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Abstract: Interest in measuring students’ executive functions has significantly increased
over the past two decades due to their importance as predictors of academic success. This
study tests an application, the Digital Tower of London (ToL), for measuring problem-
solving and planning skills in school. The results of this study show that the digital ToL
does not reveal statistically significant differences in accuracy scores assessing problem-
solving ability compared to the tangible test, and that students (11-12 years old) appreciate
the assessment in the form of a game on a tablet. However, despite the limited sample of 57
students, the potential of new digital tools for measuring executive functions is evident.
These tools are self-assessed and sustainable within the school environment as they offer
teachers the opportunity to integrate information on cognitive abilities into students’ learn-

ing paths.
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1. Development, enhancement and assessment of executive functions at
school

Historically, video games are designed without any educational intent, as they
already have significantly transformed this field. Educational games can help lever-
age the teach- ing and training of various subjects, capitalizing on their potential en-
gagement power. In fact, concepts as gamification (the use of game elements in
non-gaming contexts) and game-based learning (learn by playing) are used as moti-
vational tools to improve learning. (Video) Games have the possibility to give im-
mediate feedback, allowing students to immediately a knowledge if they gave a
correct answer as a result of their thought process (Gee, 2005), offering a
formative evaluation tool and a secure learning environment where errors do not
have a real negative impact (Squire, 2005), stimulating resilience (McGonigal, 2011).

Other than learning per se, video games can be used as a tool to assess students
competencies in topics, and/or soft skills.

By designing games that require students/players to use their knowledge in ot-
der to achieve an in-game goal, they can be leveraged to evaluate subject matter
competencies through questions/quizzes within the game, or actions to be pet-
formed in a game in a given order. Authentic assessment can be achieved by design-
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ing games as simulations of close-to-real-life situations, in which actions performed
in the game are closely related to real life actions (Barab & Dede, 2007), be it in Vir-
tual Reality or not.

On the one hand, interest in video game approaches as educational devices in
teaching is continuously growing in terms of enhancement and assessment of both
disciplinary learning (Giannandrea & Winstone, 2024) and specific cognitive func-
tions. On the other hand, it is well known that good design of multimedia tasks
stimulates the activation of cognitive processes and supports learning processes
(Mayer & Moreno, 2016).

Several studies have investigated the impact of executive functions (EF) on de-
velopmental progress as predictive factors for academic success (Diamond, 2013).
Executive Functions (EF) can essentially be considered a set of interconnected abili-
ties that allow each person to complete goal-directed and adaptive actions (Lezak,
1983; Gioia etal, 2001), by controlling cognition and regulating behavior. We refer
to Adele Diamond’s (2013) EF model, which identifies three basic components:
shifting, updating, and inhibition, which are interrelated and interdependent. Alt-
hough EF are presented and discussed as distinct functions, literature widely sup-
ports the idea that they work integratively in daily life (Diamond, 2016) and, there-
fore, in school life, allowing students to effectively engage in complex processes,
such as defining a task-solving strategy. This highlights the profound involvement of
EF in aspects related to learning and academic performance (Zelazo et al., 20106).

Limited development of EF can lead to learning difficulties that may also result
in behavioral issues (Vicari & Di Vara, 2017). Given the significant influence of EF
on academic success, it is useful to assess their development in formal education,
thus we face the need to develop EF measurement tools suitable for primary
school students that are engaging, accessible, and consider appropriate comple-
tion times and alternative administration methods. Computerized tasks and tablet
applications allow students to work independently by following verbal and visual in-
stru ctions on suppotts such as touch screen. Considering the advantages of using
tablets over computers (Falloon, 2013), including reliability and speed of meas-
urement (Howard & Okely, 2015), and the limited research on this topic, it is cru-
cial to understand the students' perceptions using these applications to assess
their EF. Berg ¢ al (2020) reported that children enjoyed performing activities
with EF assessment apps, and children who enjoy tasks perform better (Schukaj-
low & Krug, 2014). However, we are currently facing several challenges. It is nec-
essary that game-like applications are reliable and follow a rigorous study of psy-
chometric properties. When facing a problem to solve, we activate a series of
cognitive processes: plan- ning a useful strategy, using working memory to access
information, and implement the planned solution. If the planned solution does not
work, we use cognitive flexibility to make adjustments along the way, and not to
repeat the previous incorrect response.

To bridge the existing gap in the literature, it is not only necessary to design
new tasks for measuring EF but also to capture the perceptions of children and ado-
lescents regarding the tests and evaluate the students’ experience (Berg ez al., 2020).

