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Abstract: This paper describes the results from a compar-
ative study with 14 pupils using two different versions of
a tangible tabletop application on satellite communica-
tion. While one of the versions was designed in a way to
allow the resolution of the tasks in a pure trial-and-error
approach, the second version prevented this by adding a
button which had to be pressed in order to calculate and
display results. The results of the study show that the de-
sign of the button and the associated scoring system was
indeed successful in slowing down interactions and in-
creasing thinking time. However, the knowledge acquisi-
tionwas lower for the versionwith the button as compared
to the one supporting trial-and-error. We discuss the re-
sults of this study and, in particular, argue for the need to
carefully balance usability, task complexity and the learn-
ing dimension in the design of interactive tabletops for
learning.

Keywords: tangible user interfaces, tabletop interfaces,
user study, trial-and-error, collaborative problem solving,
learning-by-doing

1 Introduction
Interactive tabletops are considered to provide unique
benefits in various informal and formal educational set-
tings. According to [8], they support co-location, multiple
user interaction, hands-on-activities, and multiple modes
of communication. These benefits are due to their large
shared screen and the possibility for direct interaction by
multiple users [17].
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The learning-by-doing principle is defined as creating
knowledge from the results of one’s actions [20]. In this
context, reading, watching and listening do not qualify as
actions, a sensory experience is required. While different
explanations about the effectiveness of learning-by-doing
over other methods can be found ([20] p. 14), altogether it
is considered as a truism for many.

Learning-by-doing is encouraged by the tangible ta-
ble, which invites for experimentation: through trial-and-
error, the users get to know the widgets and their ma-
nipulation, as well as the scenario and its reactions. The
learners need to try and experiment in order to discover
and understand the underlying principles. However, trial-
and-error can only be qualified as learning-by-doing, if the
discovered information is remembered [20]. This process
needs moments of reasoning and understanding.

Many design oriented studies with interactive table-
tops and floors (e. g. [3, 4, 14, 18, 22, 23, 25]) observed al-
ready the need to foster such moments of reasoning and
propose to integrate design mechanisms that slow down
interactions andencourage temporal pauses.However, de-
spite the general acknowledgement of the need to sup-
port reflection, there are currently no empirical investiga-
tions about the design measures that slow down interac-
tions on interactive tabletops and how these may impact
learning.

This paper seeks to contribute to the understanding of
how to design tangible tabletops for learning and presents
the results of a comparative user study of a tabletop appli-
cation on satellite communication. While one of the ver-
sions was designed in a way to allow the resolution of the
tasks in a pure trial-and-error approach, the second ver-
sion prevented this by adding a button which had to be
pressed in order to calculate anddisplay results. In this pa-
per, we describe our results concerning the solving time,
the number of tries, the usability, the subjective workload
and the learning gain.Wediscuss these resultswith regard
to its implications for the design of tangible tabletops for
collaborative problem solving in education.
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2 Related Work

2.1 Interactive Tabletops in Education

Previous work as already reported on how learning could
be successfully supported with interactive tabletops. Ex-
isting applications deal, for instance, with the warehouse
management [28], evolution [12], medicine [27], cultural
history [7], or sustainability [2].

Whilemulti-touch tabletop interfaces are operated us-
ing finger touches, tangible tabletop interfaces make use
of physical objects that can be placed, moved or rotated
in order to interact with the system. Tangible tabletop in-
terfaces were found to be better physically embedded in a
social setting [9], facilitating the partitioning and coordi-
nation of activities with little or no verbal negotiation [24],
enhancing the visibility group members’ interactions and
promoting equity of participation [21].

To guide the design of tangible user interfaces, Antle
andWise [3] have proposed five elements to be considered
in the design: (1) physical objects, (2) digital objects, (3) ac-
tions, (4), informational relations, and (5) learning activ-
ities. Building upon theories of cognition and learning,
they have proposed 12 guidelines informing the design of
tangible interaction. With a focus on interactive tabletops
in education, Dillenbourg & Evans [8] propose 33 points to
consider for design. These points deal with four different
circles of interactions: user system interactions, social in-
teractions, classroomorchestration, and institutional con-
text.

2.2 Tangible User Interfaces and Reflection

In the attempt to slow down interactions with tangible
user interfaces, previous work have applied various ap-
proaches. For instance, researchers propose to use larger
interaction spaces [25] or spatially separated workspaces
[4] to force users to physically move and through this,
engage in a reflective mode of learning. Other proposed
approaches consists in delocalizing tangible interactions
and their visual effects [18], using ‘unexpected’ effects as
part of sensor-based systems [22], or using a button that
needs to be triggered to launch the calculations [1, 13].

