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Abstract

In this pilot study, we introduce an effective spatial-numerical training to improve
children’s arithmetic abilities. We designed this training based on previous
successful trainings of spatial-numerical associations (such as number line
estimation) and introduced a full-body response movement. Children responded to a
number line estimation task presented on an interactive whiteboard by moving their
whole body to the left or right. In a pilot study with a small group of children (total
sample size N = 27), this experimental training was compared to two control
trainings, one training the same task without the full-body movement and one
training a different task with full-body movement. The experimental training led to
significant improvement in all dependent measures and was most effective in
enhancing performance in a spatial-numerical task. Furthermore, full-body
movement helped children maintain their performance level in multi-digit addition.
We conclude that full-body movement can enhance the efficiency of numerical
trainings, which could also be successfully utilized in serious games and
incorporated into the classroom.
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1. Introduction

1.1 The relevance of numerical skills

In recent years, arithmetic abilities have gained in significance for both individual life prospects
but also societal interests. On the one hand, deficient arithmetic knowledge has been found to be
more detrimental to an individual’s life than even poor reading and writing skills [1-3]. On the
other hand, societal costs for insufficient numerical competencies are immense, and have
exemplarily been reported to add up to 2.4 billion £ per year in the United Kingdom [4, see also 5].
Thus, the reliance of society on depicting and transferring information in numerical form has led to
an increased need for means to help individuals improve their arithmetic abilities.

For this reason, the field of numerical trainings and interventions is steadily growing. Especially
computer-assisted trainings (such as the Number Race [6]; see also [7]) have been shown to
positively influence numerical development, even more so when combined with a form of direct
instruction [8,9].

Research has recently devoted particular attention to the impact of trainings of basic numerical
skills, such as writing numbers, comparing number magnitudes, ordering numbers by size, or
estimating the position of a number on a number line. These basic numerical skills constitute the
building blocks for more complex arithmetic abilities, and can predict children’s future arithmetic
abilities [10-12]. Many intervention programs already incorporate basic numerical skills (e.g.,
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[7,13] due to reports that basic numerical trainings are particularly effective [8] and can create
transfer effects onto more complex areas of mathematics (e.g., [14-16]). In the training study
described here, we also trained basic-numerical skills, more specifically the ability to estimate the
spatial position of numbers along a number line.

1.2 Basic numerical skills: Number line estimation

Magnitudes and numbers have long been hypothesized to be represented in an ascending order
along a left-to-right oriented line that is automatically accessed whenever a number is encountered
[17]. On this mental number line representation, numbers are spatially coded and reflected in an
analogue format. Developmentally, first hints at a spatial left-to-right encoding of numbers have
been detected even in preschool children [18] and it has been suggested that the positions of the
numbers on the mental number line become more accurate with age and experience [10].

To measure the accuracy of participants’ mental number line representation, Siegler and Opfer [19]
introduced a number line estimation task. In this task, participants are presented with a hypothetical
number line (e.g., ranging from 0 to 100) on which they have to estimate the position of a given
number (e.g., 37). The accuracy of participants’ mental number line representation is then inferred
from the distance between their estimations and the actual positions of the numbers.

At the current state of research, it is no longer assumed that this number line estimation task purely
measures an underlying representation of number magnitude, or mental number line [20]. Rather,
the task is assumed to measure the ability to apply strategies that allow participants to accurately
place a number [21]. However, this alternative account does not diminish frequent findings that the
number line estimation task is associated with scholastic performance in mathematics. For
example, Booth and Siegler [10] found that children with a more accurate number line
representation performed better in arithmetic tasks and also learned answers to unfamiliar
arithmetic problems more easily. Likewise, Link and colleagues [22] observed associations
between number line estimation accuracy and addition and subtraction skills of elementary school
children.

It is therefore not surprising that numerous attempts have been made to improve children” number
line estimation accuracy (see [23] for an overview). For example, Kucian and colleagues ([24], see
also [25]) developed a number line training for children with developmental dyscalculia and found
significant improvements in their spatial representation of numbers.

In the current study, we too tried to take advantage of the potential of the number line estimation
task for enhancing numerical skills. To this end, we developed and piloted a training in which we
attempted to improve on prior trainings by incorporating an embodied experience of numbers in
accordance with reported associations between the body and numbers (see also [26,27]).