The present work involves the experimentation and verification of a digital ap-
plication for evaluating problem-solving skills. The development of a mobile appli-
cation is an integral part of a broader project, born through an international collabo-
ration, and focuses on the implementation and verification of the potential of an
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edugame as an educational tool for the development and assessment of cognitive
skills in schools.

2. The current study, evaluating a Digital Tower of London: a problem-
solving measurement tool

This work aims to improve a digital game inspired by the tasks of the Tower of
London (ToL) test, and therefore capable of assessing problem-solving and plan-
ning skills of students in the first cycle of school. The ToL test is a widely used as-
sessment in applied clinical neuropsychology and it is used to evaluate executive
functions, particularly identifying deficits in planning. The Digital ToL would not
only qualify as an innovative tool in the field of compulsory formal education but
could also stimulate teacher engagement in learning and experimenting with new
technology-mediated approaches. Like the validated tangible version of the test
(Fancello e# al., 2013), the Digital ToL has been developed to assess problem-solving
and planning abilities.

One of the main differences compared to the Tangible Tol. concerns the ad-

ministration mode. It is not necessary to have an examiner alongside the student,
thus the ratio examiner-examinee is not 1:1 because the system can autonomously
manage data collection (correct answer scores, times, number of attempts, and viola-
tions). Thus, teachers can administer the Digital Tol. and evaluate problem-solving
skills of their students just by launching the application on the students’ digjtal de-
vices.
Along with studies emerging in the literature (e.g., Falloon, 2013), the aim is to show
the task’s objective, providing the possibility of a preliminary exemplified trial
(without involving, for the time being, actions such as hand movements or verbal
explanations) that serves as a practical example before the test begins. All these as-
pects, including the interaction parameters imposed on students (such as the inabil-
ity to pause), the possibility of incorporating text-to-speech to include verbal and
non-verbal representations (Paivio, 1991), are part of the ongoing study on the app’s
design features, which is still a work in progress due to its iterative and co-design na-
ture with educational stakeholders.

This research, in line with the concerns of Maddux and Cummings (2004) re-
garding the lack of theory guiding the adoption of new technologies in schools, e m-
braces the new theory on the design of software for student learning in combination
with pedagogical-didactic aspects (Falloon, 2013). In this sense, as found in our pre-
vious work (Marras & Babazadeh, 2023), it is a collaborative design that has provid-
ed and continues to offer the possibility to meet and share ideas among teachers,
developers, students, and researchers to improve the learning experience mediated
by the technological device.

3. Materials and Methods

This research, inspired by Design-Based Implementation Research (Fishman ez
al., 2013), has given rise to an itemative cycle of app design, testing, evaluation
through the analysis of student performance, and debtiefing with participants and
their teachers.

This work has a dual purpose: firstly, to investigate whether there are statistical-
ly significant differences in the accuracy of task performance in the ToL test de-
pending on the modality in which the task is presented; secondly, it seeks to under-
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stand the perception of the students involved in the study regarding the two differ-
ent approaches. The results of the first phase of our study (Marras & Babazadeh,
2023) highlighted the ability of the Digital ToL to evaluate the constructs investigat-
ed. Our hypothesis aims to verify whether there are significant differences by revers-
ing the test execution and asking students to solve the problems first with the Digi-
tal TolL and subsequently with the Tangible (Figure 1).

The Digital Tol. may be more engaging for students due to its playful nature
and may make students feel more comfortable and motivated in solving tasks. The
aim is to verify aspects related to students’ perceptions of the two modalities of
presentation. The use of the Digital ToL. could be more sustainable in the school
context, because it can be presented to the entire class at the same time, and because
it helps to limit the impact of other variables such as the subjectivity of the adminis-
trator and errors in data collection and scoring.

Figure 1. Research phases.

Development of Step 1 — Tangible TOL (To)
the ﬁlglttal and digital TOL (T);
application Ex-post questionnaire "" ;
E—
p Application
Pilot study redesign
\ Step 2 - Digital TOL (Tg)

and tangible TOL (T,);
Ex-post questionnaire

3.1. Participants

We examined two different groups of students, each one presented with a double
administration of the ToL. The first phase is detailed in Marras & Babazadeh (2023).
The second phase involved another group of students (N=31) who were asked to
solve the tasks first with the Digital Tol. and then with the Tangible ToL after the

same amount of time.

