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Abstract. At the end of the 19th century, the ability to think spatially was
recognized as one of the crucial facets of human intelligence and intensive research
has been carried out in this area by researchers from different branches of science
since then. This paper presents the four relevant areas of science that deal with
spatial thinking in depth, each approaching it from different perspectives, focusses
on training and relations to science, mathematics, engineering, and technology
(STEM) professions, and educational perspectives. The different approaches, key
messages, and models are discussed in this paper, which, in the context of the
historical genesis of spatial thinking research, opens the possibility of being able to
see the topic of spatial thinking in a more comprehensive way. Fully understanding
the historical context of spatial cognitive research will provide a solid foundation
for further developments in this area. Finally, reference is made to the model of
“the basic practices of spatial thinking”, which was developed with the intention
of extracting the essence from the findings of the four scientific areas that deal in
depth with spatial thinking and to bring them together in one model.
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1. Introduction

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 speeds, to recognize the position of spatial objects in relation to each other,
to fill refrigerators and trunks skillfully, and to move bulky objects through stairwells and
other rooms. Spatial thinking includes the ability to imagine spatial objects and to rotate
(Figure 1), 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
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Figure 1: An exemplary task for the mental rotation of a cube: The cube given on the right is
rotated along the given axes x, y, z until it reaches the position of the cube on the left. [51]

Figure 2: An exemplary task for the mental ability to take other spatial perspectives: The left image
shows a photo of a small village. A photographer takes a photo of the village from positions 1–8.
From which position was the photo on the right taken? [51]

objects. These are all examples of the ability to imagine spatial objects cognitively and to
manipulate them (rotate, mirror, cut, intersect, . . . ) mentally. In addition, the ability to
think spatially includes the ability to mentally take other perspectives (Figure 2). Humans
have the ability to imagine a building we know (e.g., the school we attended), recall the spatial
layout and relations there, and, if necessary, describe certain paths (e.g., from a classroom to
the cafeteria) to another person.

Spatial thinking has been a skill for humans, which is essential for survival, since time
immemorial. Hunters, chasing wounded prey needed to keep a mental map of their path in
order to return to their home by the shortest path at the end of the day. Gatherers needed to
be able to recall where the best locations were for berries, mushrooms, or other necessities of
life. 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 [28]. While the media
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Figure 3: Route displayed on a navigation device

frequently reports digital progress and achievements, and discussions around phenomena such
as big data and privacy in the context of data richness of modern times predominate, the fact
that our world is becoming more visual seems to be little noticed. The term “little noticed”
in this context is not to be equated with “little effect” or “little significance.” Quite the
contrary. 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 this visual information. Navigation or
GPS devices are a good example of this. These devices in our vehicles potentially help us
enormously in finding the best way from A to B (Figure 3).

However, a closer examination clearly shows that there are some visual challenges associ-
ated with the use of these modern-day tools. With only a brief glance at the device, the user
has to be able to recognize whether the device is correctly displaying the actual position of the
car in the environment, which objects of the real environment are represented by correspond-
ing individual graphic elements on the screen, and finally, which of the route options in the
environment corresponds to the driving route displayed on the screen. And all of this mental
processing and decision-making must be accomplished in a relatively short timeframe. This
continuous translation of the moving symbols on the screen of the navigation device in real
time is a cognitively challenging process that requires well-developed spatial thinking skills.
Reports of accidents in which a driver misinterprets the route displayed on the navigation
device (Figure 4) and mistakes a staircase for the next side street confirm this assumption.

In many other areas of our current private or professional lives, visual skills are increasingly
a necessity, such as the appropriate placement of spatial objects in preparation for 3D printing,
the control and navigation of drones, the navigation of mobile robots in canals, human surgery
via minimally invasive procedures using laparoscopic devices, and in dental technology, where
high-precision processes starting with 3D scans and CAD-supported planning are ultimately
used to plan and realize implants, crowns, and braces. Soon we will encounter numerous
other visual developments, such as Virtual Reality (VR) or Augmented Reality (AR), in our
private and professional everyday lives that will require even better and more sophisticated
spatial thinking skills than have been necessary before. For example, shopping in stores,
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Figure 4: Photo of a car mishap in which a misinterpretation of the display of a navigation device is
likely the cause of the accident (Photo: Professional fire department Graz; used by permission)

planning and viewing home (re)construction, buying houses, assembling furniture, setting up
and installing technical devices, and much more will be supported to a greater extent by
virtual environments afforded through VR and AR technologies.

2. Spatial Thinking

The term “spatial thinking” is used as an umbrella term covering various concepts such as
spatial perception, spatial ability, visual perception, or spatial intelligence. An analysis of
the descriptions and definitions of these terms shows that they are often described and used
differently by people from different scientific fields [16, 24]. The sub-terms are not understood
to be synonyms for the general term “spatial thinking,” but refer to specific spatial sub-skills
that are described and used differently in various contexts in the literature. The term “spatial
thinking” is used as a unifying, common umbrella term for the human ability to direct optical
stimuli received by the eye into the brain, to be able to interpret these stimuli, to be able
to recognize spatial objects, to be able to mentally imagine spatial objects (with or without
prior optical stimuli), to be able to manipulate these objects mentally, to be able to imagine
taking other perspectives in space, to be able to perceive and interpret motion sequences, and
to be able to execute spatial motor movements (Figure 5).