1.3 Associations between numbers and the body

Frequently replicated findings suggest that numbers are associated with bodily experiences, most
prominently with finger counting [28,29]. Most children spontaneously use their fingers when
learning to count, and it has been reported that these finger counting strategies induce a lasting
association between numbers and space that still influences numerical processing in adulthood
[30,31]. As a theoretical account for such findings, Domahs and colleagues [30] coined the term
embodied numerosity in reference to theories of embodied cognition, that assume that all human
cognition is rooted in sensori-motor processes (see [32] for an overview).

Recent studies suggest that this association between bodily experiences and numerical information
is bidirectional, as observed by Shaki and Fischer [33], who had participants perform a random
number generation task while walking. They instructed participants to make lateral turns after a
couple of steps and produce a number with each step. Participants were more likely to turn to the
left after generating a small number and to the right after generating a large number. Similarly,
when instructed to turn to the left, they were more likely to generate small numbers than when they
instructed to turn to the right and vice versa.

Similar full-body movements have previously already been implemented to enhance spatial-
numerical associations in training studies [15,16]. The underlying logic for such trainings is that
responding to a numerical task by moving to the left (for small numbers) or right (for large
numbers) in accordance with the ordering of numbers on a number line can strengthen the
association between space and numbers.
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1.4 Embodied numerical trainings and their application in educational
settings

Fischer, Moeller, Bientzle, Cress and Nuerk [15] were among the first to investigate the
interdependency of numbers and physical space by training kindergarten children in a number
magnitude comparison task (deciding whether a number was smaller or larger than another
number). To create a sensori-motor experience of numbers and space, Fischer and colleagues [15]
used a digital dance mat as input device. Children stood on this digital dance mat and responded
by moving their whole body to the right or left, depending on whether a presented number was
larger (thus to the right on the mental number line) or smaller (to the left on the mental number
line) compared to a reference number. They observed greater training effects in comparison to a
control training with no full-body movement in both a number line estimation task and a counting
task.

In a follow-up study, Link and colleagues [16] aimed to train number line estimation even more
directly by having first-graders walk to the position of a number line that was taped to the floor.
They then received feedback from an experimenter, who measured the distance between children’s
estimates and the correct position. This training combined the presentation of a number line on the
floor with a full-body response corresponding to the direction of said number line. To measure
children’s estimates, they were recorded with a Kinect™ Sensor. In a control condition with no
full-body movement, children performed the same task with their finger on a tablet PC. The
authors found greater improvement in number line estimation as well as an addition task after the
embodied compared to the control condition.

So far, these prior trainings highlighted the potential benefits of full-body trainings of spatial-
numerical associations. However, what cannot be concluded from the studies so far is to what
extent the training effects were caused by motivational effects (such as enjoyment of the games,
see [34]). Both walking along a number line as well as jumping on a dance mat might be more
interesting and fun to children compared to performing the same task on a tablet PC. This potential
media confound could not be detected in the prior study designs. However, this media influence
might not be trivial and might account for some of the findings.

Another important factor to consider in the prior studies is the applicability of the trainings in
actual scholastic education. Although digital media are more and more integrated into education,
digital dance mats [15] have not yet found their way into the classroom. Additionally, the jumping
movement on the dance mat cause a lot of noise, thereby disturbing the entire class. The number
line walking training developed by Link and colleagues [16] has the drawback that the setup takes
up a lot of space, and that a teacher would have to supervise the training at all times, seeing as the
feedback is given by the experimenter who measures the correct distance by hand.

However, more and more classrooms are equipped with interactive whiteboards. These are more
and more replacing traditional chalkboards because they can be used as a conventional whiteboard,
and also work as a projection device. Due to their considerable width, children should have to walk
along the interactive whiteboard when writing on it, thereby making the interactive whiteboard a
promising new candidate for embodied trainings that could also be implemented in the classroom.