Table 1. Master information of research sample

Sample Pilot Study Tot N
Gender Step 1 Step 2
Mean age Mean age
N (%) (yearsg)g N (%) (yearsg);
F 15 (57,7%) 11.85 8 (25.8%) 12.1 23
M 11 (42,3%) 11.65 23 (74.2%) 12 34
Tot. 26 (100%) 11.77 31 (100%) 12 57
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3.2. Research procedure

Before starting, we requested approval from the participating school. Information
and consent forms were sent to the school principal, the teachers involved in the
study, and the parents. Appropriate times and dates for data collection were estab-
lished, and conducted in a school environment familiar to the students (the comput-
er lab or the classroom). A total of 57 students from a middle school in South Sat-
dinia were recruited for this study. The students were divided into two groups; one
was presented the Tangible ToL and, after a month and a half, the Digital ToL, and
the second group first the Digital Tol. and then the Tangible Tol.. After working in
both modalities, students were asked to complete a questionnaire investigating their
perception of the experience.

3.3. Survey tools and administration

The Tower of London (Norman & Shallice, 1986; Shallice, 1982) evaluates problem-
solving ability in both tangible and digital formats. The tangible variant (Fancello e#
al., 2013) is administered individually in about 15 minutes per student. Students are
invited to solve tasks using a tool with three rods of decreasing length that can hold
respectively three, two, and one sphere, each of a different color. The test consists
of twelve different problems of increasing difficulty, starting from an initial situation
where the spheres are positioned on the three rods, the number of moves allowed to
solve the task, the target situation to be achieved, and the maximum number of at-
tempts possible for each problem. During the test the administrator records the
time taken for “decision-making” (the time between the presentation of the problem
and when the student picks up the first sphere to make a move) and “execution”
(the time from the first move to the last, which may coincide with the solution to
the problem or the last allowed move). If the rules, such as no two spheres can be
handled simultaneously, are violated, the student is asked to reposition the spheres
in the initial position and proceed to the next attempt. Solving the problem on the
first attempt earns the student a score of three points, on the second attempt a score
of two points, and one point on the third attempt.

3.4. Data Analysis

The data were analyzed using the Jamovi software for MacOSX (release 2.3.21). Dif-
ferences among the administration of the Tangible and Digital versions were ex-
plored through a paired t-test. A descriptive statistical analysis was conducted on the
students’ perceptions.

4. Results
4.1. Accuracy in Tol. task execution: Tangible vs Digital

During the data collection phase we gathered useful information about the scores
obtained during the ToL in terms of accuracy and timing. Inferential analyses fo-
cused on exploring the differences between the mean scores obtained in T oL prob-
lems in the two different experimental phases. The data showed no significant dif-
ferences between the averages. Further analysis with the paired t-test (Table 2)
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showed no statistically significant differences in the accuracy scores obtained in both
tangible and digital tasks in step 2 (t(30)=-1.26, p=.217), confirming the data col-
lected previously instep 1 (£(25)=0.0415,p=.967).

Table 2. Paired sample t-test in ToL: problem solving acuracy, dedsion, exeaitive and total time.

Pilot study: STEP 2
Factors ToL (DigT, TangT))
Mean SD t df P

Problem solving | Tangible 28.2 3.69

— -1.26 30 0.217
accuracy Digital 273 3.72

Decision Time T?n.gl ble 67.0 2108 -2.65 30 0.013
Digital 51.8 15.59

Executive Time Tén.glble %82 457 3.91 30 <.001
Digital 147.6 57.35
. Tangible 165.8 38.38

Total Time — 2.77 30 0.010
Digital 199.4 61.43

4.2. Feedback questionnaire Students’ perceptions about experience: Tangibile 1S Digital

Regarding the students’ perception of the two methods, Table 3 suggests that there
is less discouragement among students working with the digital tool.

Table 3. Student’s perceptions of Digital and Tangible TOL

Pilot study
Step 1 Step 2

Aspects in- Digital | Tangible | Digital | Tangibl
vestigated igita angible igita angible

Mean SD Mean SD | Mean | SD Mean SD
Pleasure 4.19 0.69 3.96 0.96 429 | 0.74 4.19 0.83
Comfort 4.54 0.81 3.88 1.11 3.84 | 0.90 3.65 0.91
Enjoyment 4.23 0.71 - - 416 | 0.90 4.32 0.83
Discouragement - - 1.88 1099 | 194 [ 1.00 | 213 1.09

The collected data (Table 3) suggests that the Digital ToL is generally preferred. Howev-
er, when students were explicitly asked about their preference, 45.16% stated that they
preferred the digital version, while the remaining 54.84% favored the Tangible m ode. Af-
ter the sessions, a higher number of students mentioned they had a better time and did
not feel negative emotions after with the Digital ToL. Among those who preferred the
Tangible ToL, some noted difficulties in performing the digital test due to technical is-
sues. These consider ations led to the need for a r edesign of the application.
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4.3. Application Re-design

The Digital ToL was redesigned and improved in Unity LTS 2022 (Figure 2). Positive re-
inforcements were added at the end of each task as immediate feedback, a short break
was introduced between problems (Figure 3), and visual aspects such as the color of the
disks were modified for accessibility. The redesign did not change the nature of the
tasks, which remained the same, but focused solely on interface elements to make it
more ergonomic and enhance its usability for students.

