Educ Inf Technol (2018) 23:2879-2888 @ CrossMark
https://doi.org/10.1007/s10639-018-9747-x

Evaluating the effectiveness of an educational
programming intervention on children’s mathematics
skills, spatial awareness and working memory

David Messer' @ - Lucy Thomas? -
Andrew Holliman? - Natalia Kucirkova?®

Received: 31 October 2017 / Accepted: 25 May 2018 /Published online: 2 July 2018
© The Author(s) 2018

Abstract This investigation concerns two questions: i). is simple educational program-
ming with children, compared to working on mathematical tasks, more effective in
increasing scores in mathematical abilities, spatial awareness and working memory? ii),
is educational programming on a digital device, compared to similar paper and pencil
programming activities, more effective in increasing mathematical abilities, spatial aware-
ness and working memory? Forty-one 5 to 6 year olds from a UK infant school were
randomly allocated to one of three groups: programming+iPad technology, programming
using paper and pencils, and a comparison condition involving pencil and paper mathe-
matical addition and subtraction tasks. Two 10-min intervention sessions took place each
week, over a period of six weeks, with pre-intervention and post-intervention tests
administered to assess children’s mathematical abilities, spatial awareness and working
memory. A series of mixed analyses of variance revealed that all three groups increased
their mathematical abilities and spatial awareness. However, there were no significant
increases in working memory, and there were no significant differences between any of the
groups. These findings suggest that even a relatively short period of experience with
programming can benefit other abilities and that the effects are similar to more directly
targeted interventions. It was not found that programming using iPads resulted in higher
scores than programming with paper and pencils.
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1 Introduction

Educational research documenting the use of iPads in schools has been concerned with
supporting children’s story-making and writing (e.g., Rowe and Miller 2016), creativity
and literacy (e.g., Dezuanni et al. 2015) or multiple outcomes for specific groups of
children (e.g., children with autism, Allen et al. 2015). However, less attention has been
paid to using iPad-supported programming to enhance children’s other educational
abilities. For previous generations of technology, it has been argued that the activity of
programming could have general educational benefits beyond the acquisition of specific
programming skills. In the 1980s, Seymour Papert created the Logo educational pro-
gramming language to develop children’s higher-level thinking (DiSessa 2000; Lye and
Koh 2014; Papert 1980). Logo enabled children to solve problems in a playful envi-
ronment, by giving commands to make a small mobile robot, called a ‘turtle’, move.
Papert believed that using educational programming results in general cognitive gains as
the experience advanced problem solving and other cognitive skills, and then these
transfer to other domains, an argument that is becoming widely accepted (Scherer 2016).

Papert’s ideas have provided the theoretical framework for our research. The
instructions and context needed to make Papert’s Turtle move provided the necessary
environment for children to programme, verbalise and visualize mathematical concepts:
further, children were encouraged to relate abstract calculations to real life and their
agency was enabled by the computer tool, use of which was coordinated by the teacher.
It was through the simple educational programming of the Turtle (e.g. instructions such
as forward 4, right 3) and through peer conversations that children tapped into
community knowledge. This model provides a useful theoretical orientation for our
work because it focussed on the way simple programming involving mathematical
calculations could develop general abilities in children, and the context ensured that
children’s learning was intrinsically motivated and yet, open enough to incorporate
novel, periodically added, concepts. Inspired by Papert’s theory, we have adopted an
experimental approach to address the question of whether educational programming
has a positive effect on children’s abilities involving mathematics, spatial relationships
and working memory. In some important respects, the programming task we used
differed in implementation from the research of Papert which usually involved a
physical turtle; our programming involved digital screen based activities on an iPad
as these and similar devices are becoming available in primary schools. As with Logo
the children gave simple programming instructions in this case instructions to a bee
about the route needed to reach some honey.

Research involving previous generations of technology have documented positive
effects of programming. In a meta-analysis of 65 studies with a range of programming
languages used by kindergarten to college students, Liao and Bright (1991) reported
that 89% of these studies resulted in positive effects of computer educational program-
ming interventions compared to control groups. However, the reviewers pointed out
that there was a lack of information about whether programming was as effective as
other comparable interventions which involve similar non-computer based tasks.
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Limited research interest has continued in the effects of programming when used by
young children (see Fessakis et al. 2013). Scherer (2016; page 2) has argued, largely
based on research conducted in the 1980s and 1990s, that evidence about the ‘transfer
effects of computer programming skills on other skills such as problem solving and
creativity is reasonable’, but goes on to state that ‘there is a strong need for empirical
evidence supporting this, particularly in the context of the recent advancements of
digital technologies’. This particularly applies to the UK primary school educational
system, where research has been limited because programming was not until recently
part of the UK National Curriculum. Thus, it is timely to revisit the issue of whether
learning to programme has more general effect on children’s abilities in the early
primary years (5—6 years). This topic of research also connects to other current
technology based initiatives which seek to enhance education, by using the power of
technology (Sarker et al. 2017).