Basically, visual-anatomical senses are needed to be able to receive optical stimuli (Fig-
ure 5). The facets of visual perception help to filter and interpret the optical stimuli, sup-
ported by further sensory impressions such as hearing or kinesthetics, and thus to analyze
them fundamentally. With the help of the fascinating possibility of purely mental operating
with spatial objects, these objects can now be manipulated (purely mentally), or we can take
other spatial perspectives purely mentally, and can thus use our spatial ability. If necessary,
we also plan (fine)motor movements, execute them, see the results of the execution, and thus
get into a loop-like sequence of spatial thinking (right arrows in the Figure 5). In contrast,
in creative processes (such as designing a house) we do not need any optical stimuli to think
spatial (see left arrow in the Figure 5). Here, we use our spatial ability to mentally design
new things or to develop solutions to spatial-geometric problems.

The umbrella term “spatial thinking” includes the abilities in the following list. Figure 6
illustrates the first three items from this list.
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Figure 5: The successive stages of the process of spatial thinking

• Receiving the optical stimulus (via the eye) and forwarding it via various stations to
the brain

• Interpreting the optical stimulus and cognitively comparing the optical stimulus to
experiences at the various stations from the eye to the brain and thus being able to
“recognize” or learn new spatial objects

• Planning and executing spatial motor reactions to optical stimuli
• Imagining spatial objects in the mind (without prior optical stimulus)
• Mentally manipulating spatial objects through rotating, moving, mirroring, or scaling
• Taking other perspectives in space purely mentally.

3. Spatial Thinking Skills as a Prerequisite for STEM Professions

The ability to think spatially not only supports what we do in our private lives, but also
facilitates or promotes a professional career in the fields of mathematics, computer science,
natural sciences, engineering, and technology (STEM). In 2009, Wai and his colleagues [48]
convincingly demonstrated, through the analysis of longitudinal data obtained in the 1960s,
that the well-developed ability to think spatially is a key qualification for successful careers in
STEM fields. The spatial thinking and other skills of 400,000 high school students in grades
9 through 12 in the U.S. were measured using various tests. Eleven years after graduation,
a further survey of these 400,000 graduates was conducted to determine their professions.
Survey data showed that 45% of those with a PhD in STEM fields were in the top 4% on
the spatial ability test during their high school years. Nearly 90% of those who earned a
doctorate in STEM fields were among the top 23% in spatial ability testing eleven years
previously (Figure 7). The results from this study impressively demonstrate that the ability
to think spatially is one of the key qualifications for being able to succeed professionally
in the fields of mathematics, information and communication technologies, natural sciences,
engineering, and technology.
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Figure 6: Step-by-step presentation of an activity that requires spatial reasoning. Here: typing the
digit “3”. [https://commons.wikimedia.org/wiki/File:Reaction_time_stages.png Emily
Willoughby, CC BY-SA 4.0 https://creativecommons.org/licenses/by-sa/4.0]

4. Spatial Thinking Skills as a Prerequisite for Successful Learning
at School

The ability to think spatially is not only fundamentally important for coping with many
activities in our private and professional everyday lives, but is also an asset that clearly helps
to facilitate or enable learning in different areas. In the 1970s, Frostig found clear correlations
between spatial skills and the ability to learn to read and write. Cheng and Mix [7] have
found that at basic mathematical activities such as transforming simple terms, for example,
5+ = 7 to = 7−5, those students who have good spatial thinking skills have a significant
advantage. Other studies with similar results show overall that well-developed spatial thinking
skills enable and help people in activities far beyond the STEM domain [15, 44, 48].

https://commons.wikimedia.org/wiki/File:Reaction_time_stages.png
https://creativecommons.org/licenses/by-sa/4.0
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Figure 7: How well did doctoral graduates, master’s graduates, or bachelor’s graduates working in
STEM fields perform on spatial ability tests during their high school years [48].

5. Trainability of Spatial Thinking Skills

The importance of the ability to think spatially has been articulated in previous sections of
this paper. In a logical next step, therefore, the requirement for the extensive development
of these skills in the context of pre-college education is advocated. Before we delve into
this, however, the aspect of whether spatial thinking can be trained or whether it represents
an innate ability that is resistant to change must be considered. In general, two opposing
viewpoints can be found in the literature of the 20th century. On the one hand, some believe
that the ability to think spatially is genetically determined ability and cannot be enhanced
through training [35]. On the other hand, it is often stated that the ability to think spatially
can be trained and improved to a high degree and that the active training of spatial thinking
skills is crucial for how well this ability is developed in an individual [12, 13]. The current
state of research assumes that both theories are likely true and do not represent mutually
exclusive ideas. Montello, Grossner and Janelle state: “One common misunderstanding in this
regard is the notion that just because some trait is genetically determined, it is necessarily
immutable, and that because some trait is modifiable, it must be caused by experiences
after birth (or conception) rather than by genetics. Neither of these complementary claims
are true.” [28]. The ability to think spatially is to a certain extent genetically inherent
in individuals, but it can also be enhanced to a high degree through training (e.g., [13]).
Similarly, some individuals seem to have a genetic predisposition to learning music, but
others without this genetic advantage can still learn to play the piano, although perhaps
not as well as those with the genetic predisposition. Montello and his colleagues further
state: “Spatial learning in educational and everyday settings is important because it holds
the promise of improving spatial thinking, which in turn holds the promise of contributing to
a host of desirable outcomes, including generating economic development, making more user-
friendly and functional technology, fostering equitable access to employment, and generally
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helping people realize their potential” [28, p. 10]. In addition to the general usefulness of
spatial thinking skills for STEM and other fields, explicit and implicit active training of
spatial thinking skills in pre-college education appears to be promising. It is postulated that
a varied, structured training program for spatial thinking skills in school will significantly
promote and support all students in being more successful in several areas of their private
and professional lives.

