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Abstract

Introductory programming courses involve the development of skills related
to analysis, reasoning, and comprehension. Therefore, making execution vis-
ible (which instruction runs, which branch is taken, and how variables change)
can facilitate early understanding. This work presents a proposal based on In-
formation Visualization to help understand how control structures work. The
objective of this study was to design a microworld that allows step-by-step ob-
servation of the functioning of control structures (sequence, simple and mul-
tiple selection, arithmetic progression, while, and repeat-until). These struc-
tures are part of Structured Programming. An application was developed in
Java with four modules: 1) microworld environment, 2) visual interface for
structures, 3) parameter input, and 4) visualization. The microworld was mod-
eled asa 15 x 15 grid (30 x 30 px) mapped to a matrix, with a GUI (Swing) that
captures conditions, selectors, and initial values. Animation was carried out
through timers using metaphorical actions (walking, running, hitting) and en-
ergy/life variables. As a result, a prototype was developed that visualizes each
structure with its specific semantics and allows users to set parameters and
observe effects in real time. The modular architecture and timed rendering
provide fluidity and scalability. It is concluded that the microworld translates
code logic into reproducible visual cues, reduces costly inferences, and sup-
ports stable mental models for flow control.
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1. Introduction

In the early years of systems and computer science programs, programming is the
pillar of computational thinking and solution design because it requires abstract-
ing, modeling, and automating processes with logical rigor—for example, linking
syntax and semantics, tracing program state [variables and conditions], mastering
control flow [conditionals and loops], understanding scope and typing, and un-
derstanding debugging and error reading [1]. Learning these skills, together with
others such as translating problems into algorithms, understanding that the com-
puter follows literal instructions, and reconciling a new syntax with the logic of
flow, can be challenging [2].

In this sense, variables, control structures, functions/methods, input/output,
and initial debugging form the foundation of computing education, and the way
these topics are taught [activities, assessments, and resources] shapes what stu-
dents will be able to learn later [1]. Thus, seeing execution and tracing how varia-
bles change at each step is especially useful for understanding control transitions
and, at the same time, for facilitating problem solving [3].

Students often form incomplete mental models of these concepts [what values
variables hold and when they change], which leads to typical errors in conditionals
and loops. In addition, feedback in some cases tends to arrive as cryptic compiler
messages, increasing frustration [2]. Hence, the need to use support that makes
the flow and the step-by-step execution of what they are solving visible. For this
reason, it is important to employ scaffolds and visualizations that make execution
visible and help build correct mental models from the first years of the program
(3] [4].

A mental model is understood as the internal, functional representation that
the student constructs of the “machine” that executes a program, that is, how the
instructions are evaluated, how control flows, and how the variables change. A
correct mental model is consistent with the semantics of the language and makes
it possible to predict and explain the state of the program step by step in new cases.
In contrast, an incomplete or incorrect mental model contains gaps or faulty rules.
In this sense, students learn better when their models are explicitly aligned with a
clear structure and when recurrent misconceptions are corrected [4] [5].

Building on this foundation, we propose an Information Visualization project
to observe what happens during a program’s execution—that is, which instruc-
tions run, which path the flow takes, how variables change, and how to turn those
execution data into useful information and, ultimately, knowledge [6] [7]. Visu-
alization requires representing and presenting data in diverse forms to leverage
visual perception and generate knowledge, and sets as a goal the design of an ed-
ucational tool that incorporates these principles to improve the learning of struc-
tured programming [8].

In practical terms, visualizing execution serves several functions that help teach
students more effectively: explain [tell the “story” of the code step by step], sim-

plify [remove distractors and make the essentials evident], compare [contrast ex-
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ecution paths or parameter effects], and explore [try alternatives and see conse-
quences instantly]. Empirical evidence indicates that visualizations and step-by-
step traces have been associated with better understanding of basic programming
concepts and with the construction of more stable mental models, especially in
early stages. Moreover, interactive tools facilitate this, which helps explain why
“seeing” the flow and state speeds the move from data to understanding [3] [6]
[7].

Among the studies reporting how visualization helps improve learning is the
work [9], which, in astrophysics, implemented an interactive interface based on
qualitative reasoning to represent complex phenomena; the aim was for users to
observe relationships and behaviors that are difficult to infer from formulas or
text alone. In a different domain [10] implemented the visualization of an affective
behavior through mythological narrative, exploring how a cognitive-affective
model can be represented in a comprehensible way, placing the observer before
internal processes that usually remain hidden.

On the other hand, research has examined how the design of visual elements
and icons can strengthen the connection with people less familiar with technology
[for example, older adults], thus functioning as a bridge between abstract concepts
and concrete actions [11]. In parallel, information-visualization systems have
been developed to present institutional academic data clearly to detect patterns
and potential issues: a web system to analyze performance in Teaching-Learning
Units and a project to present academic statistics with admissions criteria are ex-
amples of how graphical representation helps to understand complex datasets and
make informed decisions [12] [13].

