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ABSTRACT
Advances in virtual reality (VR) technology have greatly benefited spatial navigation research. By presenting space in a
controlled manner, changing aspects of the environment one at a time or manipulating the gain from different sensory inputs,
the mechanisms underlying behaviour can be investigated. In parallel, a growing body of evidence suggests that the processes
involved in spatial navigation extend to non-spatial domains. Here, we leverage VR technology advances to test whether
participants can navigate abstract knowledge. We designed a two-dimensional quantity space - presented using a headmounted display - to test if participants can navigate abstract knowledge using a first-person perspective navigation paradigm.
To investigate the effect of physical movement, we divided participants into two groups: one walking and rotating on a motion
platform, the other group using a gamepad to move through the abstract space. We found that both groups learned to navigate
using a first-person perspective and formed accurate representations of the abstract space. Interestingly, exploratory behaviour
in the abstract space resembled behavioural patterns observed in spatial navigation studies. Notably, both groups demonstrated
similar patterns of learning. Taken together, these results imply that both self-movement and remote exploration can be used to
learn the relational mapping between abstract, non-spatial stimuli.

Introduction
Virtual reality (VR) technology has made great advances in recent years. The use of life-like graphics, head-mounted displays
(HMD) as well as omnidirectional motion platforms helps to create interactive environments in which participants behave
naturally and intuitively. Researchers on the other hand, remain in full control and can track participants’ behaviour in great
detail with advanced sensors. Consequently, VR has increasingly been used to study spatial navigation1 , social interaction2
and multisensory integration3 . It has also been used in therapeutic settings such as stroke rehabilitation4 , pain therapy5 or
phobia treatment6 . In all of these fields, researchers make use of the interactive nature of VR paradigms: participants are fully
immersed in a highly-controlled representation and interact with their environment in a safe yet realistic manner. They act from
a first-person perspective, which creates a sense of presence and makes the environment relevant and stimulating.
Interactiveness, as facilitated by using VR, is also the central research topic in embodied learning. Research suggests
that learning, even of abstract concepts or ideas, is aided by physically exploring them7–9 . This has not only been shown in
children, but also in adults10–12 and in a range of different tasks such as counting13, 14 , language15 , letter recognition16, 17 , music
concepts18 and understanding of physics19 . Interacting with a concept increases its relevance, and makes it literally “graspable”.
Interestingly, the effects of embodied learning have been shown on different levels of cognition that include passive viewing
of images20 , recognition memory21 and understanding of concepts18, 19, 22 . The extent to which the way of learning shapes
knowledge representation is still debated and may depend on the task at hand, but there are examples suggesting that the mode
of acquisition has a lasting influence on knowledge representation23, 24 . For example, even in educated adults, who no longer
use their fingers for counting, number representation is linked to their finger counting technique during early childhood14 .
Physically representing knowledge in an interactive manner could therefore serve as a transformative pedagogical approach that
extends beyond initial learning to influence how knowledge is maintained and retrieved.
One skill we naturally learn in an embodied fashion is spatial navigation. During navigation, we use multiple senses such as
vision, vestibular and motor feedback to find our way. However, the necessity of individual senses during navigation remains
debated, with several studies showing no differences in behaviour with varying amount of inputs25–27 while others show an
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effect on behavioural performance28–33 . The exact reason for the discrepancy in these studies is unclear, but the field generally
agrees that inputs from different senses are integrated34–36 . Especially in ambiguous situations, multi-sensory integration
reduces error and thus is particularly important when we are trying to navigate difficult terrain while keeping track of our point
of origin and destination.
This idea of keeping track of where we are, where we came from and where we are going entails the formation of a
representation of the environment, the so-called cognitive map as it was first introduced by Tolman37 . The cognitive map can
be used to flexibly guide behaviour to find known paths as well as unknown short-cuts. 70 years of investigating Tolman’s
claims has led to the identification of several core mechanisms for spatial navigation that span across species (for review38, 39 ).
Beyond classical spatial navigation theories, a growing body of research suggests spatial navigation mechanisms are
involved in processing more than physical space40–44 . This entails the formation of a cognitive map of abstract domains
organized in n-dimensions41 . For example, imagine a task for which you have to judge the similarity between animals. Given
an elephant, a rabbit and a seagull, depending on which dimensions you consider, you will probably reach different conclusions
about their similarity: seagulls and rabbits are more similar when you consider size of the animal, population number and habitat
range, while rabbits and elephants are more similar when you consider diet, noise-level and taxonomy. Flexibly accessing
knowledge and making decisions about similarity can thus be seen as estimating distances between points (animals) in a
high-dimensional space (animal features), similar to how you would judge the distance between the town hall and the train
station when you want to figure out how much time you will need to walk between the places.
Indications for abstract cognitive spaces have been observed in social45, 46 , semantic47 , frequency48 , odor49 , abstract50, 51
and musical52 domains. These studies had participants navigate between different positions in the space and form associations
with selected positions. The tasks used in these studies resemble physical space navigation in their dimensionality, but are
usually missing a first-person perspective. They typically rely on neuronal correlates such as place cells and hexadirectional
coding (both on a cellular level in rodents as well as in the fMRI proxy in humans).
What many of these studies are lacking is the first-person perspective resembling physical space navigation and the
interactiveness by which we typically explore our environment. When navigating physical space, it is proposed that egocentric
representations gained through a first-person perspective may be transformed to an allocentric reference frame to support
a viewpoint independent map-like representation53 . By creating an immersive abstract space that can be navigated from a
first-person perspective, we can measure similar transformations in an abstract environment. This would then afford a greater
comparison to the processing principles underlying physical navigation.
By combining findings from embodied learning with well-established behavioural patterns as present in spatial navigation,
we try to explore the idea of representing abstract knowledge in a map-like fashion that can be navigated using physical
movement. More concretely, we want to build on the idea that physical movement, via multi-sensory integration, limits
ambiguity and error in a difficult environment, which could be beneficial in abstract space navigation. Further, physical
exploration of a concept has been shown to improve performance in embodied learning research19 . We propose that a physically
navigable conceptual space should therefore help participants build up a mental representation, which in turn should lead to
better distance and direction estimations.
To test the idea, we created a 2-dimensional abstract quantity space (figure 1). This means participants saw quantities of 2
different geometric shapes: circles and rectangles. Each shape quantity defined the position along the respective axis of the
space, so that each set of quantities encoded a position. Participants could manipulate the quantities to move between positions.
To move in different directions, participants learned to connect a color-code to their facing direction in the space. We trained
participants extensively to use the color and the quantities to navigate through this conceptual space, and in the end, tested
their ability to estimate distances and angles between positions, an ability supported by map-like representations of space.
Critically, we were interested in two main questions: can participants learn to navigate such an abstract space using color as
directional and quantity as positional information? Second, are participants who navigate this space by physically exploring it
more accurate in their distance and angle estimations than those who use a gamepad? Participants were randomly assigned to
one of two groups. The movement group (MG) navigated the conceptual space by walking and rotating on an omni-directional
motion platform while visual feedback was provided in a head-mounted display. The gamepad group (GG) viewed the space
also using the head-mounted display and standing up, but the motion sensors were disabled, so that participants used a gamepad
for rotations and translations in the space. Both groups underwent extensive behavioural testing, with several different measures
to identify similarities and differences to physical space navigation. In what follows, we provide more detail about the task
(please see a video summary of the navigation paradigm in the supplementary material).

