse and
zooming features (Figure 2). The spatial contiguity principle was implemented by superim-
posing virtual information onto physical exhibits. This removes the need to visually search
the environment of an exhibit for explanatory information. For example, in the AR experience
of Exhibit 7 (The various nets of a cube’s surface, Figure 2) the animation unfolded directly
on top of the trigger image, while participants in the non-AR group for this exhibit had to
spent cognitive resources to constantly switch their visual focus between a model of a cube
and surrounding models of its eleven possible nets, and had to integrate these disparate infor-
mation sources. In a similar vein, we used spoken narration by the curator to provide infor-
mation about an exhibit at the same time at which the visitor is focusing on the exhibit, there-
by implementing the temporal contiguity principle. Visitors in the control group, in contrast,
had to decide whether to first take a look at the exhibit and then read through the accompany-
ing information, or vice versa, and then needed to integrate both types of information into one
congruent mental model. This simultaneous visual and auditory information provisioning is
also in line with the modality principle of CTML, which states that people learn better from
animations with spoken narration than from animations with on-screen text. Finally, we im-

plemented the signaling principle within and across AR experiences. Within individual AR

14



experiences, we inserted headings for subsections in order to give structure to videos and an-
imations. Across the whole exhibition, we chose to augment only selected exhibits with AR in
order to organize the overall museum visit and highlight the most important objects of each

part of the exhibition.

A key challenge when designing AR materials for experimental treatments is the issue of in-
formational equivalence. According to Larkin and Simon (1987), two representations are in-
formationally equivalent if all the information from one representation can also be inferred
from the other representation, and vice versa. On the one hand, informational equivalence is
clearly a desirable feature for controlled laboratory experiments on educational technologies
as it ensures that differences in effects stem from the mode of representation and not from the
content of a representation. On the other hand, we argue that when designing realistic AR
experiences it is difficult to achieve full informational equivalence without undermining the
affordances of AR. For example, transcribing all spoken information of a two minutes AR
experience would lead to long texts that no museum visitor would read, and, vice versa, trans-
forming all information contained in the physical displays accompanying an exhibit in a sci-
ence museum into AR would lead to overloaded AR experiences. Therefore, we designed AR
materials that overlapped, rather than were equivalent, with physical information displays.
Following the guidelines regarding informational equivalence in experimental studies given
by Parsons and Cole (2005), our questionnaire was then designed in a way that it was “possi-
ble to answer [all] questions correctly with any of the representational forms used as treat-

ments in [the] experimental study” (p. 330). This way, we ensured that both learning experi-
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ences were “educationally equivalent”, that is that they support the same learning objectives.'

Figure 3 illustrates this approach graphically.

Test questions
Information provided

via AR

Information provided via
physical information
displays (e.g., boards,

posters, leafleats, screens)

Figure 3: Alignment of information provided via AR, infor mation provided via physical information dis-

playsand test questions

4.4. Measures

Following related experimental studies on the use of AR in education, we focused on
knowledge retention as a measure of learning performance using a pretest-posttest measure-
ment approach. This decision was driven by the guidelines outlined in Parsons and Cole
(2005), who advocate the use of simple comprehension tests to compare different representa-
tions of information, as such tests focus on a representation’s ability to effectively and effi-
ciently convey information. Knowledge application or problem solving tests, in contrast, are

intended to measure a deeper level of domain understanding in which information provided

' We gratefully thank one of the anonymous reviewers for providing us with the notion of “educational equiva-

lence”.
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by a representation needs to be integrated with existing knowledge schema (e.g., a person’s

general mathematical understanding or mental arithmetic skills).

All pretest and posttest questions were single-choice questions. In the selection and design of
the test questions we paid special attention that all question could be answered through both
the virtual augmentations of the exhibits and the physical information displays accompanying
the exhibits. We created one test question for each of the twelve exhibits being part of the
experiment. We selected questions that were adaptations of well-known mathematical prob-
lems, for example: “What is the fastest descent between two points that are not above each
other? A) Slope B) S-Curve C) Circular arc D) Cycloid” or “How tall a mirror do you need
to see yourself? A) Half your height B) Two thirds of your height C) Equal to your height D)
Twice your height”. To establish content validity all questions were reviewed by the curator

of the exhibition, who was a retired mathematics high school teacher.