Closer to our objective, the work on virtual microworlds by Laureano-Cruces
et al [14] proposes visualizing abstract concepts of structured programming
through scenarios inspired by everyday life and intended to be integrated into in-
telligent tutoring systems. This line is particularly relevant because it suggests that
narrowing a pedagogical domain [objects, properties, and events] and dynami-
cally representing control flow can help novice students build more stable mental
models. This project situates itself in that tradition and extends it with an imple-
mentation focused on control structures [sequence, decision, and loops], incor-
porating a simulation interface that allows parameters to be configured and, step
by step, shows which branch executes, how many iterations occur, and how the
state changes—with the explicit aim of supporting early understanding in struc-
tured programming.

Building on this background, we propose a microworld implemented as a sim-
ulation interface that operationalizes these ideas into tasks students can manipu-
late. This microworld serves as support for first-year students in computer sys-
tems engineering, computer science, or related fields. Unlike prior work, here we
explicitly bound the domain [objects, properties, and events] to control structures
and aligned the visualization with clear instructional actions [set parameters, pre-
dict behavior, observe step-by-step execution, and verify the result].

This microworld integrates a “field” in which objects, properties, and events are
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clearly defined; this field is deliberately limited to the functioning of control struc-
tures [sequence, simple and multiple selection, and loops], so that students inter-
act only with the conceptual elements that matter for learning control flow and
program state [14]. Finally, the “objects” act as a bridge between theory and exe-
cution, since they display behavior visibly and respond to the program’s decisions
and loops; thus, as the flow advances, the object moves and “shows” the conse-
quence of the condition or the counter.

On this basis, the microworld presented covers the following control structures:
Sequential—shows the ordered execution of actions “one after another,” as the
object travels across the map from bottom to top and visually activates each in-
struction when it is executed, making the order and the top-to-bottom flow of the
code [start-end] evident; Simple selection—the student sets the logical condition
[true/false] and the object takes the corresponding branch, with the option to ad-
just parameters and actions associated with each case, turning “if/else” into a step-
by-step observable experience; Multiple selection [when there are more than two
options]—the focus is on the selector [the value of an enumerated type], where
the student defines that value and the case-specific actions, including the default
path when there is no match; the branching and the fallback to the default become
visible in the object’s trajectory.

Unlike algorithm visualizers that show complete executions or data structures,
and block-based environments that replace syntax with graphical pieces, this mi-
croworld intentionally narrows the domain to CS1 control structures [sequence,
selection, and loops] and makes them observable and manipulable without textual
programming, so that students can adjust to didactic parameters [condition, se-
lector, counter] and observe step-by-step transitions through simple metaphors
that externalize the state.

For loops, three behaviors are distinguished. In an arithmetic progression, the
finite nature of the loop is emphasized: an N and a mode are set [increment/dec-
rement with a constant step], and the object traces a cyclic movement [clockwise
or counterclockwise, depending on the mode] that marks each iteration upon re-
turning to the starting point. In the while-repetition structure, entry to the loop
depends on evaluating a logical condition at the beginning of each pass; the object
pauses to “ask” whether to continue or stop, so the student clearly sees when the
condition allows continuation and when it does not. Finally, in repeat-until, at
least one iteration is guaranteed before evaluation, keeping parameters and move-
ment similar to the “while” but with the decision at the end of the cycle, which
allows both repetition patterns to be contrasted in practice. In all cases, the object
serves as a bridge between logic and execution: its movement, color changes, and
evaluation pauses translate the abstract flow into clear signals about state and con-
trol transitions that students can follow at a glance.

Finally, this tool is grounded in Vygotsky’s pedagogical theory, in which the
tool functions as a scaffold between the student’s prior learning and new concepts.

Scaffolding is understood as the set of temporary supports offered within the Zone
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of Proximal Development [ZPD] so that the student can carry out tasks they are
not yet able to solve independently and that, with appropriate guidance, are pro-
gressively internalized [15]. In design terms, our tool incorporates classical scaf-
folding principles by making the control flow and state visible as a sequence for
predicting, observing, and explaining, and by allowing supports to fade as the stu-
dent learns.

Accordingly, the central purpose is to design an educational tool to improve the
learning experience in structured programming by making visible what is usually
abstract during a program’s execution. This tool is based on visualization to trans-
form execution data into information and knowledge, and thereby facilitate the

learning of basic structures [sequence, decision, loops] in introductory courses.