Our investigation concerned the effect of educational programming on three differ-
ent abilities, mathematics, spatial awareness and working memory. Mathematics was
chosen partly because Papert assumed educational programming involving spatial
relationships to have specific effects on mathematical abilities due to the related
numeric content of the programming instructions. Indeed, it has been suggested that
programming skills are part of what has been termed computational thinking (Lye and
Koh 2014). In addition, mathematical abilities were chosen as an outcome measure as
these have a central place in education and programming (e.g. use of algorithms) and
programming appears to facilitate the learning of mathematics (Clements 2002;
Computing at School 2013; Johnson 2000; Tynker 2016). Additionally, computer
assisted learning may be an effective way to improve mathematical abilities (Cox
et al. 2003; Cheung and Slavin 2013).

Because the educational programming task involved trying to work out the best
route to reach a target location it was thought that there might be improvements in the
children’s spatial awareness, which involves an understanding of an individual’s
location in relation to other objects in the environment (Baddeley 1996). Spatial
awareness has been found to be related to mathematics achievement (Raghubar et al.
2010), and related to programming abilities (Ambrosio et al. 2014).

The central executive of the working memory system was chosen as the third
outcome variable. The central executive involves higher-order allocation of attentional
resources in the presence of distraction or interference and is linked to academic
success (Baddeley 1996). An example of a working memory task is hearing a spoken
sequence of numbers and being able to repeat back the sequence in reverse order, a task
that involves both keeping information in memory and being able to manipulate the
information at the same time, a process that often occurs in mathematical calculations.
Thus, if programming has a general effect on the capacity for thinking through
developing the capacity to access and hold information, then there is the possibility
of gains in working memory. A number of studies have demonstrated that interventions
can improve working memory capacity in children (Buschkuehl et al. 2012). Conse-
quently, we had tentative expectations that the experience of educational programming
would increase working memory capacity.

The choice of comparison groups can be difficult in interventions where the effects
of a learning process are being investigated (i.e. programming), and the intervention is
presented using information technology (i.e. via iPads) which itself could have an effect
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on outcomes through motivation or related processes (Ciampa 2013; Passey et al.
2004). Furthermore, it is of relevance that the technological determinist perspective
supposes that technology by itself can enhance educational processes (Oliver 2010). In
the light of these considerations it was decided to include a second intervention that
involved the same Beebot programming operations, but which took place using paper
and pencil tasks, to investigate whether programming on iPads was more effective in
increasing mathematics, spatial awareness and working memory than similar paper and
pencil tasks. In addition, there was a third group who did not carry out any program-
ming, but were given addition and subtraction tasks to solve using paper and pencils
(i.e. an active comparison group). This allowed us to examine whether the effects of
programming were comparable or more effective than a teaching intervention which
targeted mathematical abilities.

In sum, working memory, spatial awareness, and mathematics are important,
inter-related abilities. Few studies have explored the impact of programming, and the
way programming is taught, on these three abilities. Our research questions were:

1. Are increases in children’s mathematical abilities, spatial awareness and working
memory higher after educational programming than after working on mathematical
tasks? We hypothesised that the two groups using programming would have higher
scores after the intervention than the group who had to solve mathematical problems.

2. Is educational programming on iPads more effective than similar programming
with paper and pencil tasks? We tentatively predicted that the motivating properties
of iPads might result in higher post-test scores in the group who programmed with
an iPad.

2 Methodology

2.1 Participants

Forty-one pupils aged between 5 and 6 years (Mean age = 73.0 months, SD=3.07, at
the start of testing) were recruited from an infant school in Warwickshire, UK. This was
a convenience sample obtained from two classes Participants were randomly assigned
to one of the three intervention groups after pre-testing. Approval was obtained from
the appropriate University Ethics Committee. Written consent was obtained from the
parents and verbal consent from the children.

2.2 Measures
2.2.1 Mathematics

A school based measure of mathematics was developed. The test was carefully designed
in close collaboration with the Year 1 teachers at the school using ideas from the British
Ability Scales-3 (BAS-3) number skills subtest (Elliott and Smith 2011), and the Wide
Range Achievement Test math computation subtest (Wilkinson and Robertson 2006).
Twelve addition and subtraction questions were chosen which were thought to differen-
tiate between the abilities present in the year group, and which were relevant to the
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national curriculum. The most simple item was 1 + 2 =?, a medium difficulty items was 8
-? =3, and the most difficult question was ? =46—6 (children had to fill in an empty box
that was positioned at the location of the question marks). Internal reliability (Cronbach’s
«) at pre-intervention was .84, and at post-intervention was .88.