In the TinkerTable project [28], the designers used an
even more radical approach to afford reflection. To avoid
pure trial-and-error approaches, they completely blocked
access to the simulation start for students. To see the re-
sults, the teacherhas to come to their table, ask themabout
their predictions and then triggers the simulation by plac-
ing a key [8].

These and other observations have been compiled by
Hornecker [14] and Antle and Wise [3] who argue for a
stronger attention on reflection during the design of tan-
gible user interfaces for learning. Hornecker [14], based
on a literature review, observes that naturalness and in-
tuitiveness is not always possible or desired and that the
true potential of tangible interaction seem to lie beyond
real-world behaviour. Antle andWise [3] as part of a design
framework, propose to use “spatial, physical, temporal or
relational properties” to slow down interaction and trigger
reflection.

3 The Satellite Communication
Application

The tabletop application was designed by building upon
the approach and experiences of previous work [1, 15, 19].
Inspired by an exercise proposed by the European Space
Agency (ESA) Education Office, we chose to use the topic
satellite communication, and in particular, storage and
transmission units. It consists of three different contexts:
a satellite broadcasting TV programs, a satellite orbiting
Earth and monitoring the Sun and space weather, and a
satellite transmitting data from Mars.

We chose space as a setting, because it is interesting
for many and numerous science problems, such as phe-
nomena of waves, sound and energy, can be taught using
space phenomena. As space is not a topic per se in the of-
ficial teaching program, prior knowledge and experience
are limited for secondary school students.

Using a user centric design approach, we iteratively
created the scenario, the tasks, the images and the wid-
gets. Intermediate versions were tested by a group of three
postgraduate students and 3 groups of secondary school
students as part of a user study. After the study, two re-
searchers inspected the usability as part of a walkthrough
to identify required modifications. While the first ver-
sion was close to a text-based problem, the final version
evolved into a scenario with considerably more visual rep-
resentations.

To implement the scenario, we used COPSE [16] a Java-
based framework based on TULIP [26]. This framework
simplifies the creation, adaptation and re-use of simple
simulations (called Microworlds). It aims to reduce devel-
opment time for tabletop applications and make them ac-
cessible to non-programmers, for instance teachers.

A Microworld created with COPSE consists of two
types of widgets: (1) the rotatingwidget, which changes its
values when the user rotates it on the table, and (2) the
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Table 1: Learning goals and how they can be reached.

Learning goals How to attain them

List different uses of satellites By reading the textual instructions of the tasks on the tabletop

Distinguish between the different types of orbits and classify
them

Through interactive exploration:
the orbits are represented graphically through their respective distance
to earth and a textual label indicating name and distance.

Understand the relation between a data quantity to be
transferred, its transfer rate and its transfer duration

Through exploration:
what is the impact of changing the value of one variable?

Distinguish between signal and data transfer time Through interpretation:
the transfer times are the results of the tasks shown either in real time
or differed depending on the scenario version.

placement widget, which has the value 0 when it is off
the table and a predefined value when it is on the ta-
ble. By manipulating widgets, the variable of the under-
lying equations are changed, which thus provide differ-
ent results. Based on those results the learners are pro-
videdwith different feedback showing the outcomes of the
equations. These can be provided in the form of text or im-
ages.

3.1 Learning Goals

The target learners are students aged 15 to 18. The learn-
ing goal is to establish a general understanding of stor-
age and transfer units as well as space communication.
In particular the learners should be able to (1) list differ-
ent uses of satellites. (2) distinguish between the different
types of orbits and classify them, (3) distinguish between
signal and data transfer time, and (4) understand the rela-
tion between a data quantity to be transferred, its transfer
rate and its transfer duration.

The knowledge can be created either using the textual
instructions of the tasks, interactive explorations, or inter-
pretations of the results. Table 1 lists the different learning
goals and how the students can reach them.

3.2 Features and Interactions

The application allows users to explore signal and data
transfer time for satellites placed at different distances
from earth. It includes 6 widgets, four different variables,
a widget to change the task, and a button. By rotating
them, users can set the distance, signal speed, data trans-
fer rate, and data quantity to be sent by the satellite. The
simulation then calculates the required time for transmit-
ting the signal and the data.

