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a b s t r a c t

Several different methods are used to test the spatial abilities or visual skills of people. One of them
is the Mental Cutting Test (MCT), the exercises of which offer a 2D projection of a 3D shape and a
2D plane, and testees should determine the shape of their intersection. MCT exercises need various
2D and 3D assets that should be developed before publishing a test. In recent decades, very few
exercises have been available to instructors and researchers. In 2019, we published our first solution
that could be used to calculate the intersections of MCT scenarios, then render or export their assets
using Blender. This paper proposes an extended, open-source package for Blender that generates assets
of MCT exercises by permuting predefined shapes, cutting planes, rotation, and scale operators. The
additional wrapper script helps users use the package for various purposes, such as developing exercise
offering methods, designing exercises, practicing, or organizing exams and measurements.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Background and motivation

Spatial abilities, such as visuospatial perception, spatial vi-
ualization, and orientation, mental folding, mental cutting, and
ental rotation play an important role in everyday life as well
s in solving complex mathematical problems, and engineering
esign tasks (see, e.g., [1–7]). The development of spatial skills in
he teaching of STEM fields is a challenging task that may require
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various tools in various pedagogical situations, including planar
drawings, real spatial models, and software [8–10]. The primary
goal is to map the optimal and effective combination of these
tools, including virtual and augmented reality applications, which
were proved to be successful in effective development of spatial
skills and competences [11,12]. A recent systematic overview of
this topic can be found in [13].

There are various, now standard tests to measure these skills.
One of these tools is the so-called Mental Cutting Test (MCT),
which was originally designed as a part of a college entrance
examination test [14]. There are also recent adjustments of this
test [15,16], but the classical test is still among the most fre-
quently applied method to assess spatial skills, and the form of
tasks are standard in each version.
ttps://doi.org/10.1016/j.softx.2023.101328
352-7110/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Reproduced meshes of the well-known sheet of exercises (https://viskillz.
inf.unideb.hu/resources/mct-classic.pdf).

An MCT task (also called scenario) contains a 2D projection of
a 3D shape and a cutting plane. The exercise seems simple: de-
termine the shape created by intersecting the 3D shape with the
plane and select the figure representing the solution out of five
candidates. However, scenarios can be constructed with different
levels of difficulty. Previous research showed that the difficulty
of an exercise strongly depends on the shape and similarity of
possible answers [17,18]. If alternatives contain easy-to-recognize
differences, a scenario proves to be easier; however, if several
alternatives contain very similar features and differ only in minor
details, the exercise becomes more complicated.

During the last decades, most researchers and educators used
a well-known sheet containing 25 scenarios derived from various
shapes and cutting planes, with widely permuted possible an-
swers resulting in a wide range of difficulty levels (see Fig. 1) [19,
20]. However, this limited number of available scenarios highly
restricts the effective practice and improvement of spatial skills in
education. After publishing our script-aided process [21], which
aim is to generate resources that allow constructing exercises,
we received multiple inquiries to design and construct an open-
access database to solve the problem of instructors’ and educa-
tors’ lack of available scenarios.

As the first and most crucial step of the database’s devel-
opment process, package viskillz-blender provides an algo-
rithm that enables users to create practically limitless assets using
predefined permutation factors. Both 2D and 3D assets of MCT
scenarios can be retrieved and serve as input for other meth-
ods to find solutions for fundamental multidisciplinary problems
that are required to create complete MCT exercises and sheets
automatically in the future — to the best of our knowledge,
there is no available software for this purpose. The corresponding
Blender project contains our intersection planes and manually
designed shapes, but users can modify or extend them following
the conventions. Based on this environment we can also provide
a number of predefined tests, manually selecting 25–25 tasks
from the database to assure the presence of all level of difficulty,
just as it happens in the original test. The automatic analysis of
the difficulty of the assets and the automatic and/or adaptive
compilation of the tests will be the task of further research.

2. Methods

To enhance the development of MCT exercises, we have de-
signed an environment that consists of three components:

1. A Blender project, which contains the set of our manually
designed meshes and permutation planes.

2. An internal package, which implements the automatic per-
mutation using the Python API of Blender. This package
should be located in the folder of Blender, making users
able to call its functions directly using Blender’s built-in
interpreter.

3. A wrapper module, which offers an opportunity to execute
goals with the direct use of the Blender’s interpreter but
invoking the functions of the package as subprocesses.

The core of package viskillz-blender is the Blender-based
package and its wrapper module. However, a Blender project is
needed with the given structure to use the script since it operates
on a pre-defined structure, accessing the existing models and
creating temporary ones. Thus, we describe the package’s features
with examples based on our Blender project, which consists of
more than 200 manually designed meshes. On the other hand,
it can be used as a reference project, allowing users to use its
models and add new ones or derive their own projects with the
same structure.

