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Abstract

Geometric transformations are present in all STEM fields, and computing and
engineering education are not the exception. However, across all domains, they are
hard to understand because they are abstract in nature, and their application
requires working knowledge. In particular, undergraduate students of computer
graphics need to understand transformations for scene construction and for the
entire graphical pipeline, yet often fail to do so.

To overcome this knowledge gap, we developed an interactive, highly visual tool for
studying transformations and linking matrix and 3D representations. We present this
tool and its features and discuss its usability for helping students develop a working
knowledge of transformations.

We have evaluated the tool and determined that it can be effectively used for
demonstrations in lectures, for active, hands-on experience in seminars, and for
homework. The tool is well received by students, and using it in seminars improves
scores on knowledge tests by 9% after 60 minutes of teaching.
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Future work will focus on conducting comparative studies in engineering and
computing courses to further evaluate the tool's novel aspects and on design-based
research to iteratively refine it.

1 Problem statement and motivation

Geometric transformations are essential in engineering and computing education.
Transformations are formalized as functions or mappings that preserve specific
structural properties, such as distances, angles, or orientation, depending on the
class of transformation under consideration (Doran & Lasenby, 2003). For Computer
Science and Engineering majors, transformation matrices are operational tools. For
instance, robotics relies on chains of homogeneous transformation matrices to
describe the kinematics of robot manipulators, enabling precise determination of
end-effector position and orientation (Craig, 2009). Similarly, computer graphics
depends on matrix-based transformations to perform rotations, translations, and
projections in three-dimensional environments (Hughes et al., 2014). Accordingly,
geometric transformations are a necessary cognitive scaffold for linear algebra
(Turgut, 2022). Linear algebra is cited globally as one of the most conceptually
complex subjects for university students in STEM, due to its highly abstract nature
(Harel, 2000). Despite their conceptual centrality, a research gap exists regarding
the specific pedagogical challenges STEM students face as they navigate the
transition from informal Euclidean concepts to formalized linear transformations
(Alam & Mohanty, 2024). The scarce research conducted at the higher education
level has identified that geometric transformations are difficult for professors to teach
and for students to learn. In a systematic review, Suselo (2017) identified four
learning issues:

1. Insufficient knowledge of mathematics and basic programming

2. Difficulties in understanding transformations, projections, and modeling

3. Difficulties in solving logical problems and making connections between
theory and application

4. Passivity of students

As a result, problems arise with hierarchical transformations and their application
order, as well as with a detailed understanding, such as the direction of rotations or
scaling by zero rather than one. Research has hypothesized that students’ difficulties
may arise from the abstract nature of matrix representation, lacking a direct relation
to the effect of the transformation on the model (Sierpinska, 2000).

To address this educational challenge, we propose developing a tool and a
corresponding curriculum that maps complex math problems into the visual domain
and allows students to work with different forms of representation. The goal is to
increase learners' engagement, deepen their understanding, and, in turn, enhance
their ability to apply concepts in problem-solving contexts, thus developing working
knowledge of geometric transformations. Prior research by Olympiou et al. (2013)
supports our approach, as their study suggests that visualizing abstract objects can
support students with lower prior knowledge in the area of conceptual understanding.
An interactive visualization of an entire sequence of transformations combined with
interactive exploration has strong potential to be intuitive and helpful.

Books, such as those by Marschner & Shirley (2021), form important fundamentals,
but to enhance understanding and creation of active knowledge, the information
presented is often supported by videos, such as Yuksel, C. (2022), or interactive

2



demos, allowing hands-on experience with the topics. Many simple web-based
applications focus on individual transformations, such as Rubio et al (2010),
Rahmatika & Mahriyuni (2025), and Nykamp (2024a, 2024b), among others.
Common problems with them include a different user interface and a focus on a
subset of graphics transformations.

As we teach computer graphics and related engineering contexts, we want to unify
the approach and create a single tool that contains all transformations from the
computer graphics pipeline. That should simplify the learning process, as students
learn to work with a single application instead of many scattered resources.

2 Description of the approach/prototype design

We developed an Interactive Tool for Teaching Geometric Transformations (I3T) as
an intuitive, interactive application with a graphical user interface that mimics the
mathematical representation using matrices and links it to a 3D view instantly. The
design of the tool is grounded in research that integrates the constructs of
representational competence, scaffolded instruction, and technology-enhanced
learning to support students’ understanding of transformations in computer graphics
(Felkel et al., 2025). Central to our design is the notion that learning in this domain
requires the development of representational competence (Daniel, 2018), defined as
the ability to interpret, coordinate, and translate across multiple representational
modalities, including algebraic, geometric, and visual, as well as representational
fluency, defined as the ability to comprehend equivalences in different
representational modes (Moore et al., 2018).

To facilitate this process, the study adopts a scaffolded instructional approach
informed by socio-constructivist perspectives, wherein learners are provided with
structured, progressively fading support to manage cognitive complexity and build
deeper conceptual understanding (Vygotsky, 1978). Accordingly, the tool enables
learners to dynamically manipulate and explore transformations, thereby
externalizing abstract concepts and fostering connections between procedural and
conceptual knowledge.