Methods
Participants
We used G*Power (3.1.9.2) to calculate the sample size per group aiming to achieve a power of 0.95 when using one-sided
t-tests, with an assumed medium effect size of 0.5. Sample size was determined to be 45 participants per group. To account
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Figure 1. Quantity space. a Allocentric representation of the two-dimensional space. The X-dimension is the quantity of
circles, and the Y-dimension the quantity of rectangles presented to the participant. When a participant moves forward, the
quantities of the items change. b We used color to encode view direction. The color-code ran between blue and red, with blue
indicating a decrease, red indicating an increase and purple indicating no change in quantity. For the X-dimension (circles) the
cosine of the view direction determined the color, and for the Y-dimension, the sine of the view direction determined the color.
While turning, the colors are continuously updated while the quantities stay stable. c Down-sampled (5 %) representation of the
first-person perspective when standing at the locations A, B and C, as presented in a and b. The participants only saw the space
from a first-person perspective, and had to navigate using the quantities of items for positional information and colors for
directional information. The triangles are filler items, so that each position always contained 400 items (in this example 20
items). Thus, visual complexity for the different positions was kept more stable. Triangles are dimension-specific: they share
the color of the dimension they are "filling-up". Consider the positions A, B and C. The distance between positions A and B
and positions C and B is identical. Yet, when disregarding color, positions A and B share 5 circles, 5 rectangles and 4 triangles,
while positions C and B share 5 circles, 2 rectangles and 10 triangles. The overlap between A-B is 14, while between C-B it is
17. This way we can assess the effect of visual similarity beyond distance. d Visual similarity given by item overlap for the
example in c. Because we are using three different geometrical shapes to represent two dimensions, visual similarity (how
many items are identical) between two positions differs according to the angle between them, if holding euclidean distance
constant. Consider the allocentric map in a. If you drew a circle around B, so that it goes through A and C, for each position on
the circle, the item overlap with B is given as a function of angle between B and the position on the circle. Positions A and B
are highlighted as examples.

for drop-out, 103 participants were recruited from the Trondheim community to participate in the study. Prior to the study,
participants provided their written consent and were screened for contraindications. The study followed all ethical and safety
standards in Norway and was approved by the Regional Committee for Medical Health and Research Ethics (2018/1310).
Participants were compensated for their time at a rate of 100 NOK per hour. Of the initial 103 participants, 5 were unable
to complete the task because of motion sickness or fatigue. An additional 7 were excluded due to difficulty understanding
the instructions and learning the task, and 1 participant was excluded due to participation in a related study. Therefore, 90
participants entered the analysis with 45 participants in each group (MG: 20 female, age range 20 - 34 years, mean age 25.2
years; GG: 23 female, age range 19 - 33 years, mean age 24.4 years). The MG was collected first, the GG afterwards so that
time point of sign-up for the study determined if a participant belonged to the MG or the GG.
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Figure 2. Tasks. a In the navigation training, participants were shown a goal position and were then asked to navigate to it.
When they thought they had reached the goal, they were instructed to press a button in order to receive feedback. b The
estimation task required participants to estimate the angle and the distance between two given positions. They were first shown
the goal position, then the start position. Then they were asked to turn in the direction of the goal. Finally, they used a slider to
indicate the relative distance between the two positions. The slider ranged from the identical position to the furthest position
possible. c Forced choice task to investigate visual similarity. Participants were shown three positions A, B and C at the same
time. They had 5 seconds to decide if B or C was closer to A. We tested positions close to the center of the quantity space. B
and C were positioned at different distances from A, so that there always was a correct choice. The angles between positions
A-B and A-C were chosen to maximize and minimize visual similarity according to the item overlap distribution described in
figure 1. This allowed us to assess if participants were influenced in their judgments by visual similarity over distance. The
upper combination (red) presents a trial in which visual similarity was aligned with the correct choice, while the lower
combination (purple) presents a trial in which visual similarity was misaligned with the correct choice. d Forced choice task for
dimensional bias. Here, we chose positions that were close to the maximum (upper right corner) or the minimum (lower left
corner) of item quantities, i.e. we showed positions with a lot of circles and rectangles, or positions with very few circles and
rectangles. By manipulating only one dimension in B and the other dimension in C, we tried to find a dimensional bias, i.e. if
participants found it easier to see the differences in the quantity of circles than that of rectangles or vice-versa.

Paradigm overview
The experimental paradigm consisted of a series of tasks on a desktop PC and in VR. Participants were first trained to use the
motion platform and remote control (MG) or use the gamepad (GG). They were then familiarized with the task space through
an interactive instructions task. Participants completed a pre-navigation forced choice test on a desktop PC. Afterwards, they
entered a navigation training task and completed a series of angle and distance estimations. They concluded the experiment by
4/17

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.17.208900; this version posted July 17, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

completing the post-navigation forced choice task. Next we will explain the quantity space, participants navigated. Then we
will elaborate the experimental set up as well as the tasks and analysis.
Quantity Space
Participants were asked to navigate a two-dimensional abstract quantity space. This space was defined by the amount of circles
and the amount of rectangles. Thus, a position in the space is defined as a point in a coordinate system defined by the number
of circles and the number of rectangles (see figure 1). Each shape axis spanned from 0 - 200 shape quantities which translates
directly into conceptual meters: quantity space dimension is 200 x 200 conceptual meters. To match each position in visual
complexity, we added triangles as filler shapes. This way each position had 400 items. The specific positions of the shapes was
randomized in the visual field. Hence, a location appeared slightly different each time it was visited.
To indicate heading direction, we applied a unique color code to each shape dimension and the placeholder shapes. The
color code ranged from red to blue, and all colors were matched in luminance. The color of the dimension 1 and dimension 2
shapes scaled with the cosine and sine of the heading angle respectively. It was balanced whether the circles or rectangles (and
their corresponding sets of placeholder shapes) were assigned dimension 1 or dimension 2 (see figure 1 b for an illustration).
Participants learned that if shapes were red (positive cosine or sine) and they moved forward, the quantity of this shape would
increase. If the shapes were blue (negative cosine or sine), the quantity would decrease. If the shapes were purple (cosine or
sine at zero), no change in the given shape quantity would occur. For an example of the color code, see the quantity space video
S1 in the supplementary information (also available in the OSF, see Additional information).
Experimental set-up
The virtual environment was programmed in Vizard (version 5.7, WorldViz LLC), a python-based VR software. To allow
participants to physically navigate the conceptual space, we employed a novel VR setup consisting of an omnidirectional
motion platform (Cyberith Virtualizer) and a head mounted display (Oculus Rift CV1). The HMD had a resolution of 1080
x 1200 pixels and a refresh rate of 90 Hz. In the motion platform, participants were secured in a harness. The harness was
attached to a rotatable ring, affording the ability to freely rotate. Participants wore low-friction overshoes which allowed them
to slide their feet across the baseplate as they stepped forward. The virtualizer generated a speed value from the sliding motion
across the baseplate. Orientation and speed were measured at 90 Hz.
In the MG, the motion platform was used to navigate the space. The speed and ring orientation readings controlled the
participant’s position, and the HMD orientation readings were used to update the angular color code. In the GG, an Xbox One
controller was used to navigate the space. The left stick on the controller determined the angular velocity while the right trigger
determined the translational velocity. The translational velocity for both the GG and MG was smoothed by 4 frames (0.044 s).
Tasks and Analysis
Participants completed three tasks including navigation training, distance and direction estimation as well as a two alternative
forced choice task. All tasks are described in detail in the following sections. See figure 2 for an illustration. All analysis
were calculated in Matlab R2019a or RStudio 1.2.5.0.33 with R-3.6.3. For all analysis the alpha-level was set to 0.05 unless
otherwise stated. We further use Bayes factor analysis and will follow the convention for Bayes factor cut-offs and interpretation
given in54, 55 .
Navigation Training