Feedback about the current settings and the results is
provided by text and images. For instance, when increas-
ing the distance between sender and receiver bywidget ro-
tation, the scene will show a sender and a receiver that are
physically further apart (Figure 2: top). When increasing

Figure 1: Setting variables and exploring effects (left); 5 of the 6 widgets used in the application (right).
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Figure 2: Increasing the widget value by rotation causes changes of scenes.

the transfer rate, more arcs will be shown around the an-
tenna (Figure 2: bottom).

3.3 Tasks

Instructions, additional information and textual feedback
are provided in a fixed area in the upper part of the screen
(Figure 3). The instructions are displayed as long as a task
has not been solved. The feedback, with a green tick, is
shown when the task is solved. Right to these texts is a
box for additional information, which is not necessarily
needed for problem resolution, but interesting facts, ex-
planatory images or pictures corresponding to theproblem
at hand.

When starting with the application, users are invited
to explore the widgets and the scenario. In addition, for
the button version, they get information on the use of the
button and how it impacts the scoring.

The subsequent 5 tasks introduce different notions
one by one. The degree of difficulty increases the further
the learner advances in the tasks. For the first task, users
need to only work with signal transfer duration. For task
2 and 3, they are required to work with data transfer du-
ration, and finally, for task 4 and 5, they need to consider
both. Each task consists of a question (see Table 2), as well
as some additional information the learners need in order
to solve the tasks, as, for instance, that Proba2 is flying in
Low Earth Orbit.

Figure 3: Instructions, additional information, and feedback provided in the application.
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Table 2: The different tasks of the satellite communication application (questions only).

Number Question

1 How long does it take to send a signal from a TV broadcaster in New York via satellite to a TV in Luxembourg?
2 How long does it take to transfer 100 megabytes (MB) from Proba2 to Earth?
3 How much data can be sent from Proba2 to Earth in one day?
4 How long does it take to receive on Earth a 200 MB image from Mars Express?
5 How much data can be downlinked [by Mars Express] to Earth in 5 hours?

Figure 4: The button (left) and the scoring mechanism (right).

3.4 The Button and Scoring Mechanism

To avoid that learners find the correct answer by pure trial-
and-error or even by chance, we integrated a button and
a related scoring mechanism. We wanted the learners to
reason and discuss whether their widgets are calibrated
to the right values. If they agree within their group, they
press the button to check the result. Only when pressing
the button, they trigger the calculation of the output val-
ues and receive a feedback indicating that they provided
the correct or the wrong answer to the question. We hid
the output values to allow learners to focusmore on defin-
ing the input values, and, hence, allow for more reflection
phases and an increased learning gain.

In addition, to discourage the constant pressing of
the button, we introduced a scoring mechanism. With this
mechanism users can collect points: the less tries they use
to solve the tasks, the more points they are awarded.

4 Comparative Study
To evaluate the button and the associated scoring mech-
anism, we conducted a comparative study with two ver-
sions of the tabletop application. One of these versions
(version T) does not include the button and hence, allows

students to solve the tasks in a pure trial-and-error ap-
proach. In this version, results were constantly shown to
the users: when changing variables, they could see the im-
pact onto the results in real time. Therefore, the students
can play around with the widgets until they reached the
correct result.

In the second version (version B), we used the button
as described above. In this version, users could not see the
impact onto the results in real time, but have to first press
the button in order to trigger the calculation.

4.1 Study Design
4.1.1 Population

The tests were performed by a secondary school class
(12th grade) with students aged between 17 and 19. The
study took place during school hours, but it had no impact
on grades. The students were asked to form themselves
groups of 2 to 3 students and to assign themselves to the
available slots without knowing which version was used
at which slot. The 14 students present for the tests formed
in total 5 groups, 3 tested the version with the button (ver-
sion B), and 2 groups the version allowing trial-and-error
(version T).
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4.1.2 Measures

To get an indication on the trial-and-error behaviour, we
measured the time to solve the tasks, as well as, for ver-
sion B, the number of tries until the correct answer has
been found.

To quantify the learning effect, the students filled in a
knowledge evaluation questionnaire before and after solv-
ing the problemwith the tangible table. The questionnaire
contained questions of two learning dimensions:
– Factual knowledge (knowledge of terminology and

specific elements)
– questions about constants mentioned in the tasks

(2 questions)
– questions about satellite missions mentioned in

the tasks (1 question)
– questions about the answers of the solved tasks

(2 questions)
– Contextual knowledge (knowledge about categories,

principles and theories):
– questions about the orbits used in the tasks

(2 questions)
– questions about the relation between the widgets

(3 questions)

Correct pre-test answers and correct post-test answers
were counted to get the students’ scores. The normalized
gain (g) [10] of those scores makes the learning gain quan-
tifiable. It is defined as the ratio of the difference in score
to the maximal possible increase in score:

g = post − pre
1 − pre

To evaluate the usability, the students filled in the sys-
tem usability scale (SUS) [6] assessing effectiveness (the
ability of users to complete tasks using the system), ef-
ficiency (the level of resources consumed in performing
tasks), and satisfaction (users’ subjective reaction to using
the system).