We aggregated the answers to the individual questions to six test scores (Figure 1). The pre-
test score for augmented objects and the pretest score for non-augmented objects captured the
level of previous knowledge regarding the mathematical exhibits. The posttest score for aug-
mented objects and the posttest score for non-augmented objects captured the knowledge lev-
el after visiting the exhibition. The possible values of pretest and posttest scores ranged be-
tween 0 and 6. Knowledge acquisition and retention was measured by computing gain scores
as the difference between a participant’s posttest and pretest scores. Analog to the pretest and
posttest scores, we computed gain scores for augmented and non-augmented objects separate-

ly. Possible values of gain scores ranged between -6 and 6.

In addition to the above test questions we included four control questions into the pretest and
posttest questionnaires to check for potential confounding factors. We added three control

questions related to exhibits that were not augmented at all, neither for Group 1 nor for Group

17



2, and that were not tagged in any way. The answers to these questions were used to check
whether visitors were biased towards tagged exhibits, even if they were not able to access the
corresponding augmentation (as it was only accessible for participants in the other group). We
also added one control question related to an additional exhibit which’s augmentation was
accessible for both groups. This question was used to check for unintended group differences
(e.g., due to inappropriate randomization). The posttest questionnaire also contained a number

of simple user experience questions and standard demographics questions.

5. Results

5.1. Descriptive Statistics

Table 4 and Figure 4 give an overview of the test scores. All results are in line with expecta-
tions. The low scores on the pretest suggest that participants had only little prior knowledge
about the topics covered in the exhibition. Even after the visit, participants answered only

about half of the test question correctly.

Table 4: Descriptive statistics of test scores

Pretest Scores Posttest Scores Gain Scores

M Mdn SD Min Max M Mdn SD Min Max M Mdn SD Min Max
Aug- 1.75 2 1.11 0 5 3.64 4 1.31 0 6 1.89 2 1.50 -2 6
mented
Exhibits
Non- 1.81 2 1.16 0 5 2.59 3 1.28 0 6 0.78 1 1.46 -2 4
Aug-
mented
Exhibits

18
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Figure 4: Comparison of pretest and posttest scoresrelated to augmented and non-augmented exhibits

5.2. Hypothesis Testing

Usually, the statistical analysis of paired pretest-posttest data is done via paired t-tests or a
repeated measures analysis of variance (Dimitrov & Rumrill, 2003). Yet, a Kolmogorov-
Smirnov test indicated that the required assumption of normality for the dependent variables
of the experiment was violated. Hence, we used the equivalent non-parametric Wilcoxon
signed-rank test for statistical hypothesis testing. Specifically, we conducted Wilcoxon
signed-rank tests on pretest scores, posttest scores, and gain scores for augmented and non-

augmented exhibits (Table 5) and for the additional control questions.

To rule out that differences in test scores were caused by different levels of difficulty of ques-
tion sets related to augmented and non-augmented exhibits, we first performed a Wilcoxon
signed-rank test on the pretest scores. The test showed no statistically significant differences
in median scores between the two pretest question sets, z = -0.409, p = 0.682. From 101 par-
ticipants, 37 participants performed better on questions related to augmented exhibits, 35 par-

ticipants performed better on questions related to non-augmented exhibits, and 29 participants
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showed no difference in performance between questions related to augmented and non-

augmented exhibits.

Next, we compared medians of posttest scores. Participants performed significantly better on
posttest questions related to augmented exhibits (Mdn = 4) than on posttest questions related
to non-augmented exhibits (Mdn = 3), z = -5.069, p < 0.005. From the 101 participants, 66
were better on questions related to augmented exhibits, whereas 17 were better on questions

related to non-augmented exhibits; 18 participants showed no difference in performance.

To examine the magnitude of learning improvements, we proceeded with an analysis of gain
scores. Participants learned significantly more from augmented exhibits (Mdn = 2) than from
non-augmented exhibits (Mdn = 1), z =-4.679, p <0.005. 62 participants gained more on
questions related to augmented exhibits, 20 participant gained more on questions related to

non-augmented exhibits, and 19 participants showed no difference.