6. The Four Perspectives on Spatial Thinking

The insight that spatial thinking (1) is an important life and educational skill, (2) is one of
the key competencies required for full participation in our modern society, and (3) can be
improved by explicit and purposeful training, leads directly to the question of how this human
ability can best be developed and enhanced in a meaningful and structured way. To this end,
the first step requires an in-depth examination of the published literature which deals with
spatial thinking. In this section, the essence of this literature is summarized in a succinct way
and the reader is thus offered the opportunity to view the topic area of spatial thinking from a
comprehensive perspective and to see it in a larger context. It is noteworthy that exactly four
scientific disciplinary areas have been identified, which have dealt with spatial thinking from
different traditions and perspectives and for different purposes. These four major domains
and the relevant perspectives on spatial thinking are described in the following paragraphs.

6.1. Developmental Psychology
Developmental psychology is – in regard to spatial thinking – mainly concerned with the
question of how spatial thinking develops over a person’s lifetime. In most cases, the individual
phases, which can last months or years, are considered from the time of birth until the age of 12
to 14 or beyond. In the second half of the 20th century, relevant developmental psychological
spatial thinking models were developed by Stückrath [39], the researcher couple van Hiele
and van Hiele-Geldorf [46], Piaget and Inhelder [33], Thurstone [42] and Bruner [3, 4].

In his model, Stückrath [39] describes the stages of development of spatial orientation
such that in early childhood, at the age of 0–1 years, a child generally develops the so-called
“Leibraum” (body space), followed by the “Ichraum” (I space) at the age of 2–6 years. At the
age of 6–14 years, the “Handlungsraum” (action space) and the “Laufraum” (walking space)
develop, each subdivided into three sublevels.

In 1978, the von Hieles [46] described five levels that are passed through in the develop-
ment of geometric and spatial thinking: (0) Visualization (recognize figures by appearance
alone), (1) Analysis (analyzing geometric figures and relations), (2) Abstraction (initial de-
duction and reasoning), (3) Deduction (basic geometric reasoning and geometric deduction),
and (4) Rigor (stringent, abstract geometry).

Piaget [31] divides the general stages of a child’s development of spatial thinking skills
into four stages and describes these stages within the framework of his theory of cognitive
development. The four stages are: (1) sensorimotor stage. We pass through this stage at
the age of about 0–11

2 years in development. This is followed by the (2) preoperational stage,
which is evident at approximately 11

2–7 years of age. This phase is followed by stage (3),
the concrete operational stage. This phase is generally experienced by children between the
ages of 7–11/12 years. Finally, children develop further to phase (4), the formal operational
stage, which is observable from the age of 11 or 12. It is only from this phase that children
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Figure 8: Progress curve of eight intelligence domains. Seven primary intelligence factors according
to Thurstone and additionally spatial orientation (SO). The blue intelligence domains develop
rather slowly, the green ones at an average rate. The orange intelligence areas develop fastest
according to Thurstone’s observations.

are generally able to grasp and comprehend abstract structures. This is also the stage where
(simple) mathematical proofs can be comprehended for the first time. In the book “The
child’s conception of space” (1956) [32] – the original edition was written in French in 1948
with the title “La représentation de l’espace chez llenfant” – Piaget together with Inhelder
describes in detail the development of spatial thinking skills from birth to young adulthood.
Developmental stages such as stereognostic perception, projective space and Euclidean space
are postulated in detail.

Thurstone’s work [42] turns to the question of how what he sees as the seven primary
mental abilities develop through childhood. According to Thurstone, these primary mental
abilities are number, verbal comprehension, space (divided into spatial ability and spatial
orientation), memory, reasoning, word fluency, and perceptual speed.

In Figure 8, the factor space (spatial ability; SA) is specifically highlighted; the factor is
shown with a thick curve. As shown by the SA curve, we see that the greatest potential for
improvements in spatial thinking is present at the age of about 3–15 years. From the age
of about 14 years, about 80% of the spatial thinking skills are typically developed. Current
research results [50] demonstrate that this curve can be confirmed for almost all areas of
spatial thinking. However, it should be noted that spatial thinking skills can continue to
be developed into adulthood. Sorby has developed and implemented a course for developing
spatial thinking aimed at first-year engineering students. Through this course, young adults
(approximate age 18–19 years) have made significant improvements in their spatial thinking
ability. In a meta analysis, [45] demonstrated that spatial thinking skills are highly malleable
into adulthood.

The factor of spatial orientation develops much more slowly than the spatial ability factor,
and the least rapidly of all intelligence factors Thurstone identified. The development curve
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for spatial orientation (the lowest curve in Figure 8; SO) runs slightly below the plotted curve
W of word fluency. It is noted that spatial orientation is developed to nearly 100% by the
age of 25.