Participants performed a navigation training task in which they navigated between a start and a goal position (Fig. 2A). They
were cued with an image of the goal location at the beginning of each trial, and they were able to retrieve this image at any
point during the task. The shapes defining the goal were presented in black, as to not prime the participants with a color code.
Participants first completed a series of training trials, and later a set of testing trials. For the initial 5 training trials, participants
were notified when they were in range of 10 percent of the goal location. For the subsequent 3 training trials, participants
indicated when they reached the goal location with a button press. An error percentage was calculated by dividing the euclidean
distance from the response location to goal location by the maximum distance in the space. The error percentages were assigned
into 5% increments from 0 to 100%, with each error range corresponding to a point score. Feedback was provided out of
a maximum of 20 points, and displayed for 5 seconds. Along with the point value, a feedback message was shown to the
participant depending on the error percentage.
For all training trials, participants were given unlimited use of a hint button. The hint indicated the distance to the goal in
each dimension, and what color the participant should set the shapes. For the subsequent testing trials, the hint function was
disabled. Participants had to complete a minimum of 14 testing trials. If this minimum number was met, participants in the MG
continued until the time in the task reached 54 minutes. If the participants met the minimum number of testing trials in the GG,
they continued until they completed 28 trials. This was done in order to keep the mean number of trials consistent between
groups. All testing trials were self-paced and there was no time limit. Goal locations were distributed across the entire space
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and were at least 30 conceptual meters from the start position. The navigation was continuous, meaning participants used the
indicated goal location of the previous trial as the new starting position.
Mean movement speed for the MG was 9.004, se = 0.458, for the GG’s mean movement speed was 9.099, se = 0.039 .
The speed was calculated using all testing trials of the task. Each trial was broken into segments of continuous movement.
We excluded stationary periods and segments when the participant was viewing the goal or hint. If a distance of at least 10
conceptual meters was traveled within a segment, the mean velocity for the segment was calculated. This mean velocity was
then calculated across all valid segments for each participant, and finally among participants. One subject in the GG never
traveled a continuous 10 conceptual meters without pausing. This participant was therefore excluded from the calculation. We
did not exclude this participant from the study, as the participant was not an outlier in other analyses. Additional tasks such as
indicating responses and viewing messages were enabled by an Oculus Remote for the MG, and buttons on the Xbox One
controller for the GG.
To assess performance in the navigation task, we looked at three main variables: accuracy, path length and navigation
time. Accuracy was calculated by creating a random distribution of 1000 possible end-positions and calculating the proportion
of positions that are further away from the true goal than the indicated end-position. This was done for each trial and each
participant. An accuracy of 0.95 thus means that 95 percent of the random positions are further away and thus corresponds to
very high accuracy. Excess path length was calculated for each trial by subtracting the optimal path length from the taken path
length. This difference was normalized by dividing it by the optimal path length. Navigation time was the time participants
spent navigating, excluding goal retrievals and breaks from the trial time. General performance was assessed using t-tests
against chance for each group individually as well as non-paired two-sided t-tests to compare groups as implemented in R
(function t.test). As supporting evidence for group comparisons, Bayes factor analyses were conducted to reveal more detailed
information and hidden trends. Bayes factor analysis allows us to compare two models quantifying how much more evidence
we have for one model over the other. Here we compare the null model (there is no difference between groups) with the
alternative model (the groups differ). Thus we can also find evidence for equality of the groups, not just the absence of an effect.
We used the BayesFactor package in R with the ttestbf function. We adhere to standard Bayes factor interpretation and cut-offs
as given in54, 55 .
We hypothesised that, similarly to physical space findings41, 56 , accuracy in close proximity to boundaries would be higher
than for positions in the center. For this, we correlated distance to the border with accuracy for each participant and then tested
the correlation values on a group level against zero.
We assessed potential dimensional biases in goal perception by calculating the mean error in goal location for each
participant for each of the two dimensions: circles (C) and rectangles (R), and compared them on a group level with a paired
t-test.
We looked at learning during the navigation training by fitting general linear models (GLM) for each participant individually.
We then extracted the t-statistic for the regressor of interest for each participant. Since the t-statistic does not follow a normal
distribution, we used a sign-flipping permutation method to create a null-distribution. This entails randomly sign-flipping the
t-statistics and calculating the mean of the new distribution. This procedure was repeated 10000 times. The true mean of the
t-statisic distribution was then compared to the sign-flipped mean-distribution. We could then calculate the proportion of means
that are larger (or smaller) than our true mean, resulting in a p-value that we assessed using an α-level of 0.05.
Distance and Direction Estimation Task

After participants had completed the navigation training, we tested whether they preserved distance and directional relations
within the conceptual space (figure 2B). To this end, we asked participants to estimate the angle and distance between two cued
locations. The goal location was presented in the same manner as in navigation training task, and could be viewed a maximum
of 2 times with each view limited to 10 seconds. The first view occurred at the beginning of each trial, and the second view
could be used by the participant at any point. After the first view of the goal, participants were given the starting location. They
had to first estimate the angle between the two locations. Participants indicated what color the shapes should be by turning their
head in the correct direction (MG) or using the controls on the gamepad (GG). They indicated their response with a button
press, and the color of the shapes was locked for the remainder of the trial. Participants then estimated the temporal distance
between patterns by using a virtual slider. The slider was set on a scale from 0 seconds to the time it took the participant to
traverse the maximum distance in the space. The slider contained 29 increments from position 0 to position 28. For each
trial, the initial slider position was always set in the center. Participants completed 3 practice trials using randomly generated
locations. They then completed 36 testing trials. Trials evenly sampled locations separated by one of four distances (20-180
conceptual meters) and 9 directions (40 degree spacing). All test positions were at least 10 conceptual meters apart from each
other as well as from the axis limits in order to span the entire space. Testing trials were organized into 4 blocks of 9 trials. No
feedback was given in this task.
For the analysis, we correlated distance estimates with the true distances for each participant and tested the resulting
correlation values on a group level against 0. We then compared the two groups against each other, first with a traditional
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t-test and second with Bayes factor analysis to reveal possible trends in the data. Since the abstract space allows us to look at
distance and visual similarity between positions separately, we created linear regression models for each participant modelling
the estimated distance with the true distance and the visual similarity. Visual similarity was expressed by the inverse of the
normalized number of shared shapes between two positions. We standardized visual similarity by calculating visual similarity
between the center position and each position on a radius of 100 vm away from the center, then normalizing all values. We
thus created a "look-up" table for visual similarity as a function of angle, independent of distance. With the same permutation
method as described above, we compared the t-statistics for the two regressors.
We analysed the angles by calculating the mean absolute angular error over all 36 trials for each participant followed by a
t-test against chance (90 degrees) on a group level. We further compared groups with a t-test and Bayes Factor analysis to
elaborate on the results. Next we wanted to establish if the distance and/or the visual similarity between positions had an effect
on the angular error. Again we fitted a linear regression model for angular error for each participant, adding distance and visual
similarity as regressors.
Forced Choice Task