1.5 The current study

We designed an experimental training on an interactive whiteboard, which combined a training of
a number line estimation task with full-body movement along the whiteboard, thereby constituting
the embodied condition. To detect possible motivational effects, we went beyond prior embodied
training studies [15,16] and designed two control conditions instead of one (see Figure 1) to
discern effects of the trained task from motivational media effects. In the task-matched control
training, we combined a training of a humber line estimation task with a manual response on a
tablet PC, thus controlling whether effects were caused by the spatial-numerical task. In contrast,
in the media-matched control training we combined a non-spatial colour discrimination task with a
full-body response format, thus controlling whether effects were caused merely by the motivational
aspects of the digital medium.
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Figure 1. Training setup in the three training conditions. 1(a) Experimental training condition, 1(b)
Task-matched control condition, 1(c) Media-matched control condition

In order to expand on previous findings on embodied trainings, we chose second-graders as the
target group. These children were already tall enough to reach the interactive whiteboard, yet
young enough to still profit from a number line estimation training. Also, second-graders are
already capable of performing a wide variety of numerical and arithmetic tasks, which was
important because we were interested in vertical transfer effects (e.g., [35]) of the training to more
difficult tasks. In particular, we were interested in transfer to more complex multi-digit arithmetic
procedures. Children are only taught the number range up to 100 during the course of second grade
(as indicated by a still non-linear representation of number magnitude, e.g., [19]). Therefore, a
training of this number range in combination with a training of an extension of this range up to
1000 could be particularly beneficial to help children expand their knowledge of numbers, thus
helping them comprehend upcoming scholastic content.

To measure training success, we tested children before and after training on multiple arithmetic
tasks. Overall, we expected a linear increase of training efficiency with increasing systematic
association of numbers and space in the training conditions. That means that we expected the
greatest improvement in the experimental condition, followed by the task-matched control
condition (due to the numerical content of the task), with the media-matched control condition
causing the least improvement (due to the non-numerical content of the task).

2. Materials and Methods

2.1 Participants

Thirty-two second-grade children participated in the study. Parents’ written informed consent and
children’s oral informed consent were obtained before the beginning of the study. Five children
were excluded from data analysis due to chance level performance in one or more of the dependent
measures. None of the remaining 27 children (12 girls; mean age 7 years 10 months; range 7 years
1 month — 8 years 6 months) exhibited obvious attentional or verbal difficulties. All children were
familiar with numbers up to 100.

2.2 Design and Procedure

The study was conducted in one individual session per child. Each child received training in two of
the three conditions (the experimental and either the task-matched or media-matched control
condition). Therefore, children were divided into four groups, two of which started with the
experimental training (both n = 7), one that started with the task-matched (n = 6), and one that
started with the media-matched control training (n = 7). Training conditions were then switched, so
that the first two groups now completed either the task-matched or media-matched training,
whereas the other two groups now completed the experimental training. To assess possible
improvements induced by the training, children were tested on dependent measures prior to the
first training (t1), in between trainings (t2), and after the second training (t3).
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However, due to the long duration of the study (approx. 90 minutes), children’s motivation and
concentration decreased substantially after the first training. This resulted in a considerable overall
decline in all children’s performance. Therefore, the second training session was not included in
the analysis. Instead, only improvement from before (t1) to after the first training session (t2) was
analyzed. This resulted in an unbalanced distribution of children over the training conditions,
because the two groups who started with the experimental training were collapsed into a larger
group with n = 14 children.

Each training condition took approximately 15 minutes and consisted of 80 training items: 40 in
the number range 0-100 and 40 in the number range 0-1000. Training started with the number
range 0-100, after which children took a short break before continuing with the 0-1000 range.
Items were presented in a randomized order within each range. Children received feedback during
the training, but not the testing sessions. From t1 to t2, training and assessment took approximately
60 minutes.

2.3 Training Conditions: Tasks and Digital Media

In the two spatial numerical task conditions (experimental and task-matched control condition, see
Figure 1a and 1b), children had to perform a number line estimation task in which they estimated a
given number’s position on a number line of which only the endpoints were marked (either 0-100
or 0-1000). The same items were used in the two training conditions. As feedback, the correct
position of the given number was presented for 3 seconds simultaneously with children’s estimate
(see Figure 1), allowing children to see how far their estimate was from the correct position.
Children’s estimates were not classified as correct/incorrect or good/bad to avoid discouragement.
Rather, children were given the correct position on every trial to allow them to improve their
estimate on the next trial (in the style of Knowledge of Correct Response feedback, [36,37]). In the
media-matched control condition, we used a color discrimination task. Children saw a display of
nine randomly distributed colored circles, all of which contained irrelevant numbers (ranging from
0-100 or 0-1000), and were instructed to tap the green circles in any order with an electronic pen.
As feedback, correctly tapped green circles disappeared, whereas incorrectly tapped circles
remained on the display.

