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Abstract. Since 2019, the online platform RIF has collected anonymous results
from more than 2.5 million individual tasks completed by students from 33 countries
around the world. This large amount of data allows analyses, various evaluations,
and interpretations of users’ spatial thinking skills. Since the majority of students
participating in RIF are between the ages of 12 and 27, the results of this age group
in particular were examined with regard to age- and gender-specific differences and
performance in the different areas of spatial thinking. The results of the analyses
show clear trends: (1) Girls and boys have (cum grano salis) equally good spatial
thinking skills. (2) The analysis of all nine domains of spatial thinking included in
RIF shows that boys have an advantage only in the domain of mental rotation.
(3) The largest difference between boys and girls in the area of mental rotation
is noticeable at the age of 15 to 17. (4) The gender difference in mental rotation
decreases considerably with increasing age of students. (5) With increasing age,
the average probability of solving the tasks correctly increases for all students in
all domains of spatial thinking.
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1 Introduction

1.1 Spatial Ability
Scientists have been intensively researching the construct of spatial ability for about 150 years.
Starting with Sir Francis Galton, who wrote one of the first verifiable publications on spatial
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ability in 1879 [7], to a variety of scientists from different disciplines on all continents (e.g.,
Sherly Sorby (USA), Tom Lowrie (Australia) and Jeff Buckley (Ireland)). A wide variety of
models of spatial ability have been formulated [5, 15, 16, 22, 31, 40] based on diverse models
of intelligence [12, 39], and manifold studies of trainability [10, 27] and strategy use [19, 38]
have been conducted. The structure of current models of spatial thinking is mostly minimalist
[31] or maximalist [2], or they are conceptualized as cross-domain models [22].

In general, the ability to think spatially is one of the most fundamental cognitive abilities
of humans. It enables us to move in our environment, to aim at targets, to plan routes, to
estimate distances, and to recognize the position of spatial objects in relation to each other.
Spatial thinking includes the ability to imagine spatial objects and to rotate, mirror, and move
them purely by the power of our imagination, to imagine the position of several objects in
relation to each other in space, and to imagine intersections of objects [23]. In addition, the
ability to think spatially includes the ability to mentally take other perspectives.

More than ever, the ability to think spatially is needed in our modern technology-based
world. An analysis of the major social changes since the turn of the millennium shows that
our world is continuously becoming more digital, data-based, and visual [27]. In almost all
areas of our private and professional everyday life, we are increasingly confronted with visual
information and challenges. We must recognize them, interpret them correctly, and make
appropriate decisions based on that visual information (e.g., navigation devices). Within
the next few years, we will encounter numerous new visual developments in our private and
professional everyday lives that will require even better and more sophisticated spatial thinking
skills than have been necessary before.

Besides being necessary for fulfilling everyday tasks, spatial ability is considered a strong
predictor for success in STEM (short for Science, Technology, Engineering, Mathematics)
[2, 43]. Additionally, having high spatial skills is linked to higher probability of choosing and
being successful in a STEM career [43]. Based on these facts, a well-developed ability to think
spatially can be recognized as one of THE key qualifications for a promising career in the
STEM areas.

With regard to the efficient trainability of spatial thinking skills, there is much evidence
to suggest that multifaceted training that incorporates a wide variety of diverse task types
[26] is the most useful way of improving this area of intelligence.

Several studies from a lot of researchers from all over the world have pointed out gender
differences in spatial thinking skills [3, 4, 9, 11, 17, 28, 29, 32, 37]. Regarding these gender
differences, meta-analyses by Voyer, Voyer, and Bryden [42], and Linn and Petersen [15] have
shown interesting effects between at least three subdomains of spatial ability: Whereas gender
differences have declined over the years for visualization and spatial orientation [8], they are
still regularly found for mental rotation [34]. One of the questions of general interest is whether
these differences are biologically or socially determined.