3. Blender project

3.1. Original meshes

The process of our research started with the modeling of
the 25 classic meshes. Our goal was to minimize the difference
between the original images and our models, while some features
of the shapes had to be handled carefully to avoid rendering
and processing anomalies. On the other hand, the figures of the
sheet contain easy-to-recognize errors that can be derived from
the sequence of continuous printing and scanning operations that
resulted in the current state of the paper sheet. For example,
some lines are non-parallel that should be anyway, and rela-
tionships between the models and intersections are sometimes
broken. Like in our iterative method, our stages are based on the
use of Blender’s UI, Python API, and its low-level BMesh API. For
simplicity, 3D shapes are referred to as meshes, while 2D shapes
as shapes or intersections.

Each mesh has a maximum length of 2.0 in each dimension,
while at least one dimension exactly has a length of 2.0. Thus, our
meshes have consistent sizes, which makes the further processing
steps easier and deterministic. Origins are also set carefully to the
median of each dimension to support rotation transformations.
In the case of some meshes, we made a few minor adjustments
to avoid containing a large number of edges and vertices in the
used cutting planes. Instructors should avoid useless vertices and
edges, manually performed subdivision is not required in the case
of most scenarios.

However, manually designed meshes can also contain minor
errors that can be resulted from floating precision errors. Most
models can be designed easily using Blender’s Boolean modifier,
which compute the intersection, the difference and the union of
two meshes. During the modeling phase, we detected common
miscalculations of this modifier. Thus, we tried to model our
meshes without using the Boolean modifier, and creating most of
the vertices, edges, and faces by starting from simple shapes and
applying atomic operations manually to them. However, Blender
offers a great set of Clean Up methods that are worth applying to
our models: Delete Loose, Degenerate Dissolve, Make Planar Faces,
and Split Non-Planar Faces. There is another important operation
in Blender’s Edit Mode, called Triangulate Faces. This operator
traverses all the faces and splits them into multiple faces to form
a mesh containing only triangles. That step has to be involved in
the modeling phase to provide base for better computations.

Each mesh was checked for non-planar faces using the Split
Non-Planar Faces operator with a limit of 0.5◦. Each mesh was
modified manually until this operator had no more effect on
2
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Fig. 2. We changed the main features of mesh #07 to obtain new permutations.
s a result, most of the cutting planes will yield different intersections from
arious meshes having the same orientation.

he mesh, guaranteeing that each face is bent under an accept-
ble limit. Then each face was triangulated using the operator
riangulate Faces with its default parameters. Finally, operators
egenerate Dissolve and Delete Loose were applied on each mesh,
n that order, resulting in clean meshes except for outlier cases
aused by the use of the Boolean modifier.

.2. Permute meshes manually

To yield a large set of permutations in the upcoming steps, we
erived additional meshes from the original shapes that belong
o the well-known MCT exercises. In this step, we changed one
r more main features of the original meshes, resulting in very
imilar alternates that differ only in symmetry or ratios in most
ases. On the other hand, additional features are introduced, or
n existing feature is deleted to retrieve a permutation. Usually,
e created nine alternates of each original shape (see Fig. 2). In
he rest of the paper, a mesh will be referred to by its unique ID
n format #GGMM, where GG denotes the ID of the group (derived
rom Fig. 1) and MM denotes the ID of the actual permutation.
D #GG00 always belongs to the original shape from which the
ermutations are derived. Thus, #0100, . . . , #2500 denote the
riginal 25 meshes, while IDs #0101, . . . , #0109 denote the mod-
fied instances that are permuted from mesh #0100. A set of
ermutations will be referred to using the GG prefix and called
s shape group or group. The contribution of an instructor ends
n this step, except the validation. Thus, all further permutations
ill be applied in a deterministic, automatized way.

. The software

.1. Apply scaling

The features of a mesh – especially the aspect ratio of its
dges, thus the aspect ratio of the derived intersections – can be
hanged by scaling each mesh in one or two global directions,
hus we introduce a set of scaling vectors having values 0.7
nd 1.0 in different combinations (see Fig. 3). After introducing
he seven scaling vectors, a mesh can be referred to with an
D having format #GGMM.SSS where the subsequence GGMM is
inherited from the previous manual permutations, while section
SSS denotes the ID of the applied scaling vector of the actual
shape in which digit 1 denotes scaling factor 0.7, and 0 denotes
scaling factor 1.0.

4.2. Apply rotation

Additional permutations can be easily generated from each
mesh with the use of rotation transformations. As we are going
to intersect each mesh with various planes, the actual orientation
of the mesh can change the shape of the intersection. Denote

Fig. 3. Automatically created permutations of mesh #07. Additional shapes can
be created by applying each scaling vector S on the same, manually permuted
mesh.

