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A B S T R A C T

The virtual Cross Array Task (CAT) is an educational platform designed to evaluate algorithmic thinking (AT)
skills among students within Swiss compulsory education. This tool introduces an adaptable multi-interface
system, enabling users to interact via intuitive gesture-based commands or through a visual programming
interface that uses drag-and-drop blocks, facilitating a versatile approach to constructing and understanding
algorithms. The platform encompasses a comprehensive training module for skill acquisition and a validation
module for assessment. The system offers real-time feedback to users during activities, adjusting dynamically
based on their actions, providing insights into progress and areas for improvement, thereby facilitating learning
and performance enhancement. With multilingual capabilities extended to English, German, French, and
Italian, the virtual CAT is intricately crafted to meet the diverse needs of educational contexts across various
regions. Preliminary application and evaluation through a small-scale study indicate the virtual CAT’s potential
to offer scalable assessment and a robust platform for integrating AT into broader educational and research
methodologies, setting the stage for its integration into academic research and daily pedagogical practice.
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. Motivation and significance

Algorithmic Thinking (AT) involves a systematic approach to break-
ng down complex problems into manageable steps and devising se-
uential actions to solve them [1–5]. This skill is becoming increasingly
ritical in a world that is constantly being reshaped by digital advance-
ents, extending beyond computer science to become foundational

or problem-solving, logical analysis, and creative thinking in various
ontexts [1,6–9]. In education, AT facilitates a comprehensive under-
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standing of algorithmic concepts and data structures, which is essential
in developing the next generation of thinkers and innovators [1,2,10,
11].

The rapid evolution of technology, coupled with the integration of
computational concepts into diverse fields, underscores the pressing
need for robust and adaptable assessment tools that are capable of de-
livering objective evaluations of AT proficiency in diverse educational
settings [3,6,12–20].
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While traditional assessment methods, such as closed-ended ques-
tions and multiple-choice tests, have faced criticism for limiting real-
world problem-solving evaluation [15,21–24], open-ended questions,
albeit showcasing critical thinking, tend to be time-consuming [23].
Programming assignments emphasise practical application but can be
labour-intensive [16]. Automated systems, although offering prompt
and consistent feedback and suitability for large-scale educational pro-
grams, are still evolving in their ability to comprehensively assess AT
[18,18,25,26].

These assessment methods often neglect developmental aspects,
social and environmental contexts [6,19,27–34]. Additionally, it is
crucial to consider the impact of artefacts and the autonomy level of
students engaged in the assessment, as these factors contribute to a
nuanced and differentiated evaluation. The challenges posed by diverse
evaluation methods and the lack of a standardised tool for assessing
AT underscore the critical need for a comprehensive, reliable, and
objective assessment tool. Such a tool is essential for establishing a
baseline of proficiency, ensuring consistency, and facilitating meaning-
ful measurements of progress across diverse age groups and educational
settings [31,35–43].

The virtual Cross Array Task (CAT) [44], derived from an unplugged
assessment activity [45], emerges as a response to the gaps identified in
current AT assessment tools. This platform, conceived within the Swiss
educational context, accommodates the diversity of this multilingual
educational landscape, adeptly facilitating AT assessments for large,
varied student populations. As a forward-looking resource in educa-
tional technology, the virtual CAT’s automated, uniform assessment
capabilities offer a foundation for broad-based research into teaching
methods. Its effectiveness and adaptability have been validated in a
study [46,47], affirming its potential for widespread AT evaluation.

The virtual CAT platform is designed to assess pupils’ proficiency in
formulating algorithms to describe and replicate visual configurations
known as cross arrays. These structures consist of 20 dots forming a 2-
thick cross, with colour choices from options like yellow, green, blue, or
red, and exhibit various regularities and patterns. It caters to a diverse
student population with varied backgrounds, profiles, and learning
styles. This tool stands out for its multi-lingual capabilities and flexible
interfaces, which offer the choice of gesture-based controls and visual
programming, with commands in symbolic or textual representations.

A structured learning module, packed with engaging exercises and
video tutorials, introduces users to AT fundamentals, ensuring a solid
grasp of the software’s functionalities and educational content. A val-
idation module challenges users to apply their AT skills practically,
through a set of challenging tasks.