We designed a 2-alternative forced choice task to test for effects of visual similarity and dimensional bias on distance perception.
Participants completed this task both prior to the navigation training and at the conclusion of the experiment. With this method,
we could determine whether the effects of visual similarity and dimensional bias changed as a result of navigation training.
The forced choice test consisted of 216 testing trials with an additional 5 practice trials. Testing trials were organized into 4
blocks and each trial had a 5 second time limit. Between each testing trial, a message was flashed for 0.2 seconds indicating
either that the response was recorded or that the participant did not answer in the allotted time. Participants did not receive
feedback about their performance during testing trials. In the task, three locations were displayed: A, B, and C. Participants had
to choose which of the two locations (B or C) was closer to the goal (A). The goal was presented at the top center of the screen,
while the choice locations were presented in the lower left and right corners. Participants indicated their choice of B or C by
pressing the left and right arrows on a keyboard. The forced choice test was divided into 2 sub-tasks. One sub-task tested for a
dimensional bias among the shapes, while the other tested whether distance judgments scaled with the Euclidean distance or
the visual similarity between the presented locations. In both tasks, we also tested which distance differences participants could
accurately detect. The trials for both sub-tasks were intermixed and occurred in a random order.
To determine whether perception of closeness were affected by visual similarity beyond Euclidean distance between
positions, we sampled choices that were at directions maximally similar (135 degrees and 315 degrees) and maximally
dissimilar (45 degrees and 225 degrees) in terms of visual similarity. This is possible since the number of items shared between
two positions is not only dependent on the distance but also on the angle between positions (see figure 1d). The goal was placed
in the center of the space 90 to 100 conceptual meters away from the axis limits in each dimension. One choice was distorted by
10 conceptual meters in one similarity condition (similar or dissimilar) while the other choice was distorted by 60, 90, or 120
conceptual meters in the alternative similarity condition. Locations were presented in a color code corresponding to 45 degrees
or 225 degrees. In the visual similarity sub-task, we had 96 trials with 16 repetitions per each sampled distance condition.
Along with testing the effect of visual similarity, we tested for a bias of angular alignment and color priming. We aimed to
determine whether the directional color code that participants learned could prime them to choose a certain location. To test
this, we presented half of the trials in the dissimilar condition with a color code that was aligned with the correct answer’s true
direction, and the other half in a color code that was misaligned. This was only possible in the dissimilar condition because we
used color codes corresponding to 45 degrees and 225 degrees. Note that all three positions A, B, and C were always presented
in the same color code, to make it easier to focus on the shapes only.
We also tested if there was a dimensional bias among the quality dimension shapes. To this end, we sampled positions in the
lower left and upper right hand corner of the space where there was a dominance of placeholder and quality dimension shapes,
respectively. This dominance stems from the logic of our quantity space: in the upper right corner, both quantity dimensions
are near their upper limit, meaning participants saw a lot of circles and rectangles but only very few triangles. In the lower left
corner, both quantity dimensions were near their lower limit, with only very few circles and rectangles but a lot of triangles
present on the screen. Visually differences in very low quantities are more salient, we therefore hypothesised that a dimensional
bias would be accessible in these extreme cases. In this task, the goal was placed at a random location between 4 - 10 conceptual
meters away from each axis limit for either corner. The choices were each distorted from the goal in a different dimension. One
location was always distorted from A by 5 conceptual meters, while the other location was distorted from A by either 15, 30, or
55 conceptual meters in the alternate dimension. This created a layout in which one choice was always 10, 25, or 50 conceptual
meters closer to A than the alternate choice. The dimensional bias sub-task consisted of 120 trials with 60 repetitions for both
the upper and lower corner, and 10 repetitions per each of the 6 distance difference scenarios. The locations in this task were
presented in a color code corresponding to 135 degrees and 315 degrees, with a random jitter of 10 degrees in either direction.
Analysis was run in R using the anova_test function from the rstatix toolbox. To investigate the effect of visual similarity
we used the data from the first sub-task and ran a three-way mixed ANOVA with one between factor of group (MG or GG) and
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two within factors for time point (pre and post) and visual-similarity (high and low). We checked ANOVA assumptions for
outliers, normality and homogeneity, correcting for sphericity in our analysis. The exclusion of two potential outliers identified
in these assumption checks did not change the interpretation of the statistical analysis and we thus report statistics based on
data from all participants.
To investigate the effect of color priming, we looked only at trials in which the low-visual similarity option was the correct
choice. We again used a three-way mixed ANOVA with one between factor (group) and two within factors for time point and
alignment (aligned or misaligned with correct choice). Excluding outliers from the analysis did not affect the results.
For the second sub-task (the one investigating the possibility of a dimensional bias), we calculated a four-way mixed
ANOVA with one between factor of group (MG or GG) and three within factors of time point (pre- or post-training), shape
(circles or rectangles) and corner (lower left or upper right). Again, we identified extreme outliers that opposed ANOVA
assumptions of normality. Since excluding the outliers did not change the results, we decided not to exclude them from this
analysis.

Results
Navigation Training
General Performance

First, we assessed accuracy in the navigation training, to ensure participants had understood the task. Both groups performed
significantly above chance in indicating the goal location (chance-level = 0.5, meanMG = 0.8623, tMG = 33.6084, dfMG = 44, p
< 0.001, meanGG = 0.8641, tGG = 38.6638, dfGG = 44, p < 0.001) but did not differ from one another (t = 0.1266, df = 86.4404,
p = 0.8995). Bayes factor analysis revealed moderate evidence for the equality of the groups (BF10 = 0.2223). The mean
trial duration for the MG was 116 seconds differing significantly from trial durations of the GG with a mean of 89 seconds
(t = -3.3006, df = 81.792, p = 0.0014). The difference between groups is also strongly supported by Bayes factor analysis
(BF10 = 22.5455). Excess path lengths did not differ significantly between groups (t = -1.9457, df = 82.107, meanMG = 1.2594,
meanGG = 0.9517, p = 0.0551) with Bayes Factor analysis providing only anecdotal evidence against the null hypothesis (BF10
= 1.1476).
As has been found in physical space navigation56, 57 , we expect to find an effect of distance to the boundary, i.e. accuracy
should increase closer to the boundary. For both the MG and GG, we found significant negative correlations for distance to
boarder and accuracy (meanMG = -0.1929, tMG = -5.646, dfMG = 44, pMG = 1.115e-06 , meanGG = -0.2043, tGG = -7.2935, dfGG
= 44, pGG = 4.245e-09 ) but no difference between groups (t = 0.2586, df = 84.747, p = 0.7965). Participants in both groups thus
showed higher accuracy for goal positions at the borders than in the center, matching findings in physical space navigation.
Finally, we tested for a dimensional bias in the indicated goal location. A dimensional bias would mean, participants
perceive differences in quantities at different thresholds for the circle and the rectangle dimension. We found no significant
dimensional bias in the MG (meanC = 24.5346, stdC = 8.7333, meanR = 23.4573, stdR = 8.6842, t = -1.1111, df = 44, p =
0.2726) but found a significant bias in the GG, with lower error in the rectangle dimension than in the circle dimension (meanC
= 25.6617, stdC = 10.5541, meanR = 22.2035, stdR = 7.3661, t = -29786, df = 44, p = 0.0047). The dimensional bias in the GG
but not in the MG will be discussed below.
Learning

Here, we wanted to quantify participants’ learning behavior in the navigation training. Specifically, we looked for improvements
in navigation time, path lengths and accuracy. Navigation time and path lengths can be viewed as measures for efficiency and
certainty, accuracy as a measure of precision.
To assess learning over the course of the training periods, we predicted navigation times from trial numbers in participantspecific linear regression models (figure 3ab). Trial number negatively predicted navigation time in the MG (p = 0.0001, z
= 3.719) and the GG (p = 0.0001, z = 3.719). This indicates that participants became faster with more experience, thereby
demonstrating learning. When comparing both groups using a non-paired, two-sided t-test we found no significant difference (t
= -0.0377, df = 87.919, p = 0.97). Bayes Factor analysis provides moderate evidence for the equality of groups (BF10 = 0.2209).
Taken together, these results suggest both groups show an equal amount of improvement in their navigation durations.
Next, we predicted path lengths from optimal path lengths and trial numbers. We found that trial number negatively
explained path lengths for the MG (p = 0.0001, z = 3.719) but not for the GG (p = 0.0674, z = 1.495), suggesting that the
MG improved in finding the most direct path, while the GG did not improve. Testing for group differences in learning using
a non-paired two-sided t-test, we failed to see a difference (t = -1.9764, df = 87.865, p = 0.0512). In addition, using Bayes
factor analysis to elaborate on this trend we found only anecdotal evidence for a difference between groups (BF10 = 1.2086).
As shown in the general performance section, mean excess path lengths did not differ between groups. This suggests that
the absence of a learning effect in the GG was due to more accurate navigation in early trials, making it difficult to compare
learning effects.
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Figure 3. Navigation Training Results. a. Development of the navigation time over the duration of the experiment. Since
participants varied in the number of trials, we binned the trials in 10 bins for each participant and plotted the mean and standard
error of trial duration for each bin across all participants. Note that we did not conduct any tests on the binned data, the plots
are for visualization purposes only. b. t-statistics for each participant for predicting navigation time from trial number. Here,
we use raincloud plots58 that provide individual data points, box-plots with median marking as well as hinges indicating the
25th and 75th percentiles and a half-violin plot for a density distribution visualization.c,d Development of excess path length
over the duration of the experiment equivalent to navigation time plots in a and b respectively. e,f Development of accuracy
over the duration of the experiment, equivalent to the plots in a and b respectively. Green indicates participants from GG, blue
from the MG. Red dotted lines indicate chance level. See text for full statistics.