However, other studies show that biological influences are not completely negligible.
Hormonal level [36], hemisphericity [25], timing of puberty [30], and handedness [1, 6] have
been shown to be related to spatial thinking skills [34]. One important aspect in this discussion
is whether it is possible to make gender differences in spatial ability disappear by training
female subjects properly: if this is possible, and especially if the training effect transfers
to other fields of performance within spatial ability, socio-educational theories would be
strongly supported [8]. Closely connected to biological influences is possibly the fact, that
in many studies the gender differences occur at the age of puberty [29, 41]. Much research
has investigated effort to find out if hormonal differences especially at the age of puberty
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can explain the gender differences in spatial ability at this age group [24]. The results are
controversial and to date there are no clear and consistent findings as to whether hormonal
differences during puberty are the cause of gender differences. It still is also not clear when
the differences occur and if the gender differences – mainly in the domain of mental rotation –
stay continuously the same during all age groups beginning from puberty or if they change
during lifetime.

1.2 The Online Platform RIF
“As others have pointed out, the crux of cognitive training is not to improve performance on a
particular task, but to improve performance of a latent ability that is expressed in multiple
tasks.” [26]. This statement of Mix and colleagues was one of the most important pillars for
the scientific foundation of the learning platform RIF (RIF is the abbreviation for the German
word “RaumIntelligenzFörderung”) for training and diagnosing spatial thinking skills.

Therefore, when designing the RIF platform, it was a major concern to integrate as many
different types of tasks as possible into the platform. The wide range of the 1.600 tasks has
certainly been made possible by the fact that more than 30 members of the RIF team have
been involved in the task development process and have made valuable contributions. On the
one hand, 15 members of the ADI Geometry Group (a group of Austrian geometry experts;
https://www.adi3d.at) were involved, and on the other hand at least 15 students from the
University of Salzburg who developed and evaluated numerous tasks (mostly) in the context of
writing their bachelor or master thesis (https://rif4you.eu/7.2_ueberuns.php?spr=en).
In addition, two PhD students of the MSCA-ITN project SellSTEM (https://sellstem.eu),
Natalia Segura Caballero and Eleni Lagoudaki, also developed and evaluated numerous new
tasks for RIF.

Newly developed tasks were only incorporated into RIF, if they proved to be scientifically
successful after being evaluated on several thousand students with the help of the website
https://geometriedidaktik.at. About 20% of the developed tasks were eliminated due
to non-fitting evaluation results and almost all tasks were revised based on the indications
and feedback from the evaluation process and only then integrated into the learning platform.
The involvement of more than 30 task developers, each contributing their unique individual
approaches and ideas, has resulted in the great variety of task types that are now integrated
into RIF. This diversity in tasks is certainly one of the key factors in the success of RIF.

In general, the platform RIF was programmed as an online platform for training spatial
thinking skills which can be used for free by every user. To date (January 2024), more than
2.5 million tasks have been solved by more than 60.000 students from 33 countries around the
world on the platform (see the interactive world map at https://geometriedidaktik.at/e
n/3076-2/rif-countries/). The mission of the team of developers of RIF is to provide high
quality education for spatial thinking skills for free for everyone, no matter where students are
located around the world and no matter how much money their parents earn. The platform
is a contribution to fostering STEM education around the world because there is evidence,
that spatial thinking skills are one of the key abilities to be able to work successfully in the
STEM field [43]. Therefore, RIF offers extensive training and diagnostic tools in the form of
various task groups for primary and secondary students as well as university students. RIF
is available in English (https://rif4you.eu/en/), German (https://rif4you.eu/), and
Spanish (https://rif4you.eu/es/). The task groups usually contain 30 tasks and students
need between 6 to 13 minutes to complete the tasks of one task group. The task groups
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Figure 1: Screenshot from the English version of the online spatial thinking training and diagnosis
platform RIF