Figure 1 Hierarchy of robotic arm transformations in Workspace (left) and its 3D view in
the Scene View (right) - "Robot arm" model by David Netten, CC4.0

The two main windows of 13T are the Workspace and the Scene View. In
Workspace, the students construct the scene description by connecting boxes with
matrices and objects with wires into a hierarchical scene graph. Figure 7 shows the
sequence of transformation matrices and models for the robotic arm and its 3D
representation. Connection of boxes by wires mimics the matrix multiplication, and
each object in the leaf of the graph is transformed by a compound transformation
formed by matrices along the path to the root. The matrices in the graph are grouped
into sequences, and the compound transformation of matrices in each such
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sequence can be copied and either shared by other objects or used in computations
in boxes called operators. Operators serve as parametric constructors of matrices
from connected values and as calculator blocks. They can compute new or shared
definition values and calculate all typical operations with scalars, vectors, and
matrices, including vector normalization or matrix determinant.

In the Scene view window, the scene in the Workspace is shown from a bird’s eye
view. Any change in the value in the scene graph is immediately reflected here.
Conversely, any change made in 3D using the manipulators is immediately reflected
in the corresponding matrix values.

To make it easier to navigate the workspace and determine the position of an object
selected in the Scene view, that object is also highlighted in the Workspace.
Conversely, individual objects selected in the Workspace are highlighted in the
Scene View. Selecting a subgraph highlights all objects in its end nodes.

The 13T tool can adapt to students' varying levels of knowledge and offers different
levels of support, ranging from the use of 3D manipulators to direct editing of
individual values in matrices.

As first argued by Shepard & Metzler (1971), people mentally represent
transformations as an animated sequence of steps in the mind. A strong 13T feature
supporting this approach is the ability to animate the gradual application of a
sequence of transformation matrices, either from right to left as the model is
transformed or from left to right as the coordinate frame is transformed.

To help novice users and students of the fundamentals of computer graphics course,
we introduced tutorials. We have four tutorials covering transformations used in
raster graphics and six exercises to test the knowledge learned in a practical task.

We focus on teaching transformations used in computer graphics at the
undergraduate level. Therefore, the tool provides matrices for modeling (translation,
rotation, scale, and a free matrix), camera setup (lookAt), projections (orthographic
and perspective), and a viewport. The ideal long-term goal is for students to learn all
geometric transformations within a single course and apply them in other subjects
and real-world situations. We also want to expand the tool to other subjects, such as
linear algebra, computer vision, and robotics.

3 Current status and preliminary insights

We have developed a first functional version of the tool and tested it as part of an
undergraduate course. Specifically, we deployed the tool to support the teaching of
geometric transformations in the fundamentals of computer graphics course,
attended by about 100 students each year, and we have iteratively refined its
versions over the past eight years. We use it as a demonstration tool in lectures, as
a hands-on tool in seminars, and for student preparation at home. The current
version of the 13T tool is available as a Windows application at https://i3t-tool.org.
Linux distribution is in preparation. The source code can be downloaded as open
source.

We conducted user testing to improve the tool's usability. That yielded a new design

for the user interface details, reordering the menus reflecting the usage logic, and

adding new tutorials. The system usability scale (SUS) by Lewis and Sauro (2018)

was 78 out of 100 (approximately at the 85th percentile), indicating that the tool is

well accepted among students. Our iterative testing, in line with Suselo et al. (2022),
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reinforces the notion that students understand basic transformations (scale,
translation, and simple rotations around coordinate axes), which they likely know
from their linear algebra classes. Experience with the tool reinforces knowledge
through hands-on practice.

We have a well-developed approach that combines theoretical instruction with
exercises. The combination of explaining the theory on the whiteboard, followed by
hands-on experience with 13T, was better than a pure theoretical explanation. In
tests we conducted, students who used the tool scored higher than those without
(9% better on the knowledge test after only 60 minutes of treatment) (Felkel et al.,
2025).

4 Applicability and transferability of the approach/prototype in engineering
education

Transformations are conceptually related to many engineering disciplines and their
education, including computer-aided design (CAD) and manufacturing, robotics,
computer graphics, geographic information systems (GIS) and map creation,
computer vision, and mechanical engineering. Across all fields, they allow for
changes in coordinate systems, model motions and orientations, assemble complex
systems from parts, and map between real-world and digital representations.

Our experience with the tool for teaching geometric transformations in a computer
graphics course has been highly positive. It works well as a demonstration tool for
lectures and as a practical tool in computer labs and at home for individual student
preparation. Preliminary tests of exploiting 13T for the illustration of proofs in linear
algebra have been successful. Given that linear algebra is one of the most difficult
subjects for students to understand, we plan to extend the tool for the needs of 3D
Computer Vision and robotics courses.

5 Future work and next steps

In the future, we will design and implement parts needed for linear algebra and
computer vision courses. This would include new modules (boxes) and tutorials. To
support the presentation aspect of I3T, we add a selective zoom of selected matrices
for demonstrations in lectures. Also, we will enhance support for animations —
improve cycle and pulse signals for synchronization, and add support for frame-
based animation. We will improve the remaining parts based on the results of
usability tests. Also, we plan to use the tool in research studies on learning
progression and the understanding of more complex and hierarchical
transformations. Future studies will integrate the I3T tool into engineering courses.
We will conduct a comparative analysis to identify which features of the tool and
which scaffolding methods are still needed.

6 Conclusion

We developed 13T, an adaptable tool for teaching geometric transformations in
STEM. The tool's design is grounded in research on representational competence
and fluency, enabled by advances in computer graphics. Our preliminary evaluation
of the tool showed significant improvements as compared with traditional teaching
methods, but further development is needed to teach advanced topics, and
additional research is needed to further validate the tool's affordances.
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