A feedback system is integral to the virtual CAT, offering real-time
responses to user inputs and interactions, and generating extensive per-
formance reports. Such feedback is crucial for steering learners towards
a nuanced comprehension and proficiency in AT, thus showcasing the
platform’s dedication to enhancing computational education.

By bridging the digital and educational divide, the virtual CAT not
only aligns with the pedagogical needs of Swiss compulsory education
but also extends to an international academic audience, potentially
informing future developments in AT assessment.

2. Software description

This section provides a detailed overview of the virtual CAT soft-
ware, including its architecture, user interface and functionalities, with
an exploration of the technical composition and the underlying techno-
logical stack supporting its operation.

The software’s design, following user-centric principles, involved
setting objectives, analysing requirements, and drawing insights from
the unplugged CAT version [45]. Prototypes centred on user experience
underwent thorough testing, including expert inspections. Children
actively participated in the design process, ensuring alignment with
their needs. A practical test in a real educational setting identified
areas for improvement, enhancing the tool’s readiness for broader use.

2.1. Software architecture

The virtual CAT application [44] has been developed using the
Flutter framework [48], chosen for its cross-platform support. While
optimised for iPad uses, Flutter ensures a uniform user experience on
different devices. The application’s architecture is structured into three
main layers, programming language interpreter, data infrastructure,
and user interface, creating an engaging, secure, and intuitive platform.

Programming language interpreter. The virtual CAT’s programming lan-
guage interpreter is a Dart package [49] developed to interpret and
translate user interactions with the application interface into machine-
readable instructions [50]. It ensures accurate execution of algorithmic
commands and immediate feedback and error handling. The interpreter
interacts with the CAT programming language, a standardised code
that formalises user interactions into algorithms, enabling users to solve
tasks within the app’s virtual environment.

A detailed list of commands for board navigation, dot colouring,
and complex operations is available in Table 1, equipping users with a
versatile toolkit for algorithmic problem-solving.

Data infrastructure. In line with the strict privacy and security de-
mands of Swiss educational environments, we developed a secure data
infrastructure that ensures a safe flow of data during the collection
and assessment process between the devices used and the central data
collection hub [51]. To achieve this, we established a dedicated local
network by deploying a router that interconnects all the participant
devices, and directs the information to a central computer that acts
as the nerve centre for data collection, ensuring that the data remains
within a controlled and safeguarded environment.

Gradle is an integral part of this framework, acting as the ignition
system for our data process. It initiates the server and establishes the
necessary network connections, enabling a seamless data exchange
from the user devices to our central database. This setup allows the
data to be synchronised in real-time, ensuring that all information is
current and accurately reflected across the system.

We leverage the H2 database system for data management and or-
ganisation. In particular, Java is used for its database engine execution,
and SQL is used for data manipulation and interaction.

The database schema, illustrated in Fig. 1, features interconnected
tables designed for specific roles within our educational assessment
framework. Notably, the ALGORITHMS table catalogues algorithms
based on complexity levels and specific commands, contributing to the
algorithm dimension metric. Simultaneously, to compute the interac-
tion dimension metric, the RESULTS table records information such as
the artefact type and the level of autonomy.

Application interface. The final layer of the virtual CAT’s architecture is
the application interface, which presents the tangible interaction space
for the end-users. To design the user interface (UI), we adhered to
standard mobile application design principles, focusing on simplicity
and ease of use, to accommodate the diverse technological proficiency
of our target audience [52–55].

The app is designed to be simple and intuitive, allowing users to
interact by touching and moving items directly on the screen, which
is great for kids or those new to programming. It immediately shows
visual cues that help users recognise if they are on the right track. The
built-in feedback system responds to users’ actions in real time, pointing
out mistakes, confirming correct moves, and providing helpful tips.

Users can interact with the platform in two different modalities,
each supporting different user preferences and learning styles: a gesture
interface (CAT-GI) for direct interaction (see Fig. 2) and a visual
programming interface (CAT-VPI) for creating sequences of commands
(see Fig. 3).

