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The main purpose of this review is to systematize theoretical and experimental research in one of the ar-
eas of the field "Embodied Cognition", aimed at solving applied problems in the field of education, as well as
identifying the main opportunities and limitations in using the results obtained. The numerous experimental
evidence and new explanatory models that have emerged within the framework of this approach open up a wide
range of opportunities for new practices in education. This field offers a whole set of tools that can be used in the
pedagogical process in order to increase its purposefulness and effectiveness. We will consider one of the most
developed topics — the correlation of abstract concepts in mathematics or disciplines of the natural science
spectrum with the specific content of perceptual representations of the student. The approach of embodied cog-
nition allows us to identify the patterns that determine the effectiveness of using various types of visualizations
(diagrams, drawings, maps, graphs, diagrams, etc.) in the process of mastering a specific field of knowledge. As
a result, the prospects of using the concept of hybrid representations, combining modal perceptual and amodal
components, to explain the internal mechanics of the mediation of conceptual thinking are discussed.
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He]lblo JIAaHHOT'O 0630pa ABJAETCA CUCTEMATU3AIINA TEOPETUKO-9IKCIIEPUMEHTAJIbHDIX [/[CCJ[EL[OBaHI/Il‘/Jl B O/I-
HOM M3 JIOMEHOB 061acTH, nMeHyeMoil «Boruiormennoe nosnanues. Bee onu cBsizanbl ¢ pereHneM npuKaj-
HBIX 3a/1a4 B 00J1acTh 06pa3oBaHusl, HO TaKKe HAIPABJIEHbBI M Ha BBIIBJIEHUE BO3MOKHOCTEN 1 OTpaHMIeHn it
B MCIIOJIb3OBAHWN TIPE/JIara€MbIX METO0B U TIOJIYYCHHBIX PE3YJIbTAaTOB. IIcuxonornueckne Hnccje10Banmd,
obcyskaaeMbie B 0030pe, TIPEJIATAIOT IeJIblii Habop UHCTPYMEHTOB, KOTOPbIe MOTYT ObITh UCIOJIb30BAHbI B
y4eGHOM TIPOLIECCE C LEJIBIO TIOBBIIIEHUsT €10 TPUIEIbHOCTU U 3 dexTuBHOCTH. MBI PACCMOTPUM OJIHY U3
Hal/l6OJ[ee paBpa6OTaHHle TeM — COOTHeCceHue 3.6CTpaKTHle MOHATHUU B MaTeMaTUKe U JAUCHUILJINHAX ecTe-
CTBEHHOHAYYHOTO IIMKJIA C KOHKPETHBIM COJIEPsKaHNeM TIEPIENTUBHBIX perpesenTtanuii obydatomerocst. [Toz-
xo/1 «BorutonienHoe nosHanme» MO3BOJISET BBIIBUTH 3aKOHOMEPHOCTH, 00y CI0BMBaoNne 3(hHeKTHBHOCTD
MICTIOJTb30BAHMSI PA3/IMYHBIX TUIIOB BU3YATM3aINil (CXeM, depTekeii, KapT, TpaduKoB, [uarpaMm u T. [1.), B
POIIECCe OCBOEHUSI KOHKPETHOM 0O/1acTn 3HaHuil. B KauecTse ntora 00CyKIA0TCs ITEPCIIEKTUBbI UCTIONB30-
BaHMs MOHATHS TMOPUHBIX PEIPE3CHTAINH, COYeTaIoNMX B cebe MogaabHble (IIEPHENTUBHBIE) U aMOAJIb-
HbI€ KOMIIOHEHTDI, /1JIs O6'b51CHeHMH BHyTpeHHeﬁ MEXaHWKU OIIOCPEACTBOBaAHUA TOHATUIHOTO MBIILJICHUS.