Lastly, we looked at accuracy scores, quantifying the precision with which participants navigated to target positions (see
Methods). Here, we modeled accuracy from trial numbers and observed no significant effect for either the MG (p = 0.6831, z =
-0.4764) or the GG (p = 0.2926, z = 0.5458). We next compared learning between groups, first using a non-paired, two-sided
t-test finding no significant difference (t = -0.7247, df = 87.314, p = 0.4706) and second using Bayes factor analysis (BF10 =
0.2782), revealing moderate evidence for the equality of groups. Accuracy thus remained stable over the experiment, which
was likely due to participants being allowed to look at the goal as often as they liked, where participants would match their
current position to the goal position.
Distance and Direction Estimation task
In the estimation task, participants judged the angle and distance between pairs of positions (36 trials), which allowed us to
probe their ability to plan goal-directed trajectories through the quantity space.
To test if participants could accurately estimate distances between a start and a goal location, we compared true distances
with their distance estimates and found significant positive correlations in both the MG (t = 16.083, df = 44, mean_r = 0.4968,
p < 0.001) and the GG (t = 19.288, df = 44, mean_r = 0.5353, p = 0.001). We then compared the two groups against each
other, finding no significant effect (t = 0.9269, df = 87.01, p = 0.3565), providing evidence, that both groups performed the
distance estimation task successfully but did not differ from one another. Bayes Factor analysis supports the absence of a
difference between groups (BF10 = 0.3221). Next, we wanted to assess factors that could drive distance estimates. We used
visual similarity and true distance to predict distance estimates and found that both distance (pMG = 0.0001, zMG = 3.719, pGG
= 0.0001, zGG = 3.719) and visual similarity (pMG = 0.0001, zMG = 3.719, pGG = 0.0001, zGG = 3.719) were significantly
contributing to participants’ estimates. See figure 4 for an illustration. This illustrates that both true distances as well as visual
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Figure 4. Distance and Direction Estimation task results. a Correlation of true and estimated distances. We find significant
positive correlations for both groups but no difference between groups. b Absolute Angular Error. We find low errors for both
groups, significantly below chance error level. c t-statistics from regression model for angular error for distance and visual
similarity. Regression models are fitted individually for participants, t-statistics are then compared in a permutation test. See
text for an exact explanation of the procedure). Angular errors are smaller with increased distance, but show no linear relation
to visual similarity. d T-statistics from regression model for distance estimation. Both visual similarity and distance influence
distance estimation in both groups. e Illustration of relationship between angular error and distance between positions. The
goal and start location had 4 different distances as indicated by the distance bins on the x-axis. Performance in the angle
estimation increased with increased distances. Green indicates participants from GG, blue from the MG. We use raincloud plots
to visualize individual data points, box plots with marks for median as well as 25th and 75th percentile percentiles and a
half-violin plot for a density distribution. Red dotted lines indicate chance level. See text for exact stats.

similarity affect judgement in this task.
In addition to estimating the distance of a given start position to a goal location, we asked participants to estimate the
direction to the goal location. By regarding both components we could assess the accuracy of the mental representation of the
abstract space. Both groups showed absolute angular errors smaller than expected from chance level behaviour (tMG = 17.599,
dfMG = 44, meanMG = 46.9936, pMG < 0.001, tGG = 16.64, dfGG = 44, meanGG = 48.9885, pGG < 0.001), showing they could
perform direction estimations with good accuracy. See figure 4 for illustrations. We further compared groups, but found no
significant difference (t = 0.5019, df = 87.175, p = 0.617). Using Bayes Factor analysis to elaborate on these results (BF01 =
0.2466), we found slightly lower angular errors for the MG than for the GG (see54 for conventions concerning Bayes Factor
interpretation). Next we tried to predict absolute angular error from distance and visual similarity and found distance to be a
significant predictor (pMG = 0.0001, zMG = 3.719, pGG = 0.0001, zGG = 3.719), while visual similarity was not a significant
predictor (pMG = 0.7814, zMG = -0.7769, pGG = 0.1637, zGG = 0.9794). See figue 4 for illustrations of these results. Direction
unlike distance perception was thus independent from visual similarity, but absolute angular error did scale with distance;
suggesting an integration of the two features.
Forced Choice Task
The forced choice task was performed both before and after the navigation training and estimation task. We therefore have two
time points: "pre" and "post". We further designed trials in two different ways, to test for effects of visual similarity and color
priming (sub-task one) and dimensional bias and symmetry of space (sub-task two, see methods).
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Figure 5. Results from the 45 degree forced choice task. a General performance split up by groups and time point: pre or post.
Mixed ANOVA revealed a main effect of time-point but not of group. b Main effect of visual similarity on performance. Violin
and bar plots contain data from both groups. Scatter plots in each condition are split into two columns: the first column for the
MG, the second for the GG. Note that they do have the same color. There was no main effect of group. Lines connect
individual measures. c Illustration of the absence of an effect of color priming in the data. As in b, the two columns of
identically colored scatter dots illustrate participants’ performance in the MG and GG respectively. Note that only trials in the
low-visual similarity condition were used in this analysis, therefore fewer trials factored into the analysis.

Effect of visual similarity

In this part of the forced choice paradigm, we chose positions B and C to be either aligned or misaligned with the visual
similarity distribution, to test if participants showed a bias towards choosing the visual similar choice even if this was not the
choice closer to the probe. Further, we aimed to investigate if a possible bias was reduced with training, i.e. participants learned
to base their choice more on distance than on visual similarity. We performed a three-way mixed ANOVA with one between
factor of group (PM or NPM) and two within factors for time point (Pre or Post) and visual similarity (high or low). We found
a main effect of time point (F = 19.974, p = 2.33e-05 ) and of similarity (F = 356.811, p = 1.03e-32 ) providing evidence that
performance increased after training and that high-visual similarity affects distance judgements. We observed no effect of group
(F = 0.015, p = 0.902) and no interactions. See figure 5 for an illustration and supplementary table S1 for the full ANOVA table.
Participants thus showed a visual similarity bias, which was not reduced after training.
Next we used only half of the trials (those in the low-visual similarity condition) to assess an effect for color priming or
angle priming. We hypothesised that if the color applied (color encodes direction) is aligned with the angle between AB or
AC, the aligned position may be a more likely choice. We again used a three-way mixed ANOVA with one between factor
(group) and two within factors for time point and alignment (aligned or misaligned with correct choice). We found no main
effect of alignment (F = 0.125, p = 0.725), group (F = 0.067, p = 0.796) nor any interaction effects (supplementary table S2).
We again found the main effect of time point (F = 10.1369, p = 0.002). We could therefore not find any evidence for color
priming induced by learning.
Effect of dimensional bias

In the 90 degree task of the forced choice paradigm, we compared biases participants may have for the two dimensions defined
by the rectangles and circles. A dimensional bias would entail, that differences in quantities may be more accurately perceived
in either the circle or the rectangle dimension. Therefore, we chose position B to differ from A only in one dimension, position
C differed from A in the other. Further, we tested positions in the upper right and lower left corner of the space to determine if
participants’ performance changed when they had to rely on the filler items instead of the circle and rectangle dimensions and if
there was a systematic difference in performance in these corners of the space. Positions in the upper right corner, we defined
by very high amounts of circles and rectangles (low amounts of fillers), positions in the lower left, by very low amounts of
circles and rectangles (high amounts of fillers). We calculated a four-way mixed ANOVA with one between factor of group
(MG or GG) and three within factors of time point (pre or post), shape (circles or rectangles) and corner (lower left or upper
right). We found a main effect of time point (F = 59.989, p = 1.53e-11 ), which suggest learning, and a main effect of shape (F
= 7.69, p = 7.00e-03 ) which suggests a dimensional bias. We found no other main or interaction effects (see supplementary
table S3). In post-hoc analyses, we computed pair-wise comparisons between all subgroups looking for an effect of shape to
understand the dimensional bias. We found a significant effect of shape only in the upper-right corner in both pre (p = 0.017)
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Figure 6. 90 degree forced choice task. a General performance in the 90 degree task split into MG and GG as well as pre and
post. We found a main effect of time point, but no group effect. b Illustration of dimensional bias analysis. Box plots and violin
plots contain the data from both groups, scatter points are split into two columns: on the left MG on the right GG. We found a
slight advantage for rectangles (R) over circles (C) but no interaction effects and no main effect of group. c Illustration of
performance in the lower left (LL) and upper right (UR) corner of the space in pre and post. Corners of the space refer to the
positions in the quantity space in a Cartesian coordinate system: lower left as low values both along the X- and Y-dimension
(few circles and rectangles) while upper right refers to high values in the X- and Y-dimension (many circles and rectangles).
Again, density and bar plots contain data from both groups while scatter points are organised in columns (MG on the left, GG
on the right). We found a main effect of time point but no other effects.

and post (p = 0.034) for the GG; however, this does not survive correction for multiple post-hoc tests (supplementary table S4).
Since we find the subtle dimensional bias in pre in the GG but not in the MG, our experimental manipulation cannot explain the
dimensional bias. See figure 6 for an illustration.