Finally, we evaluated the workload of performing the
tasks making use of the Nasa Task Load index (NASA-
TLX) [11]. The NASA-TLX analyses different dimensions of
workload: mental demand, physical demand, temporal
demand, frustration, effort and performance. Each dimen-
sion is associated with one question and the tester marks
his rating on a scale of 0 to 20. To calculate the overall
workload, we applied the so-called “Raw TLX” [11] where
the ratings are simply averaged or summed.

4.1.3 Preparation

The tests took place in the lab at (removed). The tangible
table with the application was placed at the centre of the
room to allow participants to freely move around the ta-
ble (see Figure 5). The widgets were initially placed at the
border of the table, before the interactive area. In addition,
the worksheet and pen were placed next to the objects. To
record participants’ interactions, we set up cameras on 5
positions around the table (front, top, right, left, back).

Figure 5: The lab with a tangible table at the centre.

4.1.4 Protocol

For each group, the following steps were executed. First,
each student individually filled in a consent form and the
knowledge evaluation questionnaire on satellite commu-
nication. Following the experiences of the previous inter-
mediary user study, the students were seated apart as not
to share their answers with other group members.

Then, the group entered the lab and got a short in-
troduction on what was expected of them. The explana-
tions included how to use the task widget on the TUI, how
many tasks to resolve, how to use the button and how the
score is calculated. They were given a worksheet for writ-
ing down the results for each of the 5 tasks. This included,
for instance, the missions of the satellites, their altitude,
or the signal and data transfer durations related to a spe-
cific task. After this introduction, the students started to
resolve the tasks of the scenario and fill in the worksheet.
Two researcherswere observing them,mostly fromoutside
the lab as not to distract the students.

After having solved the final task, each student filled
in the same knowledge evaluation questionnaire than be-
fore the test, as well as the usability and workload ques-
tionnaires.
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Figure 6: Time spent on each task per group.

4.2 Results

4.2.1 Solving Time and Score per Group

The results show that the exploration phase at the begin-
ning was hardly used by any of the groups (on average
02:42min for version T and 01:31min for version B, see Fig-
ure 6). To solve each of the subsequent tasks the groups
testing version B took longer (between M: 04:57min
(task 4) and M: 12:09min (task 3)) as the groups testing
version T (between M: 03:45min (task 4) and M: 07:28min
(task 1)). This difference is most significant for tasks 2 and
3 where the version B groups engaged in calculations, in
contrast to the version T groups, who repeatedly rotated
the different widgets until the solution was found.

To solve the tasks, the version B groups made in to-
tal between 16 and 31 tries. On average, 5 tries were made
per task and group. Group 5 took the longest and used
the least tries. We observed that they applied a structured,
well-reasoned and slow approach.

These two measures indicate that the button was in-
deed effective in slowing down interactions, and the score
in preventing groups from constantly pressing the button.

4.2.2 Usability

Figure 7 shows the results of the usability evaluation. In
addition to the two versions for the comparative study, we
added the results from the intermediary user study with 3
groups of secondary school students using the more tex-
tual version of the application. The results show that ver-
sion B got an average SUS score of 61.9 (SD: 17.2) which is
significantly lower as the average SUS score of version T
(M: 77.5; SD: 11.0). According to [5] only usability scores
over 70 can be considered as acceptable. We can explain

Figure 7: Average SUS-scores of the 3 test cases.

this low score by the increased difficulty of solving the
tasks and that the SUSwasnot designed for a learning con-
text, but for an operational context.

Both scenarios of the comparative study were rated
higher than the scenario used in the intermediary user
study (M: 58.8, SD: 15.1). This shows that the redesign of
the scenario, replacing textual instructions by visual rep-
resentation of data, was indeed effective in improving the
usability.

4.2.3 Cognitive Workload

Figure 8 shows the result of the workload assessment for
the intermediary user study, as well as version B and T of
the comparative study.