2. Methodology
2.1. Approach and Overall Architecture

The resource was implemented as an interactive microworld to make control flow
and program state visible. The system was organized into four modules that struc-
ture the end-to-end user experience: 1) definition of the microworld environment,
2) a visual interface that represents control structures, 3) user parameter capture,
and 4) execution visualization. This arrangement guided both development and

integration testing.

2.2. Platform and Completion Criteria

The project was developed in Java, considering graphics libraries (LibGDX, Ja-
vaFX, LWJGL) for display and animation. Completion criteria were defined per
module: 1) The environment had to exhibit the required appearance and func-
tionality; 2) The interface had to faithfully represent the semantics of each struc-
ture; 3) Parameter capture had to validate and correctly input the data; 4) Integra-
tion had to allow the full execution to be observed without errors. These criteria

were used as a checklist during integration.

2.3. Microworld Representation

To make flow/state observable, the microworld was modeled as a gridded mesh
mapped to a two-dimensional array, where each pair of indices identifies a map
cell. Visually, cells are represented with simple characters (e.g., “0”), and the en-
vironment has fixed dimensions of 15 x 15 cells, each 30 x 30 pixels. This decision
balances visual clarity and precision for tracing (Figure 1).

This division simplifies the representation and avoids irrelevant details, reduc-
ing extraneous load and allowing attention to focus on control transitions (se-
quence and iterations). In parallel, metaphorical actions such as walking, running,
and hitting (which will be described later) build on the student’s prior schemata
(with intuitive meanings and “actions”) to immediately map the effects on the

state (energy/life) without introducing additional technical vocabulary.
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Figure 1. Structure of the microworld.

The agent’s position and movement derive from that array (index > pixel con-
version). For example, cell [3] [5] becomes (x = 150, y = 90)-useful for fine control
of step-by-step advancement. Conversely, for inspection or collisions, a pixel >
index conversion is performed. These transformations enable instrumenting dif-

ferent paths according to the control structure (Figure 2).

Figure 2. General structure of each representative map in the microworld.

From the base array, representative shapes were built for each structure, and
simple markers were used to define the logical-visual “map” (example: L = colored
section, B = walkable area, P = agent’s starting position). With this coding, unique
patterns were created per structure, differentiating key zones, movement areas,

and spawn point.

2.4. User Interface and Parameter Capture

The GUI was implemented with Swing. Each structure view includes controls to
set logical conditions, initial values (e.g., life/energy), iteration parameters (incre-
ment/decrement mode, N), and actions per branch/iteration; it also includes but-
tons to set, start, and reset execution. The values entered by the user are converted

to the types required by the visualization engine.

2.5. Object/Agent and State Variables

The “object” used is a red circle that bridges logic and execution. It has two attrib-
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utes: energy (affected by the action) and life (used in logical evaluations of condi-
tional structures and loops). Three metaphorical actions were defined (walk, run,
hit) that consume 2, 10, and 20 energy units, respectively. The life variable is in-
cremented/decremented to alter the outcome of the condition when appropriate

(for example, to continue/stop a loop).

2.6. Class Model Structure and Responsibilities

To represent the structures, a class model with well-defined responsibilities was
established; this was implemented via a JPanel component, and the following clas-
ses were defined:

o Map: Generates the drawing of the environment from the array (includes
shapes, walkable areas, and key points).

« Object: Manages the agent’s state and movement on the map; each structure
has its own variant of the move method.

o Panel: Contains map and object; coordinates rendering, parameter capture,
and the execution cycle. This arrangement is replicated for each structure, and the

full class diagram is included in the appendices.

3. Results

User Flow

The application starts with a main menu (Figure 3), from which one or several
structures can be selected for concurrent visualization. This flow supports quick
hypothesis testing (“if I change the selector/condition, what happens?”) and com-

parison across structures.

Menu — *

Estructuras de Control

INICIO (Exp Logica)

Secuencia Seleccion Simple Seleccion Multiple

PARA | <-- 1 Hasta N, paso

(Exp Légica) = V
PARA | <-- N Hasta 1, paso

(Exp Logica) = V

Progresion Aritmetica Mientras Repite Hasta

Figure 3. Screenshot of the application’s main menu.
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The sequence of the agent shows in the moves from bottom to top, activating
the action associated with each step (Figure 4). Objective: to make the order and

directionality of execution (start-end) evident.

[73 Estructura - X

HEEEREEEEEEEEEEE
|| [ vmachod | Yenkreiaiade | ||
RN

Caminar

Tres ‘Caminar

Cuatro ‘Caminar

Cinco ‘Caminar

Figure 4. Visualization of the sequential structure.

Simple selection: at the branch, the system evaluates the condition and the agent
takes the true (right) or false (left) path. Available parameters: life, energy, logical

condition, and action per branch (Figure 5).