are arranged in nine different areas of spatial thinking. Two models serve as the scientific
framework for that structure of RIF: For the task groups in the domains 1 to 5, the first
five basic practices of spatial thinking [22, 33] were used as a scientific basis. These basic
practices are visualization (VI), form constancy (FC), position in space (PS), transformations
in space (TS), and object combinations (OC). The task groups with higher difficulty in the
domains 6 to 9 are structured according to the model of spatial ability, which identifies four
subcomponents of this intelligence facet. The four subcomponents are spatial visualization
(SV), spatial relations (SR), mental rotation (MR), and spatial orientation (SO). The model
with the four components of spatial thinking [21] was adopted from the model of Maier [18].
Detailed analyses of Maier’s approach showed that the four factors visualization, spatial
relation, mental rotation, and spatial orientation had also been formulated in three up to nine
other models of other researchers [20]. Only the factor spatial perception was just included in
the model of Linn and Petersen [15]. The description of this factor according to Linn and
Petersen defines the factor spatial perception as the ability to identify the horizontal and the
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vertical. This very specific ability is considered to be an integrative part of the factor spatial
orientation by Thurstone [40]. Thus, spatial perception is no longer considered a separate
factor and is therefore not included in the RIF platform.

The logical workflow with this website includes the following four steps: (1) Creating
of a class by the educator. (2) Activating one task group by the educator for the class. (3)
Starting the activated task group by the students and completing all the included tasks. (4)
Retrieving the class results by the educator and the individual results by the students (see the
four large square buttons at the bottom in Figure 1). Students can access their individual
spatial thinking profile online, which provides the performance at the nine different domains
of spatial thinking. Educators can access all the spatial thinking profiles from their students.

2 Age-Related, Domain-Related and Gender-Specific Analyses

The goal of the analysis of the large dataset of the online spatial thinking platform RIF is, to
get information about the following questions:

• Do spatial thinking skills change (increase, decrease) with age?
• Are gender differences recognizable?
• If yes, in which age groups and in which domains of spatial thinking are these gender

differences recognizable and how big are the differences?

2.1 Methodology

From November 2019 to November 2022, four different areas of spatial thinking could be
trained and diagnosed at RIF. These were spatial visualization, spatial relations, mental
rotation, and spatial orientation. The tasks of these areas are recommended for students
13 years and older. In November 2022, five new domains were added: visualization, form
constancy, position in space, transformations in space, and object combinations. The tasks
in these five areas are primarily intended for learners aged 7 to 12. It is also due to this
chronological order of the implementation of the task areas in RIF that (as of May 11, 2023,
the date from which the data for this paper originate) 92.45% (58,619 task groups) of the
tasks have been completed from SV, SR, MR, and SO, i.e., from exactly those areas that have
already been on the platform since 2019. Only 7.55% (4,788 task groups) of the tasks have
been completed so far from the VI, FC, PS, TS and OC areas. The reason for this is certainly
that these tasks have been on the platform only for about 5 months. Therefore, the initial
evaluations of the RIF data discussed below, regard only the data from the four domains SV,
SR, MR, and SO, which represents a sufficient and stable data basis for reliable statements.

There are 3,815 classes from 33 countries working with RIF. The vast majority of classes
(3,391; 89%) are from Austrian students. The other 432 classes (11%) are from 32 countries
from all continents. In the analyses of this paper all classes were considered. Because most of
the classes are from Austria, the analyses represent mostly the current situation in Austria.

RIF stores the following anonymous data from each student: student code, age, gender,
handedness, number of brothers/sisters, date of completing a task group, performance at
each task, and time taken to complete the task groups. Therefore, RIF allows the analysis
and description of correlations between all those data. Here we present the results of the
descriptive analyses of the collected data, examining students’ performance in relation to age,
the different domains of spatial thinking (integrated in RIF) and gender.
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Figure 2: Age distribution of the users of the platform RIF

2.2 Results

The basis of the following analyses were the results from 58,619 completed task groups at RIF
until May 2023. When looking at the age of RIF users, it becomes apparent that the vast
majority of learners are between 12 and 27 years old (Figure 2). In order to make only viable
statements in age-related analyses, the investigation in this article was restricted to the age
group of 12 to 27-year-olds (N = 53, 647; f = 22, 902; m = 30, 745; age mean = 17.26 years).