The U.S. developmental psychologist Bruner [3, 4] developed the so-called “EIS princi-
ple” as one of his numerous principles and theories. The name of this principle stands as
an acronym for the three representation modes and development stages enactive, iconic, and
symbolic. According to Bruner, learning succeeds when the first developmental stage is expe-
rienced enactively. In this stage, children should pursue numerous activities or be encouraged
with a wide variety of activities based on haptic experiences — active grasping, folding, gluing,
running, hopping and other activities. According to [18], this haptic activity is a necessary
preliminary stage in the development of later deep understanding. In a further developmental
stage, children are able to make iconic representations of the haptically grasped objects. At
the third developmental stage children and adolescents can deal with learning content on
a symbolic level. Taking a simple cube as an example, children should start by haptically
grasping a wooden cube, for example, and experiencing it actively in as many different sit-
uations as possible (e.g., throwing, stacking, rolling). At the iconic stage of development,
young children should be able to make sketches and simple construction drawings of cubes in
a variety of representational forms. Finally, from the symbolic stage of development, students
can make calculations (such as surface or volume) on a cube symbolically thus treating it on
an abstract level.

Most of the developmental psychologists mentioned in this chapter have explicitly created
models for the development of spatial thinking skills. Bruner’s EIS principle does not explic-
itly address spatial thinking, but it can be applied specifically for the development of spatial
thinking skills, since it contains very large structural parallels to the four previously mentioned
models of Stückrath, van Hiele/van Hiele-Geldorf, Piaget/Inhelder, and Thurstone.

6.2. Visual Perception
Visual perception is in many ways a preliminary stage of spatial ability. Spatial ability
addresses – as the name already aptly describes – the ability of a person to mentally imagine
spatial objects and to mentally transform them, to recognize relations between several of
these mental objects and to mentally take different spatial perspectives. Spatial ability is the
cognitive ability of a person to imagine spatial objects, to be able to mentally rotate, mirror,
shift or intersect them, and to be able to mentally take different perspectives in space. This
applies to the ability to imagine a scene in a picture from a different perspective or to be able
to mentally move to other places and therefore to be able to describe routes, for example.
Spatial ability is a cognitive ability of our human brain (see also Figure 5). Optical stimuli or
movements in space are not required; it is a purely cognitive function. Some refer to spatial
ability as seeing something in the “mind’s eye.” It should be noted that the same areas
are activated in the brain when looking at a physical object and when only thinking of these
objects. However, the areas are activated in two entirely different ways. During the process of
seeing, the brain areas are activated via the optical nerve, which transmits the optical stimuli
starting from the retina of the eyes towards the brain, and during thinking spatially the same
brain areas are activated only via cognitive imagination of the corresponding physical objects.

Visual perception is the preliminary stage of anatomical reception and basal-cognitive
processing of optical stimuli. The optical stimuli received via the eyes are filtered by the
brain or its upstream areas and relevant information is extracted and interpreted. These
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anatomical and basal cognitive steps finally enable the “recognition” of spatial objects by
matching them with memories or learning new spatial objects and storing them. Visual
perception is thus an important preliminary step to then be able to reason cognitively about
spatial objects and plan actions, if necessary.

There is a clear and distinct difference between the terms “spatial ability” and “visual
perception.” Visual perception is the physiological ability to receive optical stimuli via the
eyes and their retina and to transmit them via the corresponding basal upstream brain areas
to the primary visual cortex and finally to recognize spatial objects or, if necessary, to learn
them. This is contrasted with spatial ability, which is a mental cognitive operation (rotating,
mirroring, intersecting, . . . ) with objects in the mind’s eye or the ability to take other spatial
perspectives entirely mentally.

Visual perception has been a topic of research for at least 1000 years. In the time of
antiquity, Euclid, Ptolemy, and Aristotle made some remarks about perception and the first
attempts to explain the nature of human perception. The first comprehensive work on percep-
tion was written by Alhazen (1021). In his book Kitāb al-Manazir (1021; English translation
by Al Haytham [1]) he described in very detail the physical, optical, and mathematical facets
of perception. In the centuries that followed, Leonardo da Vinci and other researchers made
several contributions on perception and the process of seeing. In 1867 Helmholtz wrote the
groundbreaking work “Handbuch der physiologischen Optik” (English translation: handbook
of physical optics), which describes in great detail the anatomical and physical properties of
the eye and deals fundamentally with the phenomenon of visual perception.

Frostig created a model of five sub-areas of visual perception. These are: (1) figure-ground
perception, (2) perception of form constancy, (3) perception of position in space, (4) spatial
relations, and (5) eye-motor coordination [10]. The subdivision of visual perception tasks into
these five different domains is well suited to identify differentiated degrees of proficiency of
students’ visual perception. Visual perception research is generally concerned with children
from the age of about 3–12 years. Research has been conducted with even younger children
in terms of their spatial thinking skills by developmental psychologists.

Kozhevnikov [2, 19] has conducted a series of experiments examining the link between spa-
tial skill levels and creativity. In her work, she measured spatial skill levels using a standard
instrument for mental rotations (mental rotation test (MRT), [47] and object visualization
levels using an instrument designed for that type of task [19]. The object visualization instru-
ment measured visual perceptual skills, e.g., how distinct shapes were within a surrounding
area, changes in shading and so on. Her research has demonstrated that there is a distinct
difference between technical creativity and artistic creativity. Further, people who have one
type of creativity do not necessarily have the other type. Engineers typically have high spa-
tial skill levels as measured by the MRT and high technical creativity. In fact, many of the
engineers she tested had poor perceptual skills. Conversely, artists typically have high per-
ceptual skills, and high artistic creativity, but often have low skills in spatial visualization as
measured by a test such as the MRT.