For both scenarios, the mental demand was above
the physical and temporal demands. The students using
version B rated all three of those demands higher than
other testers. The users of version T indicated that they
performed well (M: 14.17; SD: 4.17) for an average effort
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Figure 8: NASA-TLX ratings for the comparative study.

(M: 10.17, SD: 2.79), whereas the testers of version B esti-
mated their performance lower (M: 12.38; SD: 3.89) for an
above-average effort (M: 13.13; SD: 3.04). The frustration
level of the trial-and-error testers was evaluated slightly
higher (M: 9.67; SD: 4.84) than for the button testers
(M: 8.88; SD: 4.97).

In comparison, the results of the pilot study indicated
lower demand levels, an above-average estimated perfor-
mance, an average effort and the lowest frustration level
of all three charts.

The results show, as expected, that the testers of ver-
sion B made a higher effort. The students using version T
were more satisfied with their performance. The frustra-
tion level is similar for both test cases, but the difference
between the lowest and the highest answers is large.

Comparing the total average of each of the three test
cases indicates the highest workload for the version with
the button. The students from the case study, which was
less visual, rated the workload a little higher than the

Figure 9: Subjective workload of the 3 test cases.

users of the trial-and-error scenario in the final tests. This
could be an indicator for the effectiveness of the redesign:
tasks requiring mental visualisation have been simplified
through visual representations.

4.2.4 Learning Gain

The score of a questionnaire corresponds to the number of
correct answers, one point per question, except for three
questions which each count for three points, one point
per part of the answer. This makes the maximum score 14
points.

Figure 10 shows the average scores of the pre- and
post-test evaluations for both test groups. The normalized
gain of version T is 42.11%, the normalized gain of ver-
sion B is 36.47%. This indicates that, despite our expecta-
tions, version B did not cause a larger learning effect than
version T.

By analysing the answers per learning dimension, we
can see that the normalized learning gain for questions
related to factual knowledge was higher for version T
(M: 47.5%) as for version B (M: 37.0%). For questions re-
garding to conceptual knowledge, however, the normal-
ized learning gain was higher for version B (M: 35.5%) as
for version T (M: 29.4%).

This can be considered as an indication that depend-
ing on the learning dimension to be trained, a different de-
sign might be more appropriate. Mechanisms for slowing
down interactions might not be beneficial in every learn-
ing context and factual knowledge might be better trained
in an environment where trial-and-error behaviour is pos-
sible and the mental effort to solve the tasks is lower. Con-
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Figure 10: Results on the learning gain.

ceptual knowledge, however, might be better increased if
interaction is slower and learners are required to think be-
fore setting the widgets to solve the tasks.

5 Conclusion

In this paper we have investigated how a button and score
mechanism could be an effective design feature for slow-
ingdown interactions andenhance learning-by-doingdur-
ing joint problem solving on interactive tabletops.We have
evaluated the button as part of a tangible tabletop applica-
tion on satellite communication, with regard to the solv-
ing time, the number of tries, the perceived usability, the
subjective workload, and the learning gain. We have com-
pared the results to the ones achieved with a version with-
out button, where trial-and-error is allowed.

The results indicate that the button was indeed suc-
cessful in slowingdown interactions and increasing reflec-
tions. The users of version B worked longer on the tasks
as compared to the ones of version T and used the button
sparingly (on average 5 tries per task) to solve them. They
also judged themental demand and effort as higher, which
can be an considered as an indicator that they had to re-
flect more.

However, despite our expectations, the average learn-
ing gain for the groups using version B was lower as the
learning gain for the groups using version T. A closer look
at the learning gain with regard to the different types of
questions revealed that there was a difference depend-
ing on the type of knowledge which was assessed: factual
knowledge achieved a higher increase for version T, but
conceptual knowledge was better learned with version B.

These result lead to the preliminary conclusion that
a button and scoring mechanism might indeed be used
as a design measure to slow down interactions, however,

it needs to be put in accordance with learning activities
that target higher levels of knowledge, such as conceptual
knowledge. To train factual knowledge, however, a trial-
and-error environment seems to be more appropriate.

Due to the small amount of participants, these results
can only be considered as tendencies and need to be ver-
ified with a larger sample in order to provide reliable re-
sults. Furthermore, there are other aspects which might
have impacted the results, such as language problems, the
high complexity of the scenario, and crashes during the
tests.

Nevertheless they provide preliminary insights re-
garding the design of tangible tabletop systems to support
learning-by-doing and show in particular, the need to bal-
ance usability, task complexity, and the learning dimen-
sion.
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