Kniouesvte cnosa: BOIVIOIMIEHHOE ITO3HAHUE, HaAy4€HNE, KOTHUTHUBHAS IICUXOJIOT U, FI/I6])I/IIIHbIe pernpe-
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Introduction

Currently, there is a large number of theoretical mod-
els and empirical facts indicating the important role of
the body's sensorimotor activity in the functioning of
cognitive processes (for more details, see: [1; 2; 3]). The
approach most commonly known as Embodied Cogni-
tion has taken its rightful place in the field of fundamen-
tal research. Now, its proponents are trying to answer
the legitimate question of how to practically apply the
results obtained. One of the intriguing areas of appli-
cation would be education, where problems often arise
when students to to master abstract material. This prob-
lem is especially common in STEM (Science, technol-
ogy, engineering, and mathematics) education. It seems
likely that the resources provided by the embodied cog-
nition framework are the most efficient and effective for
overcoming such difficulties.

Among research in the field of embodied cognition, the
most developed framework is “Grounded Cognition”. On
the one hand, this is due to the large number of heuristic
experimental methods proposed (e.g., the switching cost
or feature verification paradigms). On the other hand, it
is theoretically the least radical among all the varieties
of embodied cognition frameworks, and is much easier to
compare with theories and facts derived from more main-
stream cognitive research. That is why we will be focusing
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mostly on grounded cognition paradigms in this review.
The main purpose of this review is to systematize the
theoretical and experimental studies in the applied field
of STEM-education carried out within this framework, as
well as to identify the main limitations and opportunities
presented by the results obtained.

One of the most heuristically valuable ideas in the
grounded cognition framework regards the fundamen-
tal feature of mental representations, that they do not
have to be symbolic and amodal. The metaphor of the
computer suggests that we receive information through
our perceptual system in a modal-specific way (visual,
auditory, tactile, etc.) and then translate it into an ab-
stract symbolic amodal format arranged like machine
code. One of the founders of the grounded cognition ap-
proach, Lawrence Barsalou, pointed out the scarceness
of empirical evidence for such a translation. He proposed
the alternative scenario that people do not translate one
representation into another, but can use modal-specific
representations, enacting both perceptual and motor
systems, in the process of processing information of any
depth and complexity [4]. The computer metaphor does
not allow for such a move, considering it meaningless,
because the notion that the input and output systems
(e.g., keyboard, computer display, etc.) are functionally
involved in the operation of the central processor would
be absurd. The embodied approach, on the other hand,
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attempts to combine these two seemingly irreconcilable
positions. Its proponents propose the idea that mental
representations are associated with both sensorimotor
processes and amodal ones. Thus, such representations
are hybrid, that is, they contain both multimodal and
abstract symbolic components. This position is based on
the following arguments:

1) The classical theories of amodal representational-
ism assume a rather narrow view of the very nature of
mental representations. The research based on such a
notion often substitutes “knowing something” as simple
verbal “name giving” [5], which is clearly not sufficient.

2) Conceptual representations are limited by context
[6; 7; 8], which does not at all correspond to the amodal
point of view.

3) The neuronal recycling hypothesis [9] argues that
if abstract conceptual representations grounded in per-
ceptual and motor systems, then the answer to the ques-
tion of how such complex high-level abstract processes
(e.g.,, natural language, mathematics, etc.) could arise
and develop in a very short time, relative to an evolu-
tionary timescale.

Hybrid representations offer diverse opportunities
for improving the efficiency of the learning process, but
they are also associated with significant limitations. We
will try to demonstrate these in the material of two rap-
idly developing areas of research — the understanding of
symbolic expressions and of graphs and diagrams.

In both cases, we can find modern research with
certain echoes of the cultural-historical theory of Lev
Vygotsky. It seems to us that the cited works can be in-
terpreted as quite convincing conceptualizations of the
principle of mediation, i.e., the use of diverse cultural
means to enhance structurally simpler, and genetically
earlier, mental functions [10].