6.3. Factor-Analytic Models
During the first half of the 20th century, the construct of human intelligence was examined
in more detail by various researchers in the so-called “pre-factorial phase” of spatial thinking
research [25]. Intelligence was no longer viewed in a one-dimensional and undifferentiated way,
but different models of human intelligence were established that described multidimensional
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differentiable domains of intelligence [6, 38, 40]. For example, Thurstone’s intelligence model
[40] included seven different primary mental abilities: space (including spatial ability and
spatial orientation), perceptual speed, numerical ability, memory, reasoning, word fluency,
and verbal relations. Generally, all the intelligence models established at that time included
the intelligence factor of “space” (spatial ability).

The factor of spatial ability (space) was subsequently investigated in more detail by nu-
merous researchers in the second half of the 20th century in the so-called “factorial phase” of
spatial thinking research [25]. Methodologically, a factor-analytical approach was often uti-
lized meaning that test participants were given a variety of tasks related to plane or spatial
geometry. Subsequently, in the analysis of the test results by means of factor-analytical math-
ematical calculations, researchers tried to determine which of the test items the participants
solved with somewhat equal probability or which further tasks b, c, d, . . . were also solved
correctly if the participant solved given task “a” correctly. This factor-analytical approach,
with suitable underlying mathematical calculation models, provides the opportunity to see
which test items are “related” to one another in terms of content, i.e., which test items have
similarities in terms of content and are therefore solved with similar considerations and also
with fairly equal probability. With the help of these methods, specific areas – called “factors”
– are found that are related in terms of content, thus establishing different, separable, areas of
spatial ability. With the help of factor-analytic methods, numerous models of spatial ability
have been established during the factorial phase of spatial intelligence research (1950–1994)
[5, 8, 14, 20, 21, 21, 27, 34, 41]. These models are united by a common effort to find ap-
propriate subdomains of spatial ability by factor-analytic means. In many cases, researchers
formulated models with two or three factors. Some models had up to nine different fac-
tors [5, 22]. In his remarkable work “Räumliches Vorstellungsvermögen” [24] (spatial ability;
1994), Maier summarized and discussed the factor-analytic models of spatial ability in detail
for the first time in the German language. In this book, he proposes five of the mentioned
factors as an overall coherent essence of the various identified factors of spatial ability. The
years after 1994 were characterized by using the various factor-analytical models developed
previously and testing these models for internal consistency and selectivity of the factors and
thus their viability. It became clear that the models of spatial ability that were developed
in a factor-analytic way were not very robust, partly due to the lack of discriminatory power
of the factors described. From about 2010 onwards, it became clear that participants who
perform spatial ability tasks usually use significantly different individual strategies and there-
fore do not always use the strategies intended by the developers of the tests. Therefore, it
became clear that using a factor-analytic analysis of spatial ability test results cannot serve
to develop a viable model of spatial ability [37].

The period from 1994 onwards is also called the “post-factorial phase” of spatial abil-
ity research (Figure 9) [25], since it is recognized that individual solution strategies play an
important role in the processing of tasks, and that other aspects, such as working mem-
ory, dynamics and motor skills, also significantly influence the probability of solving spatial
ability tasks, and that these aspects must therefore also be taken into account in an overall
view of spatial thinking. The factor-analytic perspective of research on spatial ability has
made a significant contribution to the analysis of the space intelligence facet in its almost 50
years (about 1950–1994), has provided numerous approaches and suggestions, and has thus
stimulated many further developments in the area of spatial ability research.
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Figure 9: The three phases of spatial ability research

6.4. Neurology

Until well into the 20th century, it was difficult or even impossible for researchers to carry
out investigations on the living human brain or to gain substantial knowledge from these
experiments. In 1971, magnetic resonance imaging (MRI) was invented by Lauterbur, first
published in 1973, and in 2003 he received the Nobel Prize in Medicine for this invention.
Functional magnetic resonance imaging (fMRI) was developed 20 years after MRI. Belliveau
and his colleagues made significant contributions to fMRI development. They first published
results of functional magnetic resonance imaging in humans in 1991. Since that time, several
other similar technics have been developed, all of which are now grouped under the umbrella
term of “imaging techniques.” All of these techniques share the common characteristic that
they allow insights into the internal structures of the brain without having to surgically
penetrate the skull. These technical developments have proven invaluable, as they have
made it possible to gain substantial new scientific insights in this non-invasive way for nearly
50 years.