We also computed the effect sizes for the Wilcoxon’s signed-rank tests using the formula giv-
en in Rosenthal (1991, p. 19). The effect size for the difference in posttest scores was r = 0.36
and the effect size for the difference in gain scores was r = 0.33, which can be considered me-

dium effects (Cohen, 1992).
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Table 5: Results of Wilcoxon signed-rank tests”

N Mean Rank Sum of Ranks

Pretest Score Positive Ranks 37° 33.58 1242.50
Non-Augmented Exhibits
- Negative Ranks 35° 39.59 1385.50
Pretest Score 9
Augmented Exhibits _

Ties 29° - -
a. PretestScoreNonAugmentedObjects < PretestScoreAugmentedObjects
b. PretestScoreNonAugmentedObjects > PretestScoreAugmentedObjects
c. PretestScoreNonAugmentedObjects = PretestScoreAugmentedObjects
Posttest Score Positive Ranks 66" 43.11 2845.50
Non-Augmented Exhibits
- Negative Ranks 17° 37.68 640.50
Posttest Score 9
Augmented Exhibits _ 5

Ties 18 - -
a. PosttestScoreNonAugmentedObjects < PosttestScoreAugmentedObjects
b. PosttestScoreNonAugmentedObjects > PosttestScoreAugmentedObjects
c. PosttestScoreNonAugmentedObjects = PosttestScoreAugmentedObjects
Gain Score Positive Ranks 62° 43.63 2705.00
Non-Augmented Exhibits
aain Score Negative Ranks 20° 34.90 698.00
Augmented Exhibits _

Ties 19° - -

a. GainScoreNonAugmentedObjects < GainScoreAugmentedObjects
b. GainScoreNonAugmentedObjects > GainScoreAugmentedObjects
c¢. GainScoreNonAugmentedObjects = GainScoreAugmentedObjects

Finally, we analyzed the control questions to rule out further potential confounding factors. A
Wilcoxon signed-rank test’ showed no significant differences in median gain scores per ques-
tion for control questions and for questions related to exhibits with inaccessible augmenta-
tions. We interpreted this as an indicator that visitors were not biased toward exhibits with
inaccessible augmentations, as compared to totally “naked” exhibits, and vice versa. Regard-

ing the control question related to the one exhibit which’s augmentation was accessible for

? A visual inspection of the shapes of the distributions of difference scores showed that the scores were approxi-

mately symmetrical and, hence, that all required assumptions of the Wilcoxon signed-rank test were met.

3 A visual inspection of the shapes of the distributions of difference scores showed that the scores were approxi-

mately symmetrical and, hence, that all required assumptions of the Wilcoxon signed-rank test were met.
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both groups, a Mann-Whitney U* test found no significant between-subjects difference in
median gain scores. This gives indication that there were no differences in the use of AR be-

tween the two groups.
5.3. Post-hoc Analysis

In addition to the hypothesis tests, we carried out tests to check whether there were any dif-
ferences in the effect of AR on learning performance between subgroups of our sample. A
Mann-Whitney U test’ with gender as a grouping variable showed neither for augmented nor
for non-augmented exhibits a statistically significant difference in median gain scores be-
tween males and females. We performed two Kruskal-Wallis tests® to inspect whether the
effect of AR on learning performance was different across educational and age groups. For
the category education, the tests showed no significant differences. However, the scores were
significantly different between the different age groups for augmented exhibits, X*(3) =
10.973, p = 0.012. There were significant differences in gain scores for augmented exhibits
between the age group 41-60 (Mdn = 3) and the age group 14-20 (Mdn = 2) (p = .028) and the
age group 41-60 and the age group 61-79 (Mdn = 1) (p = .035), but not between any other
combinations. For non-augmented exhibits, no statistically significant differences in gain

scores across age groups were found.

* A visual inspection of the shape of the distribution of gain scores in each group showed that they were reasona-

bly similar and, hence, that all required assumptions of the Mann-Whitney U test were met.