Understanding Symbolic Expressions

The groundedness of abstract mental representations
in the perceptual system could be most easily demonstrat-
ed within the field of mathematics, the field of knowledge
with the most abstract content. As an example, consider
how people read and understand symbolic expressions
such as algebraic equations. An algebraic equation can
describe a huge class of specific situations, so its abstract-
ness is undeniable. Moreover, the meaning of an algebraic
equation, of course, does not depend on what color or
what font it is printed in. However, the perceptual system
makes a significant functional contribution to the under-
standing of this class of symbolic expressions.

An algebraic equation contains abstract and hier-
archically ordered relationships between variables, but
the form of the equation is closely related to perceptual
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characteristics which can also be represented and affect
the way the equation will be understood. For example, the
spatial proximity between variables may be related to the
order in which arithmetic operations are performed. The
order in which arithmetic operations are performed deter-
mines their hierarchy (high-level operators are executed
before low-level ones). Addition requires the variables
and operator to be written in full (p + q), while multipli-
cation accepts the shortened version (pq). Both of these
examples of mathematical notations do not seem to in-
voke perceptual elements in the mental representation
of an equation, but rather concern certain mathematical
conventions. However, this impression is deceptive.

An experiment was conducted on material of spatial
proximity, in which the participants were required to
evaluate the correctness of the equations presented to
them. Tt turned out that they coped with the task worse
if the parameter of spatial proximity between variables
was not associated with the order of arithmetic opera-
tions [11; 12]. For example, if there is less distance be-
tween the numbers to be multiplied than between the
numbers to be added, then this makes it easier to assess
the correctness of the equation and if the distances are
arranged vice versa, it is more difficult. In addition, it
was found that if adult participants who have a school-
level grasp of algebra were asked to write an equation
by hand, they would write variables closer to each other
if they were considered a higher operation in terms of
the hierarchy or order of operations (for example, mul-
tiplication) than variables associated with the operation
of a lower hierarchy level (for example, addition) [13].
The researchers assumed that symbols and mathematical
operators would automatically activate spatial relation-
ships. As it turned out, the distance to the first character
left or right of the equal sign was the maximum [13].

Judging by the available data, the influence of irrel-
evant visuospatial information only increases with the
growth of expertise [14]. In this study, the authors used
an online platform to collect data from about 50,000
Dutch schoolchildren who had to evaluate the correct-
ness of the equations. It was found that high school stu-
dents have a more pronounced relationship between
spatial proximity and the order of arithmetic operations:
closely spaced variables were interpreted as having pri-
ority in terms of the order of operations. This effect is
paradoxical, since many researchers of cognitive devel-
opment have for decades assumed that development pro-
ceeds from concrete forms of thinking to more abstract
forms. However, the results cited indicate that with in-
creasing expertise, people become more sensitive to the
spatial organization of algebraic expressions.

One possible explanation is the mechanism of per-
ceptual learning: the perceptual system can be trained
so that the distribution of attention represents a math-
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ematical problem in accordance with the decision-mak-
ing rules. As an example of one of the studies on the role
of attention in solving mathematical equations, one can
cite a work where the feature verification paradigm was
modified on the basis of algebra [15]. Previously, it was
found that checking visual features (for example, color)
is easier within one visual grouping than when compar-
ing several features [16]. In a study by Margetis et al.,
equations like “a * x + b * y” were presented but the color
of two neighboring elements changed from black to blue
or red (see Fig. 1)

The participants had to state whether the color of
these neighboring variables is the same or different.
The elements could refer to one arithmetic operation
(it might be worth noting that, according to the rules of
arithmetic, multiplication is performed before addition),
or the elements could belong to different arithmetic op-
erations. It was assumed that the hierarchical organiza-
tion of the order of operations in the equation will affect
the response time about what color the variables are. In
particular, if the variables were connected by a multipli-
cation sign, the reaction time for correct answers should
have been faster than for variables connected by addi-
tion. And so it happened, but only for the participants
with a high level of knowledge in the field of algebra.
The results led the authors to the conclusion that the
perceptual system plays a functional role in determining
the correctness of actions for solving equations, and is
not just a channel for obtaining information. In another
study, using the method of eye movement registration,
it was found that when determining the correctness of
an equation, eye movement patterns correspond to the
syntactic structure of the equation [17].