2.2.2 Spatial awareness

This ability was assessed using the standardised BAS-3 recognition of designs subtest
(Elliott and Smith 2011). Children were shown an abstract line drawing for five
seconds, it was removed and they had to identify what they had seen from four options.
This process involved the children’s analysis of shape, size, and orientation, together
with visual-spatial memory. The maximum score was 24. Elliott and Smith (2011)
report internal reliability (Cronbach’s o) of .77.

2.2.3 Working memory

This ability was assessed using the BAS-3 recall of digits backwards subtest (Elliott
and Smith 2011). Children listened to a sequence of spoken digits and attempt to repeat
them back in reverse order. The maximum score was 25. Elliott and Smith (2011) report
internal reliability (Cronbach’s ) of .89.

2.3 Procedure

The spatial awareness and working memory standardised tests were administered in the
school library during a single one-to-one session with the researcher. Teachers admin-
istered the maths questions during normal class time when participants worked inde-
pendently and without teacher support. Assessments were administered in the follow-
ing order during pre- and post-testing, recall of digits backwards and then spatial
awareness. Scoring for all assessments was based on receiving one point for each
correct response.

2.4 Intervention tasks

During the intervention, all three groups took part in two 10-min sessions per week, for
six weeks. The children either worked on educational programming or mathematical
tasks. The children worked individually, with three or four children seated together. All
participants received instructions and support was available after there had been at least
one attempt at a problem. The participant needed to complete the questions at each
level of difficulty before attempting a more difficult question. The three interventions
are described below.

2.4.1 Programming+technology group

The free Bee-bot iPad app (see Fig. 1 of the app’s screenshot) is available from TTS
Group Limited, 2012. The app involves giving instructions to a bee so that it can
reach a flower. Only the following commands could be used: forwards, backwards,

turn right by 90°, turn left by 90°. Commands were given by pressing
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Fig. 1 Bee-bot user interface

touch-sensitive buttons. One command, or a sequence of several commands, could
be given at any time, with reset buttons clearing previous commands, and a ‘Go’
button to execute the commands. Eighteen progressively difficult levels were
included, with a timer and stars awarded for a quick, successful completion of a
level. These activities, involving paths, maze solving and program debugging, were
developmentally appropriate for the age of the children.

2.4.2 Paper and pencil programming group

A new paper-based task was designed to replicate the programming+technology task.
Pictures of the eighteen Bee-bot levels were presented to children on paper. On the
paper were lines where commands could be written and the tasks were very similar to
those on the iPad. The commands could be drawn as icons and this minimised the
influence of literacy abilities.

2.4.3 Mathematics group

The active comparison task involved simple mathematical calculations which did not
involve technology or programming. Age-appropriate images (underwater, outer space
etc.) were presented, with a range of mathematical questions about these images. For
example, the children had to count the number of umbrellas, trees and clouds in a
picture, they then had to add or subtract some of the numbers they had counted. The
questions involved addition and subtraction.
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3 Results

Table 1 shows the number of correct responses for mathematics ability, spatial aware-
ness and working memory for all three groups at pre- and post-test. There were
increases in all the scores from pre-test to post-test except for working memory in
the mathematics intervention. Inspection of graphs of these data suggested that the
scores were normally distributed apart from the programming group’s working memory
pre-tests, which showed some positive skew. Box’s M values concerning homogeneity
of covariance across the groups were found to be non-significant.

To investigate whether there were group differences (Programming+iPad, Program-
ming, and Mathematics) and differences according to when the tests were administered
(pre-test and post-test), mixed analyses of variance were conducted. The 3 (group) x 2
(test times) analyses of variance were conducted separately on the scores for mathe-
matical ability, spatial awareness and for working memory to give three sets of findings.

For mathematical ability and spatial awareness there was a similar pattern of findings
with the only significant effect being the increase in scores from pre- to post-test, there
were no significant group differences or interactions (for mathematics ability, there was a
main effect of Time, F(1, 38)=8.57, p=.006, partial 7)2 =.18; no significant effect of
Group, F(2, 38)=.79, p=.463, partial 772= .04, and no interaction, F(2, 38)=.22, p
=804, partial ° = .01. For spatial awareness, there was a significant effect of Time, F(1,
38)=26.54, p =<.001, partial n2 =.41; no effect of Group, F(2, 38) =.50, p = .610, partial
nz =.03, and no interaction, F(2, 38) =.50, p=.610, partial 772 =.03). Lastly, for working
memory, there was no significant effects indicating that none of the three types of
intervention resulted in increases in working memory scores, nor were there group
differences (Time, F(1, 38)=2.00, p =.166, partial 772= .05; Group, F(2, 38)=1.85, p
=.171, partial 7/° = .09, and interaction effect F(2, 38) = 1.79, p =180, partial 7° = .09).