> A visual inspection of the shape of the distribution of gain scores in each group showed that they were reasona-

bly similar and, hence, that all required assumptions of the Mann-Whitney U test were met.

® A visual inspection of the shape of the distribution of gain scores in each group showed that they were reasona-

bly similar and, hence, that all required assumptions of the Kruskal-Wallis test were met.
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5.4. Visitor Feedback

Besides measuring learning performance, we also asked participants whether they perceived
the augmented exhibits as a positive experience. An overwhelming majority of participants
reported that the mobile AR app was a valuable add-on for the exhibition, that the AR experi-
ence did not overload them, and that they wish to see more AR in museums in the future
(Table 6). These results indicate that AR is not only an effective tool for learning in museums,

but also a technology that museum visitors perceive as valuable and desirable.

Table 6: Visitor feedback on the AR experience

Do you think that AR is a valuable add-on for museum exhibitions?

Yes, absolutely Yes, partly Not really Not at all

72 (71.3%) 26 (25.7%) 2 (2.0%) 1(1.0%)

Do you think that the enhancement of exhibitions through AR is “too much”?

Yes, absolutely Yes, partly Not really Not at all

4 (4.0%) 13 (12.9%) 32 (31.7%) 50 (49.5%)

Do you wish to see more AR in museums in the future?

Yes, absolutely Yes, partly Not really Not at all

58 (57.4%) 34 (33.7%) 6 (5.9%) 1(1.0%)

6. Discussion

Our field experiment was driven by the hypothesis that museum visitors learn more from
augmented exhibits than from non-augmented exhibits. We grounded this hypothesis in the
cognitive theory of multimedia learning. The conducted field experiment produced empirical

evidence that provides strong support for our hypothesis. Visitors performed significantly
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better on posttest questions related to augmented exhibits than on posttest questions related to
non-augmented exhibits. Also, they showed significantly greater gain scores when comparing
posttest and pretest question scores. The analysis of the effect size for both tests indicated that

AR has a medium effect on learning performance.

This study contributes to the still emerging body of quantitative empirical evidence on the
effect of AR on learning performance, especially learning mathematics-related contents in
informal environments. Experimental results on the application of AR in this field are still
inconclusive. For example, in contrast to the findings of Diinser et al. (2006) and Echeverria
et al. (2012), who could not find a significant advantage of AR learning materials over other
materials, we were able to obtain positive evidences for the efficacy of AR. However, it has to
be noted that both studies compared AR to other computer-based treatments, and not to phys-
ical learning materials. Interestingly, Diinser et al. (2006) and Echeverria et al. (2012) discov-
ered significant gender differences; in both studies male subjects profited from AR as com-
pared to non-AR technologies and outperformed females using AR. We could not replicate
these gender differences in our study. Our results are consistent with the results of other stud-
ies (Fonseca et al., 2014; Ibanez et al., 2014; Martin-Gutiérrez et al., 2010), which found that
AR can have a significant positive effect on knowledge acquisition performance. In particular,
we could replicate and transfer the findings of a recent study of Ibafiez et al. (2014), who
found that students using AR performed better on retention tests of physics knowledge than
students using a web-base learning tool. The authors explained their results by arguing that
AR technologies, as compared to traditional computer technologies, require a lower cogntive
effort from users. This rationale is in line with our theoretical argument that AR allows for the
efficient and effective implementation of CTML design principles, which, in turn, are partly
based on cognitive load theory. When looking at the use of AR in informal learning

environemts, our study extends the findings of Liu et al. (2009) and Chang et al. (2014). Both
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studies found empirical evidences for the efficacy of AR in field settings, but in non-
matehmtical contexts. We demonstrated the value of AR for teaching formal contents
(mathematics) in informal environments (museums). All extant AR studies in the mathemat-
ics context have been conducted in formal classroom situations. Our study, in contrast, inves-
tigated natural subjects (i.e., visitors) conducting natural tasks (i.e., engaging with exhibits) in
a natural place (i.e., museum). Learning was not an organized and intentional process, but
voluntary and self-directed. Taken together, the findings of our study and the above discussed
studies suggest that AR has the potential to be an effective learning tool for mathematics-

related and other contents in formal and informal learning environments.