Figure 3 shows the average percentage of correctly solved tasks by 12- to 27-year-olds in the
four domains spatial visualization, spatial relations, mental rotation, and spatial orientation.
The performance of users increases with age. Starting at 44.68% among 12-year-old girls
to 74.32% among women in the 24- to 27-year-old age group. Boys improve from 47.69%
(12-year-olds) to about 74% among 18- to 27-year-olds. In the age from 14 to 17 years, hardly
any increase can be observed for both genders (Figure 3).

The overall evaluation of the performance of RIF users with regard to gender shows a
slightly better performance of boys compared to girls over the age range of 12 to 17 years. No
performance differences can be detected in the age range 18 to 27. The average quantified
difference in performance between 12 and 17-year-olds is 2.63%. (Figure 3). This is a very
small difference that does not allow any conclusions about substantial gender differences.

In the following, to elucidate differences, we examine the gender-specific performance
developments by age group according to the spatial thinking domains SV, SR, MR, and SO.
This differentiation between the domains shows significant gender differences. In the area
of mental rotation, greater differences between the genders are evident across all age groups.
Boys (between 12 and 27 years) perform 6.24% better than girls in the area of mental rotation
(Figure 4). This is a remarkable and substantial difference. On the other hand, boys and girls
are cum grano salis equally good in the three areas (SV, SR, and SO) of spatial thinking. The
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Figure 3: Age-related performance of users at the domains spatial visualization, spatial relations,
mental rotation, and spatial orientation

Figure 4: Gender differences in mental rotation

average difference in theses domains is only 1.23% (Figure 5).
A deeper look at the gender differences at the domain mental rotation shows that 13

and 14 year old students have a gender difference of about 6% (13 year old: 6.09%; 14 year
old: 5.84%), 15 to 17 year old students have a gender difference of about 8% (15 year old:
7.98%; 16 year old: 7.67%; 17 year old: 8.80%), and older students have much smaller gender
differences in mental rotation (18 to 23 year old: 3.29%; 24-27 year old: 3.98%; older than 30
year old: 1.38%). The biggest gender gap between boys and girls can be recognized for the 15-
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Figure 5: Gender differences in spatial visualization, spatial relations, and spatial orientation

Figure 6: Gender differences in spatial visualization (SV), spatial relations (SR), mental rotation
(MR), and spatial orientation (SO) ordered by these four areas of spatial thinking

to 17-year-old students and it seems that this gender difference decreases considerably the
older the students are.

When looking at the gender differences structured by the domains of spatial thinking and
independent of age, the substantial difference between both genders is also clearly evident
only in the area of mental rotation (Figure 6).
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Figure 7: Gender differences in all nine spatial thinking domains of RIF: visualization (VI), form
constancy (FC), position in space (PS), transformations in space (TS), and object combi-
nations (OC), spatial visualization (SV), spatial relations (SR), mental rotation (MR), and
spatial orientation (SO)

The areas VI, FC, PS, TS and OC, which were developed especially for younger students
from the age of 7, and which have only been available in RIF for 5 months, have “only” 4,788
users (as of May 11, 2023). Therefore, it is not yet possible to make any reliable differentiated
evaluations of age groups, areas and genders for these areas. However, initial trends indicate
that girls and boys perform equally good in these areas (see Figure 7).