Fig. 4. Different rotations of a dice. The sequence of numbers under each image
denotes the unique ID of the rotation in the specified format. With the use of
24 different rotation vectors, each orientation of the cube can be achieved.

the set of rotation vectors as SRV and a single rotation vector
as r = {X, Y , Z}. Each component of any r ∈ SRV refers to the
amount of rotation applied on the corresponding global axis. The
amount of rotation is indicated by a value from set {0, 1, 2, 3}
that is used as the coefficient of 90◦ when the counter-clockwise
rotation along the corresponding axis is performed. For easier
notation, we prefer giving literal values in degrees. Thus, each
orientation of a shape is referenced with an ID having the format
#GGMM.SSS.RRR where subsequence RRR denotes an element
of SRV . Fig. 4 contains orientations of a dice with the ID of the
corresponding rotation vector.

4.3. Cutting planes

We already know how the meshes can be permuted, only the
set of cutting planes should be chosen. In our iterative algorithm
we introduced 19 cutting planes that can be defined with the
combination of a point on them and their normal vector in
Blender (see Fig. 5). In a real exercise-designing process, we must
check whether a cutting plane results in a non-empty, easy-to-
understand shape. However, in this paper we focus only on the
permutation and our goal is to yield as many different shapes
as we can. Thus, all possible combinations of shapes, scaling,
rotation and cutting plane should be involved in our computation.
To yield more intersections, 12 additional intersections can be
derived from the well-known sheet of paper that can result in

various intersections (see Table 1).

3



Róbert Tóth, Bálint Tóth, Miklós Hoffmann et al. SoftwareX 22 (2023) 101328
Table 1
The recently introduced 12 additional planes.
ID Example Features ID Example Features

P20 C=(0, 1, 0)
N=(0, 1, −1)
R=(−45, 0, 0)

P26 C=(0, 0, 1)
N=(1, 0, −1)
R=(0, 45, 0)

P21 C=(0, −1, 0)
N=(0, 1, −1)
R=(−45, 0, 0)

P27 C=(0, 0, −1)
N=(1, 0, −1)
R=(0, 45, 0)

P22 C=(0, 0, 1)
N=(−1, 0, −1)
R=(0, −45, 0)

P28 C=(0, 1, 0)
N=(1, 1, 0)
R=(90, 0, 45)

P23 C=(0, 0, −1)
N=(−1, 0, −1)
R=(0, −45, 0)

P29 C=(0, −1, 0)
N=(1, 1, 0)
R=(90, 0, 45)

P24 C=(0, 1, 0)
N=(0, −1, −1)
R=(45, 0, 0)

P30 C=(0, 1, 0)
N=(1, −1, 0)
R=(0, 90, 45)

P25 C=(0, −1, 0)
N=(0, −1, −1)
R=(45, 0, 0)

P31 C=(0, −1, 0)
N=(1, −1, 0)
R=(0, 90, 45)

Fig. 5. The previously introduced 19 cutting planes.

4.4. Permute intersections

As a first approach, we can combine each scaling vector with
each possible rotation vector, then with each cutting plane. That
would yield 13888 combinations for each manually permuted
mesh with much redundancy. On the other hand, we can reduce
the set of rotation vectors and cutting planes since most of
the cutting planes can be omitted from the computations, and
substituted with the combination of another cutting plane and
rotation vector:

1. P04 and P07 can be substituted with P01;
2. P03, P05, P06, P08 and P09 can be substituted with P02;
3. P11-P15 can be substituted with P10;
4. P17-P19 can be substituted with P16;
5. P21-P32 can be substituted with P20.

Thus, it is sufficient to use only five cutting planes to fetch all
the possible permutations. With the help of this information, we
can prove that the 64 rotation vectors can be substituted with
only 24 ones. Thus, the following set of rotation vectors will be
applied on each mesh to yield all the possible permutations:

1. Each rotation vector in which Rx = 0;
2. Each rotation vector in which Rx = 90 and Ry ∈ {0, 180}.

4.5. Compute and export intersections

Given a permuted mesh, a scaling vector, a rotation vector,
and a cutting plane, the computation exactly follows the corre-

is intersected with a given cutting plane, then the intersection
is cleaned and flattened to the XY plane. The shape is translated
to the origin and scaled finally. In the iterative algorithm each
shape was rendered at this point, resulting SVG and PNG repre-
sentations. However, we are going to process the coordinates of
each edge and its vertices. Thus, instead of rendering, we fetch the
local coordinates of each edge and transform them to the global
coordinate system. Each rotation vector is used in Blender’s XYZ
Euler coordinate-system.