Discussion
In this study, we created a first-person view abstract space navigation task. In creating this task, we closely matched aspects of
physical space, such as the number of dimensions, mode of navigation and informational content. Our aim was to establish a
new paradigm that combines both theories of cognitive spaces and embodied learning: an abstract space that uses first-person
navigation, contains both positional as well as directional information, can be learned by physical exploration and can easily be
extended.
We used the paradigm to investigate a key question of the field: If we build up cognitive maps of any type of knowledge,
and if physical interaction enhances learning, can we navigate an abstract space in the same manner we navigate the real world?
Furthermore, does physical movement improve learning?
Our results suggest that participants can learn the representation of an abstract environment both through physical navigation
and through the use of a gamepad. We find trial durations shortening over time in the navigation task as well as accurate
performance in angle and distance judgements. Participants demonstrate learning in the forced-choice task with increased
performance after navigation training. We did not, however, find strong differences between groups, suggesting that our
embodied learning manipulation did not aid in the facilitation of an accurate representation of the space.
Along with observing learning in the three subtasks, we found certain biases that resemble navigational biases during spatial
exploration of the physical world. For example, in both the navigation training and forced choice task, we found that estimation
of position was more accurate near the borders than in the center of the space. This is consistent with findings from studies
testing positional memory during in navigation paradigms56, 57 .
Additionally, in the angle estimation task, visual similarity did not explain angular error, but the larger the distance between
two positions the smaller the angular error. Participants thus made smaller errors in the angle estimation when the distances
between positions were large. This is not surprising since the differences in the quantities are more apparent when positions
are far apart. In typical spatial navigation research, this can be easily explained when researchers consider the visual angle
also known as the angular size of a goal location: an object that is far away from you has a smaller visual angle on your retina
than an object that is close to you. In our task, the same rules apply, when we take into account that participants do not have
a dot-like representation of the individual positions but rather a field-like representation. This is evident in the perceptual
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thresholds of a position in the space (see forced choice paradigm). Estimating the exact angle to the goal thus becomes more
difficult if the goal is close to you, compared to when it is far away.
In this study, we show that participants can navigate an abstract space in the same manner they navigate physical space,
even showing similar behavioural biases. But, what are the implications of such a paradigm? For one, navigation is a well
trained, intuitive behaviour. Here we show that it can be applied to the acquisition of knowledge beyond the layout of a physical
space. This opens up a new avenue of learning techniques: providing abstract information in a spatial manner, that in turn
can be physically navigated. Imagine for example, learning about history in a virtual environment with different locations on
the x axis and time on the y axis. By walking through the space students can experience the connection between events in an
interactive way. Going back and forth between places and time.
Spatial learning strategies are already established in the field of memorization: the method of loci uses an imagined mind
palace, in which the to be remembered information is placed in different rooms. When the knowledge needs to be recollected,
participants imagine navigating through their mind palace visiting the positions at which they previously placed the items.
This memorization strategy has shown to be very effective59 not only in imagination60 but also in combination with a virtual
environment61 .
Language also uses several spatial metaphors to describe abstract relationships. “You couldn’t be further from the truth”, “A
comes before B”, “It is close to midnight’, are examples of spatial language that describes non-spatial content. These types of
metaphors have been shown to shape the way we think62 pointing at the inherent link of how we learn and how knowledge is
represented in our brain63 .
We constantly learn new, complicated concepts and making use of spatial representations with advanced VR techniques
provides an enticing opportunity. Beyond the possibilities for learning, our paradigm could be useful for investigations of
knowledge representations: do we represent knowledge in a spatial manner and do we use mechanisms from spatial navigation
to access and manipulate non-spatial information? One interesting part of spatial navigation is the flexibility of switching
between allocentric and egocentric reference frames. Relations or distances between landmarks and other positions in the space
are preserved in both allocentric and egocentric maps63 . In our study, we find evidence for such a preservation of relations
between positions well as the integration of directional information and distances. This suggests that participants do acquire a
cognitive map of the quantity space, even when they only use a first-person perspective to navigate the space. The paradigm
itself is easily extendable with another dimension or additional “rooms” (by adding a new kind of shape, once one dimension is
at its maximum). We could also include landmarks, obstacles, or distortions to test the limits of abstract cognitive maps.
Why was there no clear difference between groups? We had hypothesised that participants in MG would show clear
differences in performance to GG, since they used physical movement to navigate and thus had multiple senses providing
information that could be integrated and potentially reduce error.
One possibility is that our task provided too much information: path integration and multi-sensory integration was not
necessary, since all information of position and direction was constantly available in the current view. Visual accessibility has
been pointed out as a factor that renders the necessity of physical movement for accurate formation of a cognitive map30 . Our
space was therefore easily solvable. Still we found perceptual (visual) biases in performance that could have been reduced after
embodied learning. Here it is possible that effects of our group manipulation are only detectable with more training distributed
over multiple days.
Further differences in performance may only be evident on a longer time-scale: Johnson-Glenberg et al (2016)64 , trained
students in physics concepts by varying the degree of embodied learning in the knowledge acquisition. They found that
performance in a physics test right after training did not differ between groups but when they tested the students again one week
later they found a significant effect of embodiedness: the higher the level of embodiment at encoding the better the retention of
the knowledge. For future studies that use embodied learning approaches we would therefore recommend post-tests to assess
retention of knowledge gained.
In our task, we are careful not to rule out an effect of embodied learning due to the limitations our set-up. The motion
platform recordings could be noisy, and this resulted in less smooth navigation. Participants further were more exhausted using
the motion platform. The movement on the motion platform deviated from a natural walking motion in that the participants had
to slide their feet across the sensors and lean into the harness. This resulted in slower and more effortful navigation. These
effects may account for the finding that MG exhibited longer trial durations despite having similar path lengths. We also found
a dimensional bias in the GG but not in the MG, both in the navigation training as well as in the forced-choice task. Since this
bias was already present in the pre-training forced choice task, at which point the group manipulation had not yet begun, we
can unfortunately not explain the bias, since it seems to be a coincidental effect, not based on our experimental manipulation.
Our finding that an abstract space can be navigated both with and in the absence of physical movement introduces future
questions. One potential direction is to investigate how training over a longer duration could elicit an effect of embodied
learning. Furthermore, it could be of interest to adapt this into an imaging study in an effort to understand the neuronal correlates
of our behavioural measures. The use of a map-like representation of knowledge could also be interesting for research in
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generalization and transfer of knowledge41, 42 . For example, do we transfer relationships between items made in one space into
another? Both the method of loci, as well as spatial language of metaphors point to space as a useful tool to understanding
and remembering complicated relations40, 62 . We suggest that intuitive spatial behaviour paired with constantly improving VR
technology could be a useful tool for learning.
In conclusion, our paradigm shows that first-person navigation of abstract spaces is possible, using not only button presses
but also physical movement. Participants are able to flexibly use color and quantities as directional and positional information.
Such a paradigm can be used to assess the usefulness of multi-sensory integration in form of embodied learning (potentially on
a longer time-scale)8 , landmark- and boundary-based navigation in abstract spaces46 (i.e. prototyping), short-cuts, inferences
and transferability of knowledge between different cognitive spaces. Physical exploration of an environment is an intuitive and
already well trained task. Presenting knowledge in a map like-fashion that can be explored thus poses an interesting opportunity
for teaching as a new "learning strategy": walking and creating connections between objects in an abstract space.