In the two full-body response conditions (experimental and media-matched control condition, see
Figure la and 1c), tasks were presented on an interactive whiteboard (screen size: 165.7cm X
125.7cm) that was wide enough to elicit a full-body response movement. In the task-matched
control condition, tasks were presented on a tablet PC (screen size: 28.6cm x 21.5cm) without full-
body response movement. On both media, children responded directly on the screen with an
electronic pen.

To sum up, in the experimental training condition (see Figure 1a), the number line estimation task
was presented on the interactive whiteboard to highlight spatial attributes in both presentation and
response. Number lines were 153.5¢cm long. In the task-matched control condition (see Figure 1b),
the number line estimation task was presented on the tablet PC on which number lines were
26.5cm long. In the media-matched control training (see Figure 1c), the color discrimination task
was presented on the interactive whiteboard. Circles were randomly distributed across the lower
two thirds of the screen along a width of 153.5cm, so children had to move unsystematically to
reach all of them.

2.4 Dependent Measure Tasks

At pretest (t1) and posttest (t2), children were tested on four different tasks (presented in balanced
order) that assessed improvements in different areas of arithmetic proficiency. To avoid any
memory effects from t1 to t2, three different item sets (A, B, and C) were created for each task.
These item sets were matched in numerical magnitude and difficulty and were administered in a
Latin square balanced order, so that each child received different item sets at t1 and t2 (for
example, participant 1 received set A at t1 and set B at t2, participant 2 received set B at t1 and set
C at t2, and so on).

2.4.1 Paper and pencil number line estimation task: Analogous to the trained task, children had to
estimate the positions of numbers on number lines ranging from 0-100 and from 0-1000 (18 items
per range). Number lines were 30cm long and thus longer than number lines presented on the tablet
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PC (26.5cm), but shorter than number lines presented on the interactive whiteboard (153.5cm).
This task was included to measure whether children’s number line estimation improved in a
different format (paper and pencil without feedback) on number lines of different physical length.

2.4.2 Speeded multi-digit addition: In the addition task, children had to solve as many multi-digit
addition problems as possible within 90 seconds. This task was included to measure whether the
training induced transfer effects onto more complex arithmetic operations.

2.4.3 Three-digit number comparison: Children were presented with three-digit number pairs on a
tablet PC, and had to choose the numerically larger number by pressing either the left or right
touch-pad key (24 items in total). Order of item presentation was randomized. We included this
task to assess improvement of children’s understanding of three-digit number magnitude and place-
value integration.

2.4.4 House number task: In this task, children were presented with a three-digit reference number
and a display of three numbers, from which they had to choose the one number that was
numerically closest to the reference number. The task was presented on a tablet PC and responded
to by checking the selected option with an electronic pen. The order of item presentation was
randomized. The task was embedded in a cover story about house numbers on a number street. To
prohibit children from resorting to calculation strategies, we set a time limit of 10 seconds per item.
With this task, we aimed to measure children’s understanding of place-value integration.

As dependent measures, we calculated the deviation of children’s estimates from the actual

position of the number in percent (as proposed by Siegler & Opfer [19]) in the paper and pencil
number line estimation task. In the three other tasks, error rates served as dependent measures.

3. Results

3.1 Analysis

Prior to all analyses, error rates were arcsine standardized to approach normal distribution. Also,
we calculated performance changes for each dependent measure by subtracting each child’s
percent deviation/errors before training from their percent deviation/errors after training (t2-t1).
These measures of performance change reflected the repeated measure design of the study.
Children who started out at 0 % errors in any dependent measure (13 in the addition task and 4 in
the number comparison task) had to be excluded from the analysis in the respective dependent
measure because they could not improve any further in terms of accuracy. Exclusion of these
children did not change the descriptive pattern of the results.

The analysis was then conducted in two steps: First, we analyzed whether there was a significant
improvement or decline of performance in any of the dependent measures. To do so, we used t-
tests to analyze whether the performance changes were significantly different from zero in the
three training conditions. Performance levels at t1 and t2 as well as performance changes from t1
to t2 are depicted in Table 1.