The common top toolbar allows users to switch between interfaces,
view results for completed schemas (success, failure, surrender), and
2
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Table 1
List of commands in the CAT programming language.
Category Command Description

Movements

goCell(String cell) Move directly to a specific cell coordinate on the
board.

go(String move, int repetitions)
Moves in one of the eight possible directions,
including cardinal and diagonal movements, of a
specified number of cells.

Colouring

paintSingleCell(String color) Colour the current cells with the specified colour.

paintPattern(List<String> colors, String repetitions, String pattern)

Colour multiple cells according to predefined
patterns (cardinal, diagonal, square, L, zigzag)
each with various directions. If a sequence of
colours is specified, they will alternate following
the selected pattern.

paintMultipleCells(List<String> colors, List<String> cellsPositions)
Colour multiple dots with custom patterns, defined
by specifying the coordinates of the cells to be
coloured.

fillEmpty(String color) Colour all uncoloured dots on the board uniformly
with the specified colour.

Loops
repeatCommands(List<String> commands, List<String> positions) Repeats a sequence of commands (e.g., a series of

go and paint) at specified coordinates.

copyCells(List<String> origin, List<String> destination) Copies colours from one set of coordinates (origin)
to another (destination).

Symmetry

mirrorBoard(String direction)

Reflects the coloured dots on the board onto the
non-coloured ones, in accordance with the
principle of symmetry, along the specified
direction (horizontally on the x-axis or vertically
on the y-axis).

mirrorCells(List<String> cells, String direction) Applies symmetry to specific dots across a
specified direction.

mirrorCommands(List<String> commands, String direction) Reflects a sequence of commands across a
specified direction.

The right column is shared between both interfaces. It features
reference schema at the top and a cross representing the current

rogress at the bottom. Navigation arrows, a restart button, and the
isual feedback icons are available above the reference schema. Users
an confirm completed tasks with the green checkmark or surrender
ith the red cross.

The left sidebar of CAT-GI houses easily selectable buttons for colour
election and actions, while CAT-VPI’s left sidebar contains pre-defined
uilding blocks grouped within menus, corresponding to different sets
f commands that can be used within the interface. A colour-coding
ystem enhances clarity, ensuring blocks within the same menu share
he same colour.

In CAT-GI, the main workspace allows users to directly touch and
anipulate dots to colour the cross, while in CAT-VPI, users arrange

nd combine visual coding blocks from the left sidebar.
The CAT-VPI offers two versions with two different command repre-

entations to accommodate learners from different backgrounds, ages,
nd cognitive abilities. One version is textual and uses explicit lin-
uistic expressions for commands and parameters, while the other is
ymbolic and allows non-literate learners to interact effectively with
he interface.

.2. Software functionalities

The virtual CAT is a multifaceted educational platform featuring a
uite of functionalities that support the assessment of AT skills.

• Training module: The training module offers 15 sample tasks
to solve, along with supplemental video tutorials, to help users
familiarise themselves independently with the app and its func-
tionalities.

• Validation module: The validation module assesses students’
AT through 12 specialised tasks. Through the CAT score metric,
students’ performance is evaluated across two key dimensions,
the type of interaction used and the type of algorithm produced,

providing a nuanced understanding of their abilities. The inter-
action dimension gauges the complexity of artefacts used during
the activity, such as the CAT-GI or the CAT-VPI, and the level
of autonomy displayed by students, measured by their reliance
on visual feedback. The interaction dimensions, given by the
combinations of artefacts and autonomy levels, are scored based
on their complexity. Simultaneously, the algorithm dimension
assesses the complexity of students’ generated algorithms, focus-
ing on the operations involved. These operations range from 0D
(colouring individual dots) to 1D (colouring multiple dots based
on patterns like rows and diagonals) and 2D (involving intricate
patterns like alternating colours or mirroring operations).

• Diverse interaction and language support: The multi-interaction
methods (gesture-based and visual programming block interfaces)
accommodated different learning styles. The multilingual op-
tions (English, German, French and Italian) cater to the diverse
linguistic preferences.