The realistic field setting of our experiment added to its external validity. Yet, field experi-
ments come with a number of threats to internal validity. For example, we were not able to
control the actions of the experimental subjects during their 90 minutes museum visits.
Hence, we cannot rule out that visitors paid more attention to augmented exhibits or to exhib-
its that were covered in the pretest. Especially the first case is a potential confounding factor
that may have influenced our results. Yet, in self-directed learning settings, like the one used
in this study, increasing voluntarily time spent on a task could also be understood as a positive
side effect of a technology, and not as a threat. A second potential confounding factor stems
from the fact that we were not able to ensure full informational equivalence of AR and non-
AR materials, as the AR experiences we have designed were not artificial, but used in the

museum on a daily basis.

Our study points out a number of possible directions for future research. First, although we
have provided theoretical arguments for the proposition that the implementation of the princi-
ples of CTML makes AR an effective educational technology, our experimental design was

not set up to “prove” that this theory really explains the causes for the observed effects. To do
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this, future studies should compare the effect of AR experiences that are designed in accord-
ance to the principles of CTML with AR experiences that intentionally violate these princi-

ples.

Second, the post-hoc analysis of our experimental results showed that the effect of AR on
learning performance differed significantly between age groups. In our experiment, the age
group 41-60 profited the most from the use of AR. This is somewhat surprising, as one would
usually expect that AR is especially effective with younger people. At the moment, we can
only speculate about potential explanations. Our assumption, that builds upon the observa-
tions we made and the feedback we got during and after the experiments, is that this age
group perceived the AR technology as something new and exciting and, at the same time, was
not alienated by it. Yet, further research is needed to replicate, if possible, this result and find

theoretically and empirically grounded explanations.

Third, we used a mobile AR app in combination with tablet computers and headphones for
the experiment. This technology is omnipresent today, however, not without drawbacks.
Some users complained that the tablets are heavy to carry around and hold when pointing at
exhibits. As a result, users sometimes started shaking which, in turn, caused the camera to
lose the focus and the app to stop the AR experience. Future research should investigate the
consequences of such usability issues on the effect of AR and test different AR hardware

(e.g., lightweight head-mounted displays).

Finally, our study is not without limitations. In particular, we solely focused on short-term
knowledge acquisition and retention. First, it would be interesting to examine whether AR
also has a positive effect on long-term knowledge retention. Second, we suggest that future
studies should try to replicate our results for higher-order learning tasks, especially

knowledge application (problem solving). The studies conducted by Martin-Gutiérrez et al.
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(2010) regarding the effect of AR on spatial abilities and Fonseca et al. (2014) regarding the
effect of AR on general academic performance have already provided first promising results

in this respect.

7. Conclusion

Recent advances in mobile technologies — mobile cameras, GPS and Internet access — made
AR available for everybody owning a smartphone. Consequently, many educators and devel-
opers started exploring the potential of AR for teaching and learning in various subjects and
contexts. Yet, so far only few studies exist that tried to quantify the effect of AR on learning
outcomes. To the best of our knowledge, the here presented study is the first field experiment
on the effect of AR in learning mathematical contents. The empirical evidence we gathered
provides strong support for the proposition that AR has the potential to be an effective tool for
learning formal contents (mathematics) in informal learning environments (museums). Muse-
um visitors learned significantly more from augmented exhibits than from non-augmented
exhibits, perceived AR as a valuable add-on of the exhibition, and wish to see more AR expe-
riences in museums in the future. Due to this combination of measurable utility and perceived
user acceptance we think that AR bears the potential to replace traditional audio guides in
museums in the near future; especially when considering the advent of next generation AR

devices such as Google Glass.
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Highlights:

*  We conducted a cross-over framed field experiment to measure the effect of augmented reality
(AR) on learning outcomes

* The field experiment was situated in a mathematics exhibition

» Participants learned significantly better from augmented exhibits than from non-augmented
exhibits

* Participants perceived AR as a valuable add-on to the exhibition and wish to see more AR ap-

plications in museums in the future