Based on the results, the authors proposed a hypoth-
esis of reassembly of perceptual-motor systems known
as Rigged Up Perception-Action Systems (RUPAS),
designed to explain how people manage to successfully
operate complex sign systems without the evolutionarily

a*x+b*y

a+x*b+y

developed cognitive structures and mechanisms for this
[18]. The general idea here is that initially, operating
with sign systems requires a full set of resource-intensive
arbitrarily controlled processes, but as learning pro-
gresses, they are automated and replaced by more con-
cise perceptual-motor routines.

Based on this hypothesis and the experimental results
obtained, the scientific group of Robert Goldstone devel-
oped an interactive system, “Graspable Math”, designed
for teaching algebra, in which students can actively ma-
nipulate mathematical operators in real time [19]. Such
an approach fundamentally avoids linking abstract equa-
tions with concrete elements like coins, matches, apples,
pies, etc. It is assumed that such a system allows us to un-
derstand an important thesis: the variables and operators
themselves are, in a sense, concrete objects that can be
manipulated. Various types of equation transformations
are performed by physical actions to change the spatial
arrangement of mathematical objects. At the moment,
evidence has already been obtained of the effectiveness
of teaching algebra using this system [19; 20]. But it is
necessary to evaluate the effectiveness of the proposed
approach in comparison with the traditional one.

Understanding Graphs and Charts

Another area of application of the ideas of grounded
cognition is data visualization. In the natural sciences,
quite often, one has to deal with a visual representation
of non-obvious abstract patterns. Therefore, in order to
be able to optimize graphs and diagrams, to make them
as understandable as possible, it is necessary to study
which cognitive processes are involved in this task.

One of the research directions in this area is the study
of visual routines [21; 22] that are used in the process
of reading graphs and which may affect the final inter-
pretation of a particular image. The very fact that these

a*x+b*y

a*x+b*y

a+x*b+y

a+x*b+y

Fig. 1. The example of stimuli for the study of color verification based on the understanding of symbolic expressions
(adapted from [17]). (1) Color verification in the condition of the high-level multiplication operator.
(2) Color verification in the condition of the low-level addition operator
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routines influence the interpretation of a graph already
suggests that such representations should be grounded
in the perceptual system. In one of the works the authors
used the eye-tracking method to determine what exact-
ly happens in the process of understanding histograms
[23]. The subjects had to compare the bars of histograms
by color or by size. As It was found that when reading
this type of graph, people first choose a kind of reference
point (in the case of histograms, a specific column in it),
with which they compare the rest. It turned out that for
histograms of the same color, but different height, such
a reference point is most often the highest bar. And if
the columns differ in color, but are the same in size, then
it is the darkest. However, if the columns differ both in
color and size, then the subjects are guided by the attri-
bute that is relevant to the task (that is, how exactly it
is worth comparing the columns — by color or by size).
Thus, perceptual templates turn out to be task-specific,
and if the presented histograms present several options
upon which to establish understanding, then the tem-
plates contribute to the interpretation by determining
the initial reference point. This result is consistent with
others obtained in the course of estimating the number
of objects on histograms, where the final interpretation
of the graph also depended on the selected reference
point [24].

A whole series of studies has been devoted to how,
when reading color graphs, people match different colors
and concepts that define the semantics of the graph [25].
Evidence has been obtained in favor of the fact that histo-
grams reflecting a different number of objects (fruits) are
better understood if the color of the bars matches their
color [26]. That is, the perceptual characteristics of the
graph affect the accuracy of its interpretation. However,
as the authors of this study point out, such an effect occurs
only if there is a strong association between the color and
the semantics of the category displayed on the graph.