• Real-time feedback: The immediate visual feedback and compre-
hensive performance reports support students’ learning journeys
and provide valuable insights for continuous improvement.

• Data privacy and security: The local network infrastructure
ensures anonymity and security, assigning unique identifiers to
each user to separate personal identity from performance data.

• Scalable assessment capabilities: Designed for both individ-
ual and large-scale assessments, the platform’s robust architec-
ture supports extensive data collection and analysis, critical for
educational research and policy development.

These functionalities collectively underscore virtual CAT’s commitment
to providing an educational platform that is scalable, versatile, user-
friendly, secure and responsive to the needs of a modern learning
ecosystem.
3
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Fig. 1. Database schema. The diagram depicts the logical structure of the database, including tables such as CANTONS, SCHOOLS, SESSIONS, STUDENTS, ALGORITHMS, RESULTS,
and LOGS, along with their attributes and the relationships between these entities.

3. Illustrative examples

This section provides a detailed guide through the virtual CAT
application, showcasing its features and functionalities with illustrative
images and a comprehensive screencast.

Initial interaction with the application presents users with a lan-
guage selection screen. Users are to select their preferred language
flag (for example, English) to ensure all instructions and content are
subsequently displayed in the chosen language. Following this, users
are prompted to choose between the training and validation modules.

3.1. Training module

The training module is designed to introduce users to the virtual
CAT application. For this purpose, a generic introductory video and a
set of 15 tasks are provided, each complemented by three in-app videos
that explain each interface (see Fig. 4). When users select a task, they
are guided by a tutorial video illustrating how to accomplish it. Subse-
quently, users are encouraged to apply the instructions provided in the
video to solve the schema using the designated interaction interface. A
green check mark on the video icon indicates successful task comple-
tion. The primary goal of this training process is to equip users with the
necessary skills to navigate the application effectively and confidently,
utilising its features. By completing the training tasks, users gain a solid
foundation in using the virtual CAT software, preparing them for a
seamless transition to the validation module. This structured approach

ensures that users understand the software’s functionalities and feel
proficient in AT before progressing to more complex assessments.

3.2. Validation module

Upon transitioning from the training module, users enter the vali-
dation module, where the AT skills are tested. To initiate this process,
a local network infrastructure is established using a router, connecting
user devices, typically iPads, to a central computer with a configured
database for secure data reception and storage.

The validation process begins by creating a session and inputting
specific details such as the date, canton, school, class grade level,
and supervisor information into the application. Student registration
follows, recording only gender and date of birth. Unique identifiers are
automatically assigned to each student and session to ensure privacy,
facilitate re-entry and registration of new users to the same session and
enabling individual progress tracking.

In the validation module, users encounter a series of 12 tasks, with
the flexibility to select their interaction mode, navigate between tasks
or restart them, confirm completion, or skip tasks as necessary.

On CAT-VPI, users use drag-and-drop interactions to assemble the
programming commands in the central workspace and replicate the
reference pattern, as illustrated in Fig. 5 where a student is attempting
task 2 by placing a command to select the starting point for colouring
and another to colour a blue square.
4
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Fig. 2. CAT gesture interface (CAT-GI).

Fig. 3. CAT visual programming interface (CAT-VPI).
5
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Fig. 4. Training module.

Fig. 5. Example of usage of the CAT-VPI with textual commands.
6
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Fig. 6. Example of usage of the CAT-GI.

Users can freely switch between interaction interfaces at any time,
such as transitioning to the CAT-GI, allowing direct manipulation of
elements on the screen, as shown in Fig. 6, highlighting a switch
to CAT-GI, colouring actions, and enabling visual feedback for result
visualisation.

When the user believes the task has been completed, they can
confirm completion by selecting the appropriate option. However, if
the user chooses not to complete the task, they can bypass it and move
on to the next one.

Completing all tasks leads to a results dashboard, which provides a
comprehensive summary of the user’s performance. This includes visual
representations of attempted tasks, scores, completion status, and time
taken.

Simultaneously, all session data are acquired and managed on the
central computer where the database is configured, ensuring accessibil-
ity at all times.