3 Discussion

The analyses of the 53,647 data from the RIF online platform for spatial thinking skills
training, which come from completed task groups (until May 2023) in the domains of spatial
visualization, spatial relations, mental rotation, and spatial orientation of students from 12
to 27 years, show that girls and boys perform equally well in the three domains of spatial
visualization, spatial relations, and spatial orientation. The average difference in these domains
is just 1.23%. This difference is much too small to infer substantial real differences in spatial
thinking between girls and boys.

Only in the domain of mental rotation boys are 6.24% better than girls, which is a
remarkable and substantial gender difference. The biggest difference between boys and girls in
the domain of mental rotation is noticeable at the age of 15 to 17 (about 8%). The students
younger than 15 have smaller gender differences in mental rotation (∼ 6%). Students older
than 17 have the smallest gender differences in mental rotation (∼ 3%) and it seems that the
difference decreases considerably the older the students are because students older than 30
years have only a gender difference of 1.38%.

The first glances at the data of the other five domains of spatial thinking (visualization,
form constancy, position in space, transformations in space, and object combinations), which
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have been available in RIF since November 2022, suggest that girls and boys are equally good
in these domains as well. Since relatively little data is available in these areas (see Figure 7),
we do not yet infer any robust results from them.

Gender differences in mental rotation ability are confirmed in the literature [13, 14, 35]. In
the mentioned literature, some possible causes for these performance differences are discussed.
Among others, different solution strategies, dependencies on the size of the rotation angle,
dependencies on the figures used, gender-specific experience differences, gender-specific different
brain structures, and different hormonal situations are suspected.

The analyses of the data also show that the probability of students solving tasks successfully
increases with increasing age. This suggests that spatial ability is not only genetically
predisposed, but also develops at least during the first 30 years of life. No assumption can be
made about the further development of spatial thinking skills since RIF deals mainly with
students up to the age of 30. These results confirm the current literature, in which researchers
have found that spatial thinking skills are not only genetically inherited but can also be
significantly improved over the course of a lifetime through training [27].

One of the strengths of the analysis presented in this paper is the very large data set
which was used (53,647 data). Another strength is the completeness of the data, because RIF
works only with mandatory fields that must be filled in by the students and also all the tasks
of one task group have to be completed by the students. The limitation of the analysis of the
RIF data is that there is no possibility to control if the data come from real classes or from
fake users. Some fake users and therefore some fake data will be part of the data set of RIF,
but due to the very large amount of data, it is expected that the few fake data should have no
influence on the results.

There is hardly any literature that has investigated the differences in gender across age
groups. Some studies conclude that the gender differences (mainly in the domain of mental
rotation) occur from the age of puberty on [29, 41]. There are no known studies that provide
results on whether spatial abilities – especially at the domain of mental rotation – change
over the course of life. A meta-study would be needed to identify differences between the age
groups. This would shed more light on the possibly changing gender differences with increasing
age. Therefore, this study could be a starting point for further research that addresses the
issue of age-specific gender differences in mental rotation and other areas of spatial thinking.
The analyses we present in this paper clearly indicate that the gender differences in the area
of mental rotation start to narrow significantly again from the age of around 17 and that
the difference is much smaller with ∼ 3% than for young children (< 12 years) where the
difference is ∼ 6%.

One of the consequences of these analyses is the recommendation that tests of spatial
ability should not be limited to the area of mental rotation but should cover as many different
areas of spatial thinking as possible, since testing only in the area of mental rotation ability
would automatically favor male test subjects. The RIF platform is currently being used by
more and more students, so that in a few months a significantly larger dataset will be available
in order to be able to present even clearer results in the four areas of spatial ability presented
here and to be able to publish the first results of analyses of the five domains of RIF, which
were integrated into the platform in November 2022 (visualization, form constancy, position
in space, transformations in space, and object combinations).

Further research should investigate how the gender differences in the different areas of
spatial abilities change over the course of age. It would also be interesting to see what kind
of training could reduce the differences. Furthermore, it would be important that research
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also seeks to identify and investigate possible new spatial skills that our modern society needs
(such as dynamic skills).
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