In 1982, Ungerleider and Mishkin formulated the groundbreaking concept of two cortical
visual systems in the brain (Ungerleider and Mishkin [43]). This concept describes how visual
stimuli are processed from the primary visual cortex (V1; the orange area in Figure 10), which
is located at the back of the brain. Ungerleider and Mishkin recognized that the processing
proceeds in two different pathways. On the one hand, spatial objects per se (color, texture,
shape, size, . . . ) are stored and recognized in areas that run in the so-called ventral pathway.
This ventral visual pathway (also called ventral stream, see Figure10) starts in the primary
visual cortex and runs towards the temporal lobe. This visual pathway is often referred to as
the “what” pathway [30], because spatial objects (such as faces, houses, trees, cubes, cones,
spheres, . . . ), i.e., the “what”, are stored and recognized in the corresponding brain areas.
In contrast, the dorsal visual pathway runs from V1 to the posterior top of the brain and is
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Figure 10: The two visual pathways (ventral stream and dorsal stream) [https://commons.wikime
dia.org/wiki/File:Ventral_and_dorsal_stream_in_visual_information_processing.p
ng Andrey Vyshedskiy, Shreyas Mahapatra, Rita Dunn, CC BY 4.0 https://creativecommon
s.org/licenses/by/4.0>]

called the “where and when” pathway. In these brain areas, the location of spatial objects is
recognized. It is here, also, where the temporal sequences of moving objects are detected and
interpreted. Instructions for actions also emerge from these brain areas. Here there is also a
close connection to the motor control areas, which is involved in the planning, control, and
execution of voluntary movements.

The theory of two distinct visual pathways in which optical stimuli are processed more
or less separately after being transmitted from the eyes to the primary visual cortex was
for many years an extremely fruitful starting point for investigating the concrete methods
of processing optical stimuli in the brain. Modern imaging techniques have played a major
role in providing significant insights in this field in recent years. Within the current state of
research, it has now become established that the concept of two visual pathways, and thus
the clear separation of the processing of optical stimuli in the brain into the “what” pathway
and “when/where” pathway, cannot be confirmed in its original form. Instead, it has been
shown that all brain areas involved in the processing of visual stimuli are interconnected to
a high degree and they exchange information continuously. The theory of separating visual
stimuli through the primary visual cortex into separate visual pathways is now considered
outdated and has given way to the view that all brain areas involved in the processing of
visual stimuli exchange information in a manifold neuronal continuous manner [9].

In addition to cognitive recognition and operation of spatial objects, spatial thinking
also involves the mental switching of spatial perspectives termed spatial orientation. Spatial
orientation processing is located within two mutually adjacent brain areas, in the enthorinal
cortex and in the hippocampus. In the enthorinal cortex the so-called grid cells are located,
which are arranged in a hexagonal shape and which have the property that they can recognize
an exact spatial position. In the hippocampus, the place cells are located, each of which can
remember the characteristics of a particular place (but do not know where this place is

https://commons.wikimedia.org/wiki/File:Ventral_and_dorsal_stream_in_visual_information_processing.png
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located). Through the cooperation of grid cells and place cells it is possible to know where
one is located and what properties this place has. These two brain regions form our internal
navigation system due to the fascinating cooperation of grid cells and place cells. Research
into these structures of spatial orientation was significantly influenced by the British-American
researcher O’Keefe and the Norwegian research couple Moser and Moser [52] and [29], for
which all three received the Nobel Prize in Medicine in 2014.

Vision and spatial thinking make up more than half of the total brain area [30]. When
thinking about spatial objects, the same brain areas are activated as when actually looking
at these objects. The findings from neurology show that spatial thinking is an extraordinarily
complex procedure that is processed in numerous different brain areas, each of which is spe-
cialized for specific tasks. Thoroughly understanding brain function during spatial processing
will likely be an area of active research far into the future. In addition, those areas that are
involved in the processing of optical stimuli in the brain, or even at the intermediate stations
between the eye and the brain (such as the geniculate nucleus), are constantly exchanging
information with those parts of the brain where related experiences of different senses are
stored. With the help of this continuous exchange, at all stations of the processing of opti-
cal stimuli, information is filtered, interpreted, compared with experiences, and compressed.
Only the compression of optical stimuli enables a human brain to cognitively process the
incredibly high number of optical impressions received throughout the day.

For nearly 50 years, neurology has provided striking evidence about spatial thinking.
Significant findings include the fact that optical stimuli are processed in different specified
brain areas that are in constant neuronal exchange with one another. Based on our knowledge
of brain function, the recommendation can be made that the different facets of spatial thinking
should be trained in a continuous, structured, and differentiated way. Through the systematic
training of spatial thinking skills, which aims to address all brain areas involved in vision and
spatial thinking in a balanced ratio, and which trains all individual areas and promotes
the neuronal exchange between the areas, therefore seems to be an obvious and promising
approach for intervention.

7. The generic perspectives on spatial thinking at a glance

The ability to think spatially has been studied by different scientific fields for about 140 years.
Four perspectives can be identified: (1) developmental psychology, (2) visual perception,
(3) factor-analytic models, and (4) neurology. Each of these perspectives employs different
methods, traditions, and objectives in examining spatial thinking skills. The statements,
findings, models developed, and approaches taken by each research discipline reflect this
diversity. Figure 11 concisely summarizes relevant terms of the respective research areas in a
keyword-like manner and shows which age group has been the primary focus of each.

Looking at this heterogeneous landscape of the four fields of science that are conducting
significant research on spatial thinking, it is clear that there have been, and continue to be,
numerous efforts and great strides in exploring the foundations of spatial thinking. By dis-
cussing the fundamentals of these research traditions and their models of the four perspectives
and the age groups that are addressed by each, it is clear that some common ground and
overlaps between the fields can be recognized, but individual areas of research in these fields
have yet to develop a common model of spatial thinking. In the subsequent section of this
paper, a unifying model is proposed, that incorporates elements from each of the previously
described research perspectives.
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Figure 11: Generic perspectives on spatial thinking

8. A Holistic model of the basic practices of spatial thinking

A particularly attractive direction for future development and progress in the field of spatial
thinking is now to build bridges between the four perspectives and to unite the four areas
under a common umbrella by extracting the relevant insights and facets of the individual
perspectives and bringing them together into a common model for spatial thinking. The
model of the basic practices of spatial thinking was developed by [26], which proposes a total
of eight practices for spatial thinking (Figure 12).