4. Impact

The virtual CAT platform is an effort to contribute to the fields of
education and algorithmic skills assessment. In this section, we explore
its potential impact, recognising the preliminary nature of our work and
the extensive research conducted in these areas.

We aim to offer a fresh perspective on the intricate dynamics
of virtual environments and how they can support the assessment
and enhancement of AT skills. Particularly, the virtual CAT catalyses
studies investigating how various user interfaces might influence the
development of AT competencies across diverse user groups. With
features such as multilingual support and diverse interaction methods,
it invites exploratory research into the effects of language and cultural
backgrounds on learning algorithmic problem-solving.

Moreover, the virtual CAT introduces a method for capturing de-
tailed user performance data, providing preliminary insights into learn-
ers’ progress and interaction with the tool. This capability offers a
potentially valuable resource for studies seeking to track educational
outcomes over time or promptly evaluate the impact of instructional
strategies.

As the virtual CAT is currently in the early stages of its life cycle, its
adoption is not yet widespread, and we remain cautious but optimistic
about its future role. Encouraging preliminary findings from a small-
scale study have highlighted the tool’s potential to support AT learning
and assessment [46,47]. Examining user engagement statistics, analyses
of interaction data revealed a significant level of involvement. On av-
erage, users spent approximately 13 min per session engaging with the
platform, with an engagement rate of 83%. By comparison, traditional
unplugged activities boasted an average session duration of 30 min.
Furthermore, the success rate within the virtual CAT platform, defined
by the completion of assigned tasks, stood at an impressive 80%.
Additionally, our analysis found that the CAT-GI demonstrated quicker
task completion times than its CAT-VPI counterpart. This observation
suggests that the gesture interface, characterised by its simplicity,
proves to be more intuitive and efficient for students when navigating
the virtual CAT platform. Moreover, age emerged as a significant factor
in user success rates, with older students generally achieving higher
success rates than their younger counterparts. Such insights provide
a robust foundation for ongoing inquiry and discussion within the
academic community, driving forward the evolution and refinement of
the virtual CAT platform.

5. Conclusions

The virtual CAT represents a stride towards enriching the Swiss
compulsory education system with an assessment tool for AT skills.
Throughout this paper, we have outlined its conceptual framework,
design considerations and provided insights into its potential use from
a small-scale study.

The virtual CAT’s introduction as an educational platform has been
met with an initial positive reception, indicating a promising avenue for
enhanced interactive assessment of AT. The adaptability of its interface
to cater to a multilingual audience reflects a conscientious effort to
embrace the cultural and linguistic diversity of the student population.
Its multi-interface design, which accommodates users of varied ages
and diverse programming backgrounds, including those with no prior
7
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experience, demonstrates an inclusive approach. This flexibility not
only aids in personalising the experience but also ensures that the
virtual CAT is accessible and engaging for a broad user base.

The dual-module system, comprising both training and validation
components, embodies a holistic approach that can be used for learn-
ing. It ensures that users not only engage with algorithmic concepts
through a guided discovery process but also have their skills rigorously
evaluated, providing a comprehensive educational experience.

Looking ahead, the virtual CAT holds great potential for impacting
AT in education. With continued refinement and community partici-
pation, it could become a critical resource, bridging the gap between
technology and education for a digitally fluent generation.

While the platform’s innovative features set a precedent for future
educational assessment tools, the true impact of the virtual CAT will
only be measurable through extensive real-world application and re-
search. The preliminary study has laid a foundational stone, and the
insights garnered from these investigations are crucial stepping stones
towards ongoing enhancement [46].

Our vision for future developments involves continuous refinement
and expansion of the platform. To formally assess user experience, we
have designed a brief survey to be incorporated at the end of the vali-
dation module to collect subjective impressions from pupils about how
they perceive the tool and their overall experience. Additionally, we
aim to integrate an intelligent assessment system (IAS) that performs
inferences on the students’ performance based on Bayesian networks
with noisy gates. This system will provide an automatic and more
comprehensive evaluation of students’ skills and knowledge, enabling
educators to tailor instruction more effectively to individual needs. We
anticipate significant improvements in the efficiency and accuracy of
assessment processes, ultimately enhancing the educational experience
for all users.
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