Thus, we can conclude that data visualization is more
effective the more it follows the principle of isomor-
phism: the perceptual characteristics of graphs should
somehow correspond to the semantics of the displayed
categories.

Another direction of research into the grounded-
ness of mental representations in a perceptual system in
the field of visualization regards how students generate
schemas that visualize the operation of complex sys-
tems. In general, it has already been established that if
students independently generate some explanations, ex-
amples or analogies for the material being studied, then
this increases the effectiveness of learning [27; 28]. But
how important is the visual format of these explanations
and analogies?

There is already evidence that the explanation of ed-
ucational material accompanied by relevant schemes and
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diagrams, is more effective than without [29]. In partic-
ular, it has been found that, when reading a text about
tectonic plates and asking students to draw a diagram to
accompany the text, they perform better on a follow-up
test of similar content than students who were asked to
write a short summary of the text they have read [30].
Similar results were obtained for a text on the law of
conservation of energy, the understanding of which was
better when students were asked to draw a diagram rath-
er than write their own text [31].

One possible explanation for the advantage of visu-
alizations over verbal descriptions is the need to trans-
late from one representational format to another. Such
a translation can help to find gaps and contradictions
in the original ideas, and aid in their subsequent de-
velopment and refinement [32]. In general, this kind of
translation might be helpful due to a deeper processing
of information. However, another explanation is also
possible, that perceptual and verbal representations cor-
respond with each other and, due to such integration,
provide an advantage in learning [33].

However, there is also evidence against the use of vi-
sualizations in teaching. In particular, it was found that
the very drawing of diagrams to understand a text in
physics can lead to specific comprehension errors, when
an incorrect spatial arrangement of the components on a
diagram leads to additional difficulties in understanding
the material being mastered [34]. Yet, the author points
out that such errors occur only among beginners who
have no experience in using diagrams. Thus, the benefits
of visualization in learning are mediated by the amount
of experience with using diagrams.

At the same time, a number of studies suggest that
spatial abilities can play a role as well. In particular, it
was found that people with low levels of such abilities
spend more resources on building a visual representa-
tion, and people with high levels of spatial abilities will-
ingly spend these resources on matching visual and ver-
bal representations [35]. In addition, people with low
spatial abilities demonstrate difficulties in the animation
of mechanical systems (they can neither imagine exactly
how a particular device works nor answer the corre-
sponding questions) [36]. Besides, it has been found that
people with low levels of spatial ability tend to perceive
visualizations as static pictures [37], while people with
higher levels of spatial ability embed visualizations into
more complex mental representations and manipulate
them effectively.

Finally, one of the best-known studies has shown
that if subjects are asked to explain or draw how a device
(abicycle pump) works, information about the structural
components of the pump is more accurately learned and
presented in the visualization than in the verbal explana-
tion. No differences were found in responses on the func-
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tion and mechanics of this pump [38]. Furthermore, the
authors indicated that, according to the results of their
study, visualization still helps people with low spatial
abilities in learning, which is generally consistent with
the empirical evidence already accumulated in this area.
Thus, we can conclude that it is worth suggesting a stu-
dent draw a diagram in the process of mastering abstract
material if he or she has sufficiently low spatial abilities,
and also if we are talking about the structure, and not
about the functions of the phenomenon being studied.
Summing up, we can point to the potential applica-
tion of using hybrid representations, combining both
perceptual components and abstract amodal ones, in
an educational context. The very concept of hybrid
representations can be a clue to researchers seeking to
uncover the mechanisms that underlie the mediation of
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between modern cognitive research and the cultural-
historical approach. In particular, the studies described
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cultural tools in the form of visualizations (graphs or
diagrams), and in the form of a system of mathematical
symbols, affect learning processes.
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suggest to our perceptual system the best ways to as-
similate educational material, to local recommendations
for working with visualizations and verbal descriptions
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