References
1. Diersch, N. & Wolbers, T. The potential of virtual reality for spatial navigation research across the adult lifespan. J. Exp.
Biol. 222, DOI: 10.1242/jeb.187252 (2019).
2. Pan, X. & Hamilton, A. F. d. C. Why and how to use virtual reality to study human social interaction: The challenges of
exploring a new research landscape. Br. J. Psychol. 109, 395–417, DOI: 10.1111/BJOP.12290@10.1111/(ISSN)2044-8295.
EFPAEUROPEANSEMESTEROFPSYCHOLOGYVI (2018).
3. Valori, I. et al. Proprioceptive accuracy in Immersive Virtual Reality: A developmental perspective. PLOS ONE 15,
e0222253, DOI: 10.1371/journal.pone.0222253 (2020).
4. de Rooij, I. J., van de Port, I. G. & Meijer, J.-W. G. Effect of Virtual Reality Training on Balance and Gait Ability in
Patients With Stroke: Systematic Review and Meta-Analysis. Phys. Ther. 96, 1905–1918, DOI: 10.2522/ptj.20160054
(2016).
5. Matamala-Gomez, M. et al. Immersive Virtual Reality and Virtual Embodiment for Pain Relief. Front. Hum. Neurosci. 13,
279, DOI: 10.3389/fnhum.2019.00279 (2019).
6. Botella, C., Fernández-Álvarez, J., Guillén, V., García-Palacios, A. & Baños, R. Recent Progress in Virtual Reality Exposure
Therapy for Phobias: A Systematic Review. Curr. Psychiatry Reports 19, 1–13, DOI: 10.1007/s11920-017-0788-4 (2017).
7. Zona, C. I., Raab, M. & Fischer, M. H. Embodied Perspectives on Behavioral Cognitive Enhancement. J. Cogn.
Enhancement 3, 144–160, DOI: 10.1007/s41465-018-0102-3 (2019).
8. Barsalou, L. W., Simmons, W. K., Barbey, A. K. & Wilson, C. D. Grounding conceptual knowledge in modality-specific
systems. Trends Cogn. Sci. 7, 84–91, DOI: 10.1016/S1364-6613(02)00029-3 (2003).
9. Niedenthal, P. M. Embodying emotion. Science 316, 1002–1005, DOI: 10.1126/science.1136930 (2007).
10. Skulmowski, A. & Rey, G. D. Embodied learning: introducing a taxonomy based on bodily engagement and task integration.
Cogn. Res. Princ. Implic. 3, 6, DOI: 10.1186/s41235-018-0092-9 (2018).
11. Kiefer, M. & Pulvermüller, F. Conceptual representations in mind and brain: Theoretical developments, current evidence
and future directions. Cortex 48, 805–825, DOI: 10.1016/j.cortex.2011.04.006 (2012).
12. de Koning, B. B. & Tabbers, H. K. Facilitating Understanding of Movements in Dynamic Visualizations: An Embodied
Perspective. Educ. Psychol. Rev. 23, 501–521, DOI: 10.1007/s10648-011-9173-8 (2011).
13. Bender, A. & Beller, S. Nature and culture of finger counting: Diversity and representational effects of an embodied
cognitive tool. Cognition 124, 156–182, DOI: 10.1016/j.cognition.2012.05.005 (2012).
14. Domahs, F., Moeller, K., Huber, S., Willmes, K. & Nuerk, H. C. Embodied numerosity: Implicit hand-based representations
influence symbolic number processing across cultures. Cognition 116, 251–266, DOI: 10.1016/j.cognition.2010.05.007
(2010).
15. Pulvermüller, F. How neurons make meaning: Brain mechanisms for embodied and abstract-symbolic semantics. Trends
Cogn. Sci. 17, 458–470, DOI: 10.1016/j.tics.2013.06.004 (2013).
16. Mangen, A. & Velay, J.-L. Digitizing literacy: reflections on the haptics of writing. Adv. haptics 385–401 (2010).
17. Mayer, C. et al. Literacy Training of Kindergarten Children With Pencil, Keyboard or Tablet Stylus: The Influence of
the Writing Tool on Reading and Writing Performance at the Letter and Word Level. Front. Psychol. 10, 3054, DOI:
10.3389/fpsyg.2019.03054 (2020).
14/17

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.17.208900; this version posted July 17, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

18. Bakker, S., Van Den Hoven, E. & Antle, A. N. MoSo tangibles: Evaluating embodied learning. In Proceedings of the
5th International Conference on Tangible Embedded and Embodied Interaction, TEI’11, 85–92, DOI: 10.1145/1935701.
1935720 (ACM Press, New York, New York, USA, 2011).
19. Kontra, C., Lyons, D. J., Fischer, S. M. & Beilock, S. L. Physical Experience Enhances Science Learning. Psychol. Sci. 26,
737–749, DOI: 10.1177/0956797615569355 (2015).
20. Martin, A. The Representation of Object Concepts in the Brain. Annu. Rev. Psychol. 58, 25–45, DOI: 10.1146/annurev.
psych.57.102904.190143 (2007).
21. Longcamp, M. et al. Learning through hand- or typewriting influences visual recognition of new graphic shapes: Behavioral
and functional imaging evidence. J. Cogn. Neurosci. 20, 802–815, DOI: 10.1162/jocn.2008.20504 (2008).
22. Beilock, S. L., Lyons, I. M., Mattarella-Micke, A., Nusbaum, H. C. & Small, S. L. Sports experience changes the neural
processing of action language. Proc. Natl. Acad. Sci. United States Am. 105, 13269–13273, DOI: 10.1073/pnas.0803424105
(2008).
23. Lakoff, G. Explaining Embodied Cognition Results. Top. Cogn. Sci. 4, 773–785, DOI: 10.1111/j.1756-8765.2012.01222.x
(2012).
24. Garbarini, F. & Adenzato, M. At the root of embodied cognition: Cognitive science meets neurophysiology. Brain Cogn.
56, 100–106, DOI: 10.1016/j.bandc.2004.06.003 (2004).
25. Huffman, D. J. & Ekstrom, A. D. A Modality-Independent Network Underlies the Retrieval of Large-Scale Spatial
Environments in the Human Brain. Neuron 104, 611–622, DOI: 10.1016/j.neuron.2019.08.012 (2019).
26. Kober, S. E., Kurzmann, J. & Neuper, C. Cortical correlate of spatial presence in 2D and 3D interactive virtual reality: An
EEG study. Int. J. Psychophysiol. 83, 365–374, DOI: 10.1016/j.ijpsycho.2011.12.003 (2012).
27. Riecke, B. E., Cunningham, D. W. & Bülthoff, H. H. Spatial updating in virtual reality: The sufficiency of visual
information. Psychol. Res. 71, 298–313, DOI: 10.1007/s00426-006-0085-z (2007).
28. Waller, D., Loomis, J. M. & Haun, D. B. Body-based senses enhance knowledge of directions in large-scale environments.
Psychon. Bull. Rev. 11, 157–163, DOI: 10.3758/BF03206476 (2004).
29. Witmer, B. G. & Kline, P. B. Judging perceived and traversed distance in virtual environments. Presence: Teleoperators
Virtual Environ. 7, 144–167, DOI: 10.1162/105474698565640 (1998).
30. Ruddle, R. A., Volkova, E. & BüLthoff, H. H. Walking improves your cognitive map in environments that are large-scale
and large in extent. ACM Transactions on Comput. Interact. 18, 1–20, DOI: 10.1145/1970378.1970384 (2011).
31. Ruddle, R. A. & Lessels, S. Humans require full physical movement. Psychol. Sci. 17, 460–465, DOI: 10.1111/j.1467-9280.
2006.01728.x (2006).
32. Ragan, E. D., Sowndararajan, A., Kopper, R. & Bowman, D. The effects of higher levels of immersion on procedure
memorization performance and implications for educational virtual environments. Presence: Teleoperators Virtual Environ.
19, 527–543, DOI: 10.1162/pres{_}a{_}00016 (2010).
33. van der Ham, I. J. M., Faber, A. M. E., Venselaar, M., van Kreveld, M. J. & Löffler, M. Ecological validity of virtual
environments to assess human navigation ability. Front. Psychol. 6, 637, DOI: 10.3389/fpsyg.2015.00637 (2015).
34. Butler, J. S., Smith, S. T., Campos, J. L. & Bülthoff, H. H. Bayesian integration of visual and vestibular signals for heading.
J. Vis. 10, 1–13, DOI: 10.1167/10.11.23 (2010).
35. Campos, J. L., Butler, J. S. & Bülthoff, H. H. Multisensory integration in the estimation of walked distances. Exp. Brain
Res. 218, 551–565, DOI: 10.1007/s00221-012-3048-1 (2012).
36. Tcheang, L., Bülthoff, H. H. & Burgess, N. Visual influence on path integration in darkness indicates a multimodal
representation of large-scale space. Proc. Natl. Acad. Sci. United States Am. 108, 1152–1157, DOI: 10.1073/pnas.
1011843108 (2011).
37. Tolman, E. C. Cognitive maps in rats and men. Psychol. Rev. 55, 189–208, DOI: 10.1037/h0061626 (1948).
38. McNaughton, B. L., Battaglia, F. P., Jensen, O., Moser, E. I. & Moser, M. B. Path integration and the neural basis of the
’cognitive map’. Nat. Rev. Neurosci. 7, 663–678, DOI: 10.1038/nrn1932 (2006).
39. Moser, E. I., Moser, M. B. & McNaughton, B. L. Spatial representation in the hippocampal formation: A history. Nat.
Neurosci. 20, 1448–1464, DOI: 10.1038/nn.4653 (2017).
40. Tversky, B. Levels and structure of spatial knowledge. Cogn. mapping: Past, present future 24–43 (2000).
15/17