In a second step, to determine whether children improved more or less in either of the training
conditions, we analyzed performance changes from tl to t2 in a between-subject approach
comparing the three training conditions. Because we had an exact hypothesis about the pattern of
our results, we applied the analytic procedure of evaluating specific contrasts in multiple regression
analysis ([38], see [39] for an example of the application). The benefit of this procedure is that we
can directly test our very specific assumption that children would improve most in the
experimental condition, less in the task-matched control condition, and even less in the media-
matched control condition. Therefore, we first created a contrast that described the hypothesized
rank ordering of the means by assigning contrast weights to each condition. This led to the first
contrast A (1 0 -1). Because the procedure requires as many contrasts in a design as there are
degrees of freedom [39], we created one additional contrast that was orthogonal to the first one.
This contrast was supposed to capture residual systematic variance between the compared groups
after the variance explained by the contrast of interest had been removed. Thereby, we ensured that
the first contrast parsimoniously and accurately described the rank ordering of means [38]. In our
design, the only mathematically accurate orthogonal contrast to the first contrast A was contrast B
(-1 2 -1). In terms of interpretation, this second contrast reflects a result pattern where the task-
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matched control condition differs from the two other groups. The two contrasts were entered
simultaneously as independent variables in a multiple regression analysis. A result was considered
consistent with our hypothesis when the following two conditions were satisfied: (1) contrast A
was statistically significant, and (2) contrast B was not statistically significant. Effect sizes are
reported as RZnange, Which describes the change in explained variance by entering each contrast
into the regression model.

3.2 Improvement from t1 to t2

In the experimental condition, t-tests revealed significant improvements in all dependent measures:
the number line estimation task [t(13) = -2.44, p < .05, d = .65], the number comparison task [t(10)
=-2.01, p < .05, d = .51]; the house number task [t(13) = -1.98, p < .05, d = .51], and the addition
task [t(6) = -2.28, p < .05, d =.70].

In the task-matched control condition, children improved significantly in the humber comparison
task [t(5) = -2.49, p < .05, d = .96] and the house number task [t(5) = -2.28, p < .05, d = .94], but
not in the other dependent measures (both t < 1.34, all p > .27).

There was no significant improvement in any dependent measure in the media-matched control
condition (all t < 1.42, all p > .29). See Table 1 for performance changes in the dependent
measures.

Table 1. Children’s mean performance (standard deviations) in % at pretest (t1) and posttest (t2) as
well as performance changes from t1 to t2 in the three groups.

t1 t2 t2-11
Number line Task (% deviation)
Experimental (n = 14) 12.74 (5.92) 9.6 (4.13) -3.14 (4.82)*
Task-matched Control (n = 6) 11.11 (4.34) 9.59 (3.71) -1.52 (3.80)
Media-matched Control (n = 7) 11.25 (2.8) 12.02 (2.67) 0.77 (2.97)
Addition (% errors)
Experimental (n=7) 29.29 (16.36) |20.35(22.39) |-8.93 (12.81)*
Task-matched Control (n = 4) 11.57 (3.28) 22.97 (19.07) |11.4(17.40)
Media-matched Control (n = 3) 10.18 (4.02) 6.73 (5.92) -3.44 (2.68)
Number comparison (% errors)
Experimental (n = 11) 9.28 (8.46) 6.06 (8.56) -3.22 (6.28)*
Task-matched Control (n = 6) 12.85 (9.63) 6.25 (6.45) -6.6 (6.90)*
Media-matched Control (n = 6) 9.03 (4.69) 7.29 (9.29) -1.74 (8.98)
House number task (% errors)
Experimental (n = 14) 31.43 (8.72) 25.71 (12.62) |-5.71 (11.28)*
Task-matched Control (n = 6) 40 (20.4) 31.33(12.75) |-8.67 (9.27)*
Media-matched Control (n = 7) 36 (19.46) 32.57 (11.41) |-3.43(17.19)

*p<.05.

Note that improvement is reflected in negative values (in a decrease of deviation/error rates). The
changes in numbers of participants between tasks result from the exclusion of children with error
rates of 0% in the pretest.

3.3 Regression analysis of planned contrasts

Contrast A (1 0 -1), which reflected our hypothesized result pattern, reached significance in the
number line estimation task [F(1,24) = 4.01, p < .05, R%xange = .14], whereas contrast B did not
[F(1,24) = .03, p = .87, R?%ange = .00]. This indicates that children in the experimental group indeed
improved more than children in the task-matched control group, which in turn improved more than
children in the media-matched control group. The alternative orthogonal contrast B (-1 2 -1)
reached significance in the addition task [F(1,11) = 5.73, p < .05, R%nange = .32], Whereas contrast
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A did not [F(1,11) = .23, p = .64, RZ%nange = .01]. This means that in comparison to children in the
two whiteboard conditions, whose error rates remained constant, children’s error rates in the task-
matched control condition actually increased from t1 to t2. Neither contrast A nor contrast B
reached significance in the two other dependent measures (all F < .37, all p > .55). See Figure 2 for
the significant contrast patterns.