4 Discussion

To our knowledge, this study provides the first evaluation of the effectiveness of an
educational programming intervention on improving mathematics, spatial awareness

Table 1 Correct responses by intervention group (programming+technology, programming, and
mathematics) and time (pre-tests and post-tests) on the measures of working memory, spatial
awareness, and mathematics ability

Group Mathematics (/24) Spatial awareness (/25) Working memory (/12)

Pre-test Post- Pre-test Post-test Pre-test Post-test
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Programing 536 (3.03) 6.14(3.88)  9.36 (2.50) 1193 (4.10)  7.79 (2.33) 857 (247)
+Technology

Programming ~ 6.07 (3.56)  7.43 (4.03)  9.36 (2.31) 12.50 (4.03)  8.57(2.93)  9.43 (3.01)
Mathematics 454 (3.18)  5.85(3.24)  8.92(1.50) 10.85(3.78)  7.46(2.22)  7.08 (1.94)
Mean 534325  649(3.72) 922 (2.12) 11.78 3.94)  7.95(2.50)  8.39(2.65)

@ Springer



2886 Educ Inf Technol (2018) 23:2879-2888

and working memory in young children. All three groups had significant increases
from pre- to post-test in mathematics and spatial awareness, but none of the groups had
a significant pre- to post-tests increase in working memory. There was no evidence that
the two programming intervention groups were significantly more effective in increas-
ing scores on the three tests than the mathematics group, and there was no evidence that
programming on an iPad was significantly more effective than a similar pencil and
paper programming intervention.

The significant increase in mathematical abilities and spatial awareness in all three
groups was unlikely to have been caused by general maturation over the comparatively
short period of six weeks (Piaget 1971), and though it is possible that other school
teaching could have increased these scores, we were not aware of any initiatives run in
parallel to our study. Thus, the experiences of all three groups appears to have resulted
in significantly increases in mathematics and spatial awareness. This provides support
for the prediction that carrying out and learning simple programming will increase
mathematical abilities and spatial awareness. The lack of a significant increase in
working memory is probably because such increases are more difficult to achieve
because they involve changes to basic information processing and may require a longer
intervention (Melby-Lervag et al. 2016).

It was expected that the two programming groups would have better post-test
performance than the mathematics group. There was no support for this prediction
and this suggests that: i) the experience of addition and subtraction had a direct effect
on the children’s mathematical abilities which were comparable to the experience of
programming, and ii) that because the children needed to look at the pictures reason-
ably carefully and note the presence of different types of objects this appears to have
given similar experiences with the paper and pencil mathematical tasks to the two
programming conditions involving a spatial task. Thus, both programming directly
targeting mathematical abilities, resulted in gains in mathematics and spatial awareness.
These are encouraging findings as they suggest that young children’s experience of
programming can have effects on other important abilities, which is consistent with the
idea that including programming experiences in the primary curriculum may lead to
gains not only in programming, but also in other related domains (Papert 1980; Scherer
2016). However, this interpretation needs to be supported by future research which
would include a comparison group that carries out another type of activity (e.g. story
construction) to rule out the possibility that some common experience was causing the
increase in post-test scores of mathematics and spatial awareness.

In relation to our second prediction, contrary to expectations, we did not find that the
programming with iPads was more effective than programming with paper and pencils. In
other words, programming on an iPad did not confer any special advantage in terms of
outcomes, this is consistent with arguments that the content of educational experiences is
more important than the medium through which it is delivered (Clark 1994). However, it
should be acknowledged that the absence of significant difference between paper and pen
programming and iPad based programming could have been due to a lack of statistical
power. It also is worth noting that in practice, it is likely that programming will be taught
on digital devices, so that although educational programming might be equally effective
when taught using paper and pencil tasks, it is unlikely to be employed in this way.

A limitation of the present study was the sample size. Although the number of
participants was similar to previous studies which have detected effects (Henry et al.
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2013; Holmes et al. 2009; Melby-Lervdg and Hulme 2012), the sample size may have
made a type II error more likely. Another limitation of the present study was that
maturation of general experience could have resulted in the improvements seen in all
three groups.

To summarise, this investigation revealed that three types of learning experiences
namely, simple programming on an iPad, simple programming with paper and pencil
tasks, and practice with mathematical problems all resulted in significant pre- to
post-intervention gains on assessments of mathematics and of spatial abilities. These
are encouraging findings concerning the relevance of programming to other abilities.
Further research is needed to support this interpretation, and in particular, an evaluation
of whether similar gains occur when there is a comparison group that has a learning
activity unrelated to the outcome assessments. In relation to our second research
question, there was no support for the prediction that programming using iPads would
be more effective than programming with paper and pencils, which is consistent with
the argument that the content of instruction is more important than the medium through
which it is delivered.
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