To guarantee better precision, each shape is scaled before
the calculation of intersections with the vector {20, 20, 20}, re-
sulting in a shape that has a maximum length of 40 in each
dimension. The bisect() operator is applied to this state of the
mesh. After the post-processing steps, each shape is scaled with
vector {10, 10, 10} to achieve a maximum length of 20 in each
dimension. That guarantees that each coordinate comes from
the interval [−10, 10]. Finally, the edges of each intersection are
dumped into a JSON document to provide a structured dataset for
the upcoming Blender-independent steps of our method.

The 25 original meshes have various features, however, the
handling of four ones is not obvious if the geometry is described
with edges instead of curves. Thus, meshes #02, #04, #06, and
#25 are excluded from the generation.

4.6. Goals

With the use of the wrapper module, users are able to specify
their workflow in a JSON document, using the following goals:

1. intersections – Permutes the shapes of the given groups
using all the permutation factors. The output of the stage
is a JSON document for each involved group that con-
tains the descriptions of intersections represented by their
coordinates.

2. scenarios-3d – Permutes the shapes of the given groups
using all the permutation factors. The output of the stage
is a set of 2D scenarios encoded in GLB assets.

3. scenarios-2d – Permutes the shapes of the given groups
using all the permutation factors. The output of the stage
is a set of SVG scenarios encoded in SVG assets.

A document defines a sequence of goals, and each goal can be
parameterized with the required values. The specification of the
format and examples can be found in our GitHub repository.
sponding step of our iterative algorithm. In a nutshell, if a mesh

4
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. Impact

Our environment and its package viskillz-blender are
esigned to support the work of instructors, researchers, and
tudents, who have to deal with Mental Cutting Test exercises.
ith the use of package viskillz-blender, users can generate

cenarios including all the 2D and 3D assets needed to con-
truct exercises from multiple scenarios. Moreover, our Blender
roject serves as a template for a project on which the scripts
an be executed; users have an option to use our pre-defined
eshes and permutation factors. Moreover, they can derive their
rojects with the same structure, enabling the script to apply the
utomatic permutation on their meshes. Our script has already
een used in our recent publications, as we have designed a
ost-processing algorithm that consumes the output of stage
ntersections [22]. Moreover, our viSkillz Browser and viSkillz
uiz [23] demo applications use assets that were generated with
he use of our environment. In parallel, students at our fac-
lty have already chosen thesis topics whose goal is to develop
pplications based on our dataset created with our package.
MCT exercises have already been manually built using our

utomatically generated assets. Moreover, the proposed package
erves as a base for multiple research directions as well, making
esearchers able to design and implement their tools to continue
he enhancement of workflows related to the field:

• Matching intersections — As the intersections of multiple
scenarios can be very similar (or equal), a set of unique in-
tersections should be constructed from which elements can
be selected as possible answers for exercises. We are work-
ing on a vector-based matching algorithm that compares
their edges and vertices using multiple rotation offsets.

• Processing intersections — Understanding the generated
scenarios, the set of possible answers should be chosen
automatically to offer exercises based on existing scenarios.
Various morphological features of each intersection can be
retrieved, such as the perimeter and area, the number of
vertices and edges, the number of regions, and the number of
lakes and bays.

• Offering exercises — We are considering data mining and
decision-making algorithms to construct exercises. For ex-
ample, using the K-means family, groups of similar inter-
sections can be created using their features. On the other
hand, customizable recommendations are also possible us-
ing decision-making systems such as AHP and PROMETHEE
[24,25]. We have already used the mentioned algorithms
to recommend programming exercises [26], but researchers
can consider many other solutions from the field of data
mining, decision making, and machine learning [27].

• Encoding assets — The significant number of permutations
results in more than 1,000,000 scenarios, requiring more
than 6 GB of storage space just for the GLB assets of our
dataset. Encoding schemes should be created to support the
lossless storage and efficient serving of assets [28].

Finally, the output allows researchers to organize measure-
ents, evaluate the efficiency of MCT exercises, and use different
erspectives, 3D, AR, and VR solutions. For example, we have
lready performed a pilot measurement in our faculty based on
xercises created from the automatically generated assets [23].
his quiz contains a sample test that consists of 10 exercises. We
re also going to publish additional sample tests with form and
evel of difficulty analogous to the original test, that can be used
o evaluate the method before implementing automatic exercise
fferings.

6. Conclusions

In this paper, we introduced our viSkillz Blender project, which
aim is to support users in creating assets for Mental Cutting Test
exercises. The result of the development is package viskillz-
blender, which can apply automatic permutation on manually
designed meshes in Blender using a set of intersection planes,
scaling, and rotation transforms. Then, three different assets can
be retrieved automatically: the 3D shape and the cutting plane
as a classic 2D asset or in its 3D version, and their computed
intersection as the possible answer. Moreover, we also publish
the reference Blender project, which can impact other research
directions such as offering exercises and encoding assets.
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