a Number Line Task b Addition Task
5 20
4 T 15
s 34 5 10 |
3 &
: 2. g 59 Ci
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= 2 -
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E 0 g
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Figure 2. Children’s performance changes (means and SEM) by condition in the number line and
addition task. 2(a) Mean improvement of deviation (in %) between estimated and correct positions
of numbers in the number line task. 2(b) Mean improvement of error rates (in %) in the speeded
addition task

3.4 Performance during number line trainings

To evaluate whether children’s differential improvements in the experimental and task-matched
control condition could be due to differences in training performance, we analyzed the training
data. Children’s performance in the number line estimation task during training differed between
the 0-100 range and the 0-1000 range [t(19) = -3.80, p < .001, d = -1.66], with children deviating
more from the correct position in the 0-1000 (10.85%) than in the 0-100 range (5.75%). However,
children’s estimation performance during training did not differ between the experimental (7.92%)
and the task-matched control condition (9.20%), t(18) = -.69, p = .50, d = -.32).

4. Discussion

The goal of this study was to examine whether an embodied training of number line estimation
could improve children’s arithmetic performance beyond either a training of a spatial-numerical
task without bodily movement, or a bodily training without a spatial-numerical task. In doing so,
we complemented prior studies suggesting a benefit of spatially presented tasks [14] by adding a
spatial response format to further help improve children’s arithmetic competencies.

We expected that a training incorporating the most pronounced spatial attributes in both stimulus
and response should create the greatest training effects. Generally, our hypothesis was confirmed:
(i) Children in the experimental condition reached the level of significant improvement in all
dependent measures, whereas children in the task-matched control condition (number line
estimation on a tablet PC) improved only in two of them, and children in the media-matched
control condition (colour discrimination task on an interactive whiteboard) did not improve at all.
(if) When comparing the three groups, we observed that in the paper and pencil number line
estimation task children benefitted most from the experimental training and least from the media-
matched control training. (iii) Furthermore, we found a previously unreported media effect in the
addition task. Performance of children in the task-matched control condition actually decreased
after the training compared to the other two training groups. This finding might reflect a beneficial
effect of the full-body movement and its motivational appeal. Because the addition task was the
only task requiring children to actually perform a complex arithmetic operation, it presumably
posed strong demands on executive functioning and might have been most susceptible to decreases
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in children’s motivation and concentration. This effect, although not consistent with our
hypotheses, can be taken as encouragement for theory-driven use of digital media in arithmetic
learning.

4.1 Theoretical and practical implications

Just like previous studies [15,16], we showed that an embodied spatial-numerical training can
improve children’s performance more than other training setups. In particular, the increase of
training success with increasing spatial-numerical associations highlights the importance of spatial
attributes for arithmetic learning.

We believe that this study enriches the results of the previous embodied training studies,
suggesting that the observed effects were not merely driven by motivational effects, but by a
combination of a spatial-numerical task with a spatial full-body response movement (see [40] for a
critical examination of the motivational effects of interactive whiteboards). However, by
expanding on the prior design with a second control group, we showed that motivational effects
also play a role in embodied trainings that make use of new and exciting digital media, and should
be considered in future studies.

This study also has practical implications for education. Our results suggest that by not just using
digital media, but by using them in a theory-driven approach, digital media can help children learn
more efficiently than conventional training methods. These effects could further be increased by
coaching teachers in order to improve their ability to apply technology into their teaching [41].
Furthermore, bodily movement seems to be beneficial for maintaining children’s motivation and
concentration, which in turn poses opportunities to support children with mathematical difficulties
or attentional problems. This finding is in line with research on the implementation of physically
activating games (or exergames) in education [42]. As more and more schools are being equipped
with interactive whiteboards, such trainings could also be instated in schools and the current results
suggest that it may be effective even at a low level of intensity.

4.2 Limitations

Seeing as the current study was a pilot study to test the potential of interactive whiteboards for
numerical trainings, there are a number of limitations that need to be discussed. The original design
of two training sessions on one day was not successful because the participating second graders
were not capable of upholding their concentration and motivation for such an extended period of
time. Therefore, an alternative design with trainings conducted over multiple sessions as employed
in prior studies [15,16] seems more advisable for follow-up studies.