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.17.208900; this version posted July 17, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

41. Bellmund, J. L. S., Gärdenfors, P., Moser, E. I. & Doeller, C. F. Navigating cognition: Spatial codes for human thinking.
Science 362, DOI: 10.1126/science.aat6766 (2018).
42. Behrens, T. E. et al. What Is a Cognitive Map? Organizing Knowledge for Flexible Behavior. Neuron 100, 490–509, DOI:
10.1016/j.neuron.2018.10.002 (2018).
43. Schiller, D. et al. Memory and space: Towards an understanding of the cognitive map. J. Neurosci. 35, 13904–13911, DOI:
10.1523/JNEUROSCI.2618-15.2015 (2015).
44. Kaplan, R., Schuck, N. W. & Doeller, C. F. The Role of Mental Maps in Decision-Making, DOI: 10.1016/j.tins.2017.03.002
(2017).
45. Tavares, R. M. et al. A Map for Social Navigation in the Human Brain. Neuron 87, 231–243, DOI: 10.1016/j.neuron.2015.
06.011 (2015).
46. Kaplan, R. & Friston, K. J. Entorhinal transformations in abstract frames of reference. PLoS Biol. 17, DOI: 10.1371/
journal.pbio.3000230 (2019).
47. Viganò, S. & Piazza, M. Distance and direction codes underlie navigation of a novel semantic space in the human brain.
The J. Neurosci. 1849–19, DOI: 10.1523/JNEUROSCI.1849-19.2020 (2020).
48. Aronov, D., Nevers, R. & Tank, D. W. Mapping of a non-spatial dimension by the hippocampal-entorhinal circuit. Nature
543, 719–722, DOI: 10.1038/nature21692 (2017).
49. Bao, X. et al. Grid-like Neural Representations Support Olfactory Navigation of a Two-Dimensional Odor Space. Neuron
102, 1066–1075, DOI: 10.1016/j.neuron.2019.03.034 (2019).
50. Constantinescu, A. O., O’Reilly, J. X. & Behrens, T. E. Organizing conceptual knowledge in humans with a gridlike code.
Science 352, 1464–1468, DOI: 10.1126/science.aaf0941 (2016).
51. Theves, S., Fernandez, G. & Doeller, C. F. The Hippocampus Encodes Distances in Multidimensional Feature Space. Curr.
Biol. 29, 1226–1231, DOI: 10.1016/j.cub.2019.02.035 (2019).
52. Teki, S. et al. Navigating the auditory scene: An expert role for the hippocampus. J. Neurosci. 32, 12251–12257, DOI:
10.1523/JNEUROSCI.0082-12.2012 (2012).
53. Wang, C., Chen, X. & Knierim, J. J. Egocentric and allocentric representations of space in the rodent brain. Curr. Opin.
Neurobiol. 60, 12–20, DOI: 10.1016/j.conb.2019.11.005 (2020).
54. Beard, E., Dienes, Z., Muirhead, C. & West, R. Using Bayes factors for testing hypotheses about intervention effectiveness
in addictions research. Addiction 111, 2230–2247, DOI: 10.1111/add.13501 (2016).
55. Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D. & Iverson, G. Bayesian t tests for accepting and rejecting the null
hypothesis. Psychon. Bull. Rev. 16, 225–237, DOI: 10.3758/PBR.16.2.225 (2009).
56. Lee, S. A. et al. Electrophysiological signatures of spatial boundaries in the human subiculum. J. Neurosci. 38, 3265–3272,
DOI: 10.1523/JNEUROSCI.3216-17.2018 (2018).
57. Bellmund, J. L. S. et al. Deforming the metric of cognitive maps distorts memory. Nat. Hum. Behav. 4, 177–188, DOI:
10.1038/s41562-019-0767-3 (2020).
58. Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R. & Kievit, R. A. Raincloud plots: A multi-platform tool for robust
data visualization [version 1; peer review: 2 approved]. Wellcome Open Res. 4, DOI: 10.12688/wellcomeopenres.15191.1
(2019).
59. Dresler, M. et al. Mnemonic Training Reshapes Brain Networks to Support Superior Memory. Neuron 93, 1227–1235,
DOI: 10.1016/j.neuron.2017.02.003 (2017).
60. McCabe, J. A. Location, Location, Location! Demonstrating the Mnemonic Benefit of the Method of Loci. Teach. Psychol.
42, 169–173, DOI: 10.1177/0098628315573143 (2015).
61. Reggente, N., Essoe, J. K. Y., Baek, H. Y. & Rissman, J. The Method of Loci in Virtual Reality: Explicit Binding of
Objects to Spatial Contexts Enhances Subsequent Memory Recall. J. Cogn. Enhancement 4, 12–30, DOI: 10.1007/
s41465-019-00141-8 (2020).
62. Boroditsky, L. & Ramscar, M. The Roles of Body and Mind in Abstract Thought. Psychol. Sci. 13, 185–189, DOI:
10.1111/1467-9280.00434 (2002).
63. Bottini, R. & Doeller, C. F. Knowledge Across Reference Frames: Cognitive Maps and Image Spaces. Trends Cogn. Sci. 0,
DOI: 10.1016/j.tics.2020.05.008 (2020).
16/17

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.17.208900; this version posted July 17, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

64. Johnson-Glenberg, M. C., Megowan-Romanowicz, C., Birchfield, D. A. & Savio-Ramos, C. Effects of Embodied
Learning and Digital Platform on the Retention of Physics Content: Centripetal Force. Front. Psychol. 7, 1819, DOI:
10.3389/fpsyg.2016.01819 (2016).

Acknowledgements
C.D.’s research is supported by the Max Planck Society; the Kavli Foundation; the European Research Council (ERC-CoG
GEOCOG 724836), the Centre of Excellence scheme of the Research Council of Norway – Centre for Neural Computation
(223262/F50), The Egil and Pauline Braathen and Fred Kavli Centre for Cortical Microcircuits, and the National Infrastructure
scheme of the Research Council of Norway – NORBRAIN (197467/F50).

Author contributions statement
N.S. programmed the task and collected the data. D.K. analysed the results and wrote the first draft of the manuscript. D.K.,
J.B. and C.D. originally designed the study and its hypothesis. R.K., J.B. and C.D. supervised the work. All authors contributed
to the final version of the manuscript.

Additional information
Accession codes Data and code is available at: https://osf.io/nvu4t/
Competing interests The authors declare no competing interests.

17/17