Estructura — x
E

HE oo | M evkrgrse | | e

Energia-

81 VIDA
Condicion

|

Valor:
—Accion—

Verdadero:

Falso: |Caminar

Figure 5. Visualization of the simple selection structure.
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Multiple selection: the user sets the selector’s value and the action for each case;

if there is no match, the default route is executed (Figure 6).

Estructura — =
kel
| | labmachos | W enprerd: e ||

— | | |

e

Acciones

 [camiar
- [cominar
: [comnar ]
: [comiar]

:  |[Caminar

Figure 6. Visualization of the multiple selection structure.

Arithmetic progression: the agent traces a cyclic movement—rightward if in-
crementing and leftward if decrementing. One iteration is completed upon pass-
ing the starting point (Figure 7).

5| Estructura - x
| | leahaola: oo |6 EnErGatsd | | |
HENEEEEMEN NN o
Energia:

Moo
Para I: E Hasta: E Paso: D

Valor N: D

Accién Bucle-

Figure 7. Visualization of the arithmetic progression structure.
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While: at the start of each pass, the agent evaluates the condition; if true, it con-
tinues; if false, it stops (Figure 8). Parameters: life, condition, and action per iter-

ation.

Estructura - X

Mieniras VIDA [» |
Acciénes Bucle:
Variacién Vida: D
Accion:

Figure 8. Visualization of the while structure.

Repeat-Until: guarantees at least one iteration and evaluates the condition at
the end of the cycle, keeping parameters and movement analogous to “while”
(Figure 9).

Estructura - X

Condicion
Repite-Hasta Vida [> |
Acciénes Bucle’
Variacién Vida: El
Accion:

Figure 9. Visualization of the repeat-until structure.
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An important point is that encapsulating repainting inside a continuous while
loop produced an “instant” visualization of the traversal, with no observable in-
termediate steps, which negated the tool’s didactic value. The solution was to
adopt timers that schedule position updates and repainting at millisecond inter-
vals, thus achieving incremental, controlled execution animation. This decision
also allowed the inclusion of supportive effects (e.g., color changes) that reinforce
the reading of the flow without saturating the scene.

Finally, each phase was declared complete upon meeting the predefined criteria:
1) environment with the expected appearance/functionality, 2) interface faithful
to the semantics, 3) valid/effective parameter capture, and 4) stable integration
that lets users observe the full execution and the effects of each parameter on the

agent’s behavior.

4. Discussion

The microworld developed in this article demonstrates that it is possible to visu-
ally represent traditionally abstract concepts in structured programming, pro-
vided that elements and techniques that stimulate user perception are combined
(simple shapes/colors, object trajectories, recognizable actions). This strategy not
only makes the semantics of control structures visible but also enables real-time
exploration and verification practices.

The modular architecture, grid-based array, and timed rendering loop consti-
tute a “technical scaffold” that enables step-by-step observation of execution and
student manipulation of parameters. These decisions translate code logic into
clear, reproducible visual cues, fostering early understanding and confidence
when entering the world of structured programming.

From a pedagogical perspective, information visualization acts as a mediator
between perception and reasoning, as it reduces the inferences students must
make and offers a concrete basis for thinking. When visual elements maintain a
stable correspondence among shape, color, position, and movement, the semantic
anchoring of abstract concepts is strengthened. Likewise, integrating common ac-
tions such as walking, running, and hitting adds a layer of meaning close to eve-
ryday experience, making it easier to remember rules and supporting the con-
struction of mental models.

Another point worth highlighting is that Java—a high-level language applied to
didactic, low-complexity scenarios—together with the combination of timers, a
clear class model, and a well-defined internal structure, is sufficient to achieve a

smooth and formative visual experience.

5. Conclusions

As a future line of work, it is advisable to apply the project to a group of students
in order to obtain empirical support for its functionality; this would increase its
reliability and validity as a scaffolding tool for novice programming students.

Likewise, it is important to consider that this tool addresses a specific set of struc-

DOI: 10.4236/ijis.2026.161004

80 International Journal of Intelligence Science


https://doi.org/10.4236/ijis.2026.161004

A. L. Laureano-Cruces et al.

tures (sequence, simple/multiple selection, and loops) without nesting or com-
bined cases, and it does not cover other key aspects of execution (e.g., memory,
scope, method calls/recursion, error handling, or concurrency), so it cannot be
generalized to other contexts.

On the other hand, the selected visual metaphors and actions (walking, run-
ning, hitting), together with the 15 x 15 grid and the timed rendering, prioritize
clarity over realism; however, they may not be universal across different cultural
contexts nor fully accessible (e.g., color blindness, screen readers). Finally, this
tool, in accordance with learning styles, can be integrated as part of an Intelligent

Tutoring System, supporting the teaching-learning process.
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