Moreover, significant improvement differences between the groups were only observed in two of
the four dependent measures. This can be accounted for by some of the methodological
characteristics of the pilot study, such as the short training duration (15 minutes on average), the
uneven distribution of children over the training conditions, the overall small number of
participants, and the choice of very strict control conditions. Therefore, the descriptively greater
improvement in the experimental condition may not have reached significance in all dependent
measures.

The small sample size and uneven distribution of participants among the training conditions also
does not yet allow for a wide generalizability of the results, therefore calling for follow-up
experiments with larger samples. Nevertheless, the results are encouraging because even at a short
training duration and with small sample sizes, the spatial-numerical embodied training led to
improvements in all of the dependent measures. Thus, our training shows potential even after only
15 minutes and thus, we are confident that it could evoke even more differential improvements
when implemented for a longer period of time.

4.3 Future Directions

The promising results of the current study even with a small number of participants and strict
control conditions call for further investigations of embodied numerical training. To substantiate
our present findings and the findings of prior studies [15,16], we believe that some points would be
worth addressing in future research.
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For one, the control conditions implemented in the current study were designed specifically to
answer our main research questions. However, different types of responses and tasks could be
differentiated in future studies. For example, we implemented a condition utilizing the same digital
medium (interactive whiteboard) as the experimental condition, but a different task (color
discrimination). In this media-matched control condition, task presentation did not contain any
systematic spatial features, and the task content was of a non-numerical nature. Still, it would be
possible to incorporate a task that is presented in a similarly non-spatial format but requires
processing of numerical information, such as simple addition or multiplication fact retrieval (e.qg.,
[43]). By incorporating such a task, it could be inferred whether the spatial nature of the number
line estimation task created a greater benefit for embodied training because of its correspondence
to the specific response movement.

Conversely, a task that does not contain numerical information but is presented in a spatially
oriented fashion could offer insights into the role that numerical information played in the greater
success of our training. One exemplary task that is very comparable to number line estimation in
its spatial presentation is a line bisection task in which participants have to mark the supposed
midpoint of a horizontally oriented line. By using such a task, the specific benefit of the numerical
content could be extracted.

On another note, like many experimental studies, the current study was not conducted in a
traditional educational setting. The material has not yet been evaluated in a real educational
context, and could be enriched by input from educational practice. This could help shape and
improve the current program and materials in a way that makes them more suitable for practice.
With regard to the relevance of the current study for serious game development, it would be
interesting to further develop the training software. In the current pilot, the game-based elements
were limited, with the training taking on more of a computer-enhanced learning scenario [44].
Because the feedback during the training was neutral in that it only showed the correct result, the
positive reinforcement during the training was given by the experimenter, who encouraged
children and gave them content-independent positive feedback for staying focussed and trying their
best. To elevate the training from a computer-supported training to a serious game, it would be
possible to incorporate the reinforcement into the learning environment, for example in the form of
a point system, or by adding an avatar that children could interact with. If the training were to be
applied in a scholastic content, this would enable children to perform the training more
independently and also increase their flow experience during the game [45]. Also, it could help
children to stay on task longer by making the training more captivating and engaging (see e.g.,

[46]).

5. Conclusion

In this study, we showed that the number line estimation task is a promising candidate for a serious
game that can be successfully implemented on an interactive whiteboard. Not only did a short
training lead to improvements in different tasks, it also did so without any motivating graphics or a
reward system.

However, game-based versions of the task are also possible and have already been implemented.
For example, Kiili and colleagues ([47], this issue) presented a handheld game on a tablet called
Semideus, in which positions of integers and decimals have to be estimated on a number line. In
this game, children control a character called Semideus, who collects coins for correctly solved
items, has to avoid traps, and race a goblin to reach the coins in time. Such studies highlight the
fact that number line estimation tasks can be implemented in a game-based setting and on different
types of digital media, as also demonstrated in a prior study with the Kinect™ Sensor [16].

The current data suggest that employing an embodied spatial-numerical training can improve
numerical capabilities more markedly than control trainings. This finding highlights the
applicability of embodiment in functional cognitive training approaches by use of digital media.
Therefore, in our view, this study calls for a wider use of the embodiment concept for systematic
cognitive trainings not only of mathematics, but also other fields of education.
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