The first five stages in the spatial thinking model (visualization, form constancy, spa-
tial position, spatial transformations, and object combinations) are understood as successive
stages. Children and adolescents generally develop these stages sequentially, with the abil-
ity to visualize being the most basic stage. Building on this, the abilities to recognize form
constancy, spatial positions, spatial transformations, and finally object combinations are de-
veloped in this ascending order. Study results by Hofer [17] and Wallinger [49] confirm this
structure and the consistency of the content of the first five basic practices. The other three
basic practices of spatial thinking are dynamics, motor skills, and spatial orientation.

The individual stages of the model of the basic practices describe concrete spatial skills,
are content oriented, and are therefore independent of the individual strategy learners use to
complete the tasks at each stage. The primary concern in the conception of the model was to
extract the basic statements, findings, factors, and facets of the four generic-historical per-
spectives of spatial thinking research and to unite them coherently in a new overarching and
holistic structure. The model should also provide orientation for learners at all developmental
levels and ages, to see which facets of spatial thinking have already been developed and to
what depth. The model of the eight basic practices of spatial thinking was first published
in 2020 [26]. In this publication, all stages are described in detail, their basic functions are
discussed, partial abilities are listed, partial aspects are named, exemplary exercises are pre-
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Figure 12: The eight basic practices of spatial thinking

sented, references to the four generic-historical perspectives of spatial thinking are described,
and, among other things, cross-references to writing and reading are made.

9. Summary

In 1879, Galton described the intelligence facet of spatial thinking as “visualising faculty”,
writing: “Memories that are extremely vivid may at the same time be very mobile, and
capable of blending together. Much instruction on these matters can be derived from those
who possess the power of what is called the visualising faculty, in a high degree. The objects
of their memory are conspicuous images”. The end of the 19th century is considered as the
starting point in spatial thinking research not only because of this description from Galton
but also because this was the time where human intelligence became the focus of scientific
investigations. Various one-dimensional and multidimensional intelligence models have been
developed since that time, in which the different parts of intelligence have been formulated
or postulated. Almost all intelligence models recognize that spatial thinking (space) is a
fundamental facet of intelligence and space is included as a factor in the various structural
models.

The ability to think spatially varies greatly from person to person. Galton confirmed that
with the words “I do not know any faculty that varies so much as this in different persons.
None can vary more, because its range lies between perfection and nothingness.” [11]. This
circumstance and the fact that spatial thinking is a fundamental aspect of numerous models
of intelligence provided sufficient motivation for many researchers to devote detailed atten-
tion to this specific part of human intelligence. At least four strikingly different approaches
to research surrounding spatial thinking can be discerned. These four generic-historical per-
spectives of spatial thinking are: developmental psychology, visual perception, factor-analytic
models, and finally neurology. Each looks at spatial thinking research from different perspec-
tives, focuses their studies on certain age groups, and therefore formulates different models,
approaches, and hypotheses. In this paper, the four major approaches, their representatives
and core statements are discussed in a succinct way, providing a more holistic view of the
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field.
A meaningful development in the area of spatial thinking research is to extract the essence

of the four perspectives and to unify them in a holistic model. A proposal for such a model
is referred to in the conclusion of the paper, as the model of the basic practices of spatial
thinking. The model consists of eight different stages. The first five stages are understood
as successive stages. The ability to visualize is the most basic stage. This is followed by the
stages of recognizing form constancies, spatial positions, spatial transformations, and object
combinations. Results of studies [17, 49] show that the skills associated with each stage show
increasing levels of complexity and that children and adolescents progress through these skills
in the order shown in the model. The other three stages of the model (dynamics, motor skills,
and spatial orientation) were identified as essential spatial skills in all four generic-historical
perspectives and were therefore included for coherency in the model of the basic practices
of spatial thinking. The individual basic practices of the model are described and argued in
detail in the initial publication by [26]. Investigations show that the model can be used as a
coherent structural basis for the development of learning materials across all age levels and,
can therefore also be used for the comprehensive diagnosis of spatial thinking skills.

A. Appendix: Explanation of terms

In the literature, numerous different terms are used regarding spatial thinking. Each of
these terms describes a certain facet (specific ability, concrete phenomenon, etc.). Often it
can be noted that these terms are used casually, carelessly, and imprecisely. The following
explanations of some of the frequently used terms related to spatial thinking are intended to
highlight the specifics of each term and describes how the terms should be understood in the
context of this paper.