Livello:3 |
Mosse: 3

@ (b)

Some issues related to the movement of the disks, which occasionally conflicted
with the game’s physics, have been corrected to ensure a smooth expetience for the
students using the application.

Figure 3. Breaks in betneen stages (a) and new feedback screens (b, ¢, d) nere added to the redesigned application.

Livello 3 Bene! Peccato!
Tentativo 2di 3 S (5 )

Vial Preparati per il prossimo Preparati per il prossimo
) livello... livello...

@ (b) © CY

ad Teshnslogy i Leamning and Teaching
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5. Discussion

Considering the limitations of existing approaches for executive development in
the school context, this work attempts to preliminarily validate a digital application
to measure problem solving skills, aiming to ensure an intuitive and engaging inte r-
face that reduces the influence of prior learning (e.g., literacy) on students’ perfor-
mance.

From the analysis of the students’ performance data collected from the Tangi-
ble and Digital TolL, no statistically significant differences emerged between the two
approaches. Therefore, it can be inferred that both measurement tools were capable
of assessing problem-solving skills and that the digital ToL. could be qualified as a
teaching device with good potential, especially if implemented in the design of an
educational game. Regarding the task completion times, the digital version showed a
higher average in both execution time and total time. The second administration
(Step 2) shows slightly lower averages compared to the first. The longer times rec-
orded with the digital ToL suggested redesigning the application to make it more er-
gonomic and stimulating (Section 4.3). Students, while performing the digital task on
the tablet without an educational figure to support them, were completely autono-
mous in managing their work time: this could justify the results recorded in execu-
tion time. Further administration of the application is deemed necessary following
the redesign to verify if the aforementioned significant differences persist. A more
detailed analysis of the times is also considered desirable, taking into account the
problem-solving process planned by the students and integrating additional digital
tools for measuring executive functioning (e.g, Berg et al., 2020) to evaluate wheth-
er the result times can be attributed to other cognitive processes.

It is interesting to note that the decision times for the Digital ToL are lower
compared to the Tangible ToL (Table 2) in both steps of the pilot study. This is be-
lieved to be due to the attractiveness of using this tool in the classroom, social desit-
ability, and the natural attitude of younger generations towards the use of digital de-
vices. The short time between tasks (or attempts) may also have influenced this re-
sult. To determine if this finding is confirmed, further experimentation with the new
application is necessary.

Students reported finding the digital tasks enjoyable, a finding supported by lit-
erature, which highlights a preference for digital assessments that do not involve the
teacher as a test administrator, generally considered less stressful (Berg et al., 2020;
Singleton et al., 2009). However, in the present study, students did not find the digi-
tal application more fun than the tangible one, although they reported feeling less
discouraged when solving the digital task.

A digital measurement tool effectively meets the needs of schools and teachers,
as it allows for large-scale administration and background data collection, providing
teachers with important information on the executive functioning of their students.
In this direction, the tool aims to meet educational needs by offering teachers an
output that includes a profile of the student’s functioning and the performance
ranges of the class, which are useful in planning educational design.

6. Conclusions, limitations, and future work

The collected and amalyzed data seem to support the hypothesis that the func-
tions investigated by the Tol. were adequately measured in both presentation mo-
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dalities, despite the small sample of this exploratory study. This result encourages
turther verification of the digital tool’s assessment capability using a larger sample.

Further possible modifications to the application are being reconsidered, such
as the use of fonts to improve accessibility, and the saving of the tap and drag-and-
drop positions to reconstruct the solving process.

In addition to planning a two-phase experiment with a sample of students of
the same age and educational level to beta-test the redesign of the digital ToL, we
plan a large-scale experiment to evaluate its psychometric properties. It could also
be desirable to develop additional functions in the digital tool. Some, like the Digital
ToL, would allow for the assessment of executive functions and problem-solving,
while others would enable their training.

In conclusion, from the perspective of digital and inclusive education, the im-
plementation of the Digital Tol. could provide educational professionals with a val-
uable tool to support classroom teaching, addressing the gap identified in the litera-
ture on the limited use of digital tools in teaching practices (Zappala & Viola, 2023).
The tool, focusing on verifying aspects related to the development of students’ ex-
ecutive functions, also offers teachers immediate feedback on students’ abilities, giv-
ing teachers the opportunity to guide and redefine educational paths.
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