Spatial Ability or Visuo-Spatial Ability Spatial ability is the ability of an individual to
mentally imagine spatial objects, to manipulate them mentally (move, scale, rotate, mirror,
. . . ) to recognize relations between several spatial objects and to move to different positions in
space solely in the imagination (i.e. to imagine space from different perspectives, also known
as perspective taking). The description fits with Sorby’s definition “The ability to visualize
objects and situations in one’s mind and to manipulate those images” [36] and Lohman’s
definition of spatial ability “Spatial ability may be defined as the ability to generate, retain,
retrieve, and transform well-structured visual images” [23], and to the definition of visuo-
spatial ability of many other researchers. Spatial ability is therefore a cognitive human ability
and does not include any real activities (such as real viewing of spatial objects or performing
(fine)motor movements). The term spatial ability is often used broadly. The clarification
in this article should help to classify this term precisely. The term spatial ability is often
used in the context of the factor analytic models of spatial thinking research. Sometimes,
however, the term is seen somewhat diluted and is extended by facets of (anatomical) vision,
visual perception or even motor movements. Here it should be clarified that spatial ability is
a purely cognitive “mind game” (see Figure 5).

Spatial Cognition Spatial cognition is defined as the ability to determine spatial relation-
ships in relation to one’s body. The vertical and horizontal have a special position in this
context. Linn and Petersen (1985) write: “. . . subjects are required to determine spatial
relationships with respect to the orientation of their own bodies . . . ”. Guilford [14] states,
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“A third factor ‘Space III’ [. . . ] seems to suggest a capacity for orientation in the direction
of gravity (the vertical).” and further, that “. . . the Space III factor seems to depend on the
effect of gravity on the organism and the learned ability to interpret it correctly.” and can
be interpreted as a “kinesthetic system factor.” Spatial perception is therefore to be seen
as the anatomical-kinesthetic ability of an individual to be able to recognize specifically the
vertical in relation to the position of his or her own body. It therefore represents the ability
of an individual to be able to recognize the position of her/his own body in relation to the
environment.

Spatial Intelligence The term is synonymous with the term spatial thinking (see below).
According to the descriptions, the definitions and use of the term in context, the term spa-
tial intelligence very generously includes numerous facets of spatial thinking and that it is
therefore also understood to be synonymous with the term spatial thinking.

Spatial Perception The brain has numerous processes to be able to create a spatial, three-
dimensional image from the two-dimensional image of our environment on the retina (a layer
of nerve tissue that covers the inside of the eyes). This ability, called spatial perception,
arises from the interaction of a multitude of different interpretations of visual perception,
such as monocular/binocular vision, color interpretations, familiar size, overlaps, shadows,
texture density, transverse disparity, muscle movements of the lens, motion parallax, and also
includes the stimuli and impressions of other sensory sources (e.g., kinesthetics, hearing).

Spatial Thinking The term “spatial thinking” is used as a unifying, common umbrella term
for the human ability to direct optical stimuli received by the eye into the brain, to interpret
these stimuli and thus to recognize spatial objects, to mentally imagine spatial objects, to
mentally manipulate these objects, to imagine different positions in space, to take different
spatial perspectives, to perceive and interpret motion sequences, and to execute (fine)motor
spatial movements. Spatial thinking is often based on optical sensory impressions and includes
the anatomical and basal cognitive ability for visual perception, the purely mental ability to
think spatially and finally the corresponding spatial motor processes.

Visual Perception Visual perception is a preliminary stage (to the purely cognitive-mental
operation with spatial objects) of the anatomical reception and basal-cognitive processing of
optical stimuli. The optical stimuli received via the eye are filtered by the brain and its
upstream areas and relevant information is extracted and interpreted. These anatomical and
basal cognitive steps finally enable the brain to “recognize” spatial objects by matching them
with memories or to “learn” spatial objects that are still unknown.
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Verl. and Pädagogischer Verlag Schwann, Berlin and Düsseldorf, 1970.

[4] J. S. Bruner: The process of education. Harvard University Press, Cambridge, 1977.
ISBN 0674710010.

[5] J. B. Carroll: Human cognitive abilities: A survey of factor-analytic studies. Cam-
bridge Univ. Press, Cambridge, New York, 1993. ISBN 0521387124.

[6] R. B. Cattell: Theory of fluid and crystallized intelligence: A critical experiment. J.
Educ. Psychol. 54(1), 1–22, 1963. ISSN 1939-2176. doi: 10.1037/h0046743.

[7] Y.-L. Cheng and K. S. Mix: Spatial training improves children’s mathe-
matics ability. J. Cogn. Dev. 15(1), 2–11, 2014. ISSN 1532-7647. doi:
10.1080/15248372.2012.725186.

[8] J. W. French: The description of aptitude and achievement tests in terms of rotated
factors, vol. monograph no. 5 of Psychometric. University of Chicago Press, Chicago,
1951.

[9] E. Freud, D. C. Plaut, and M. Behrmann: ‘What’ is happening in the dor-
sal visual pathway. Trends Cogn. Sci. 20(10), 773–784, 2016. ISSN 1879-307X. doi:
10.1016/j.tics.2016.08.003.

[10] M. Frostig and D. Horne: The Frostig program for the development of visual percep-
tion: Teachers’ guide. Follett Educational Corp, Chicago, 1964.

[11] F. Galton: Generic images. The Nineteenth Century 6(1), 157–169, 1879.

[12] G. Gittler and J. Glück: Differential Transfer of Learning: Effects of Instruction in
Descriptive Geometry on Spatial Test Performance. J. Geom. Graph. 2(1), 71–84, 1998.
ISSN 1433-8157.

[13] J. Glück, H. Kaufmann, A. Dünser, and K. Steigbügl: Geometrie und
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