Psychonomic Bulletin & Review (2026) 33:235
https://doi.org/10.3758/s13423-026-03001-7

BRIEF REPORT q

Check for
updates

How are woodworking and baking represented as we walk
from the workshop to the kitchen? Virtual reality environment
modulates the representation of corresponding actions

Leon O. H. Kroczek' © - Michael RoidI? - Angelika Lingnau?® - Marius Zimmermann?

Received: 7 January 2026 / Accepted: 11 August 2026
© The Author(s) 2026

Abstract

The recognition of actions presented as static photographs has been suggested to be modulated by the scene context—or
image background —in which an action is presented, particularly for actions that are hard to recognize. This suggests scene
context as an important feature when retrieving action representations, and poses the question whether scene context directly
modulates the representational space of actions. Therefore, in this preregistered virtual reality (VR) study, we investigated
in a group of N=24 healthy participants how scene context by means of the (virtual) environment affects the representation
of actions that do or do not correspond to the current environment. Participants performed multi-arrangement tasks on a set
of kitchen and workshop actions while the virtual environment was manipulated to represent either a kitchen, workshop or
neutral environment. Representational structure was estimated from the multi-arrangement tasks separately for each virtual
environment and action domain (kitchen, workshop). Results showed increased consistency of the representation of kitchen
actions over participants when the task was performed in a congruent (i.e., kitchen) compared with an incongruent (i.e.,
workshop) or neutral virtual environment, however, the same effect was not observed for workshop actions. Representational
structure, however, was not affected by the environment. In accordance with previous studies on representational changes
in domain-specific experts within various action and object domains the results suggest that an agent’s environment may
modulate the action space for corresponding actions by increasing robustness of represented familiar actions. These findings
contribute to our understanding of contextual effects on mental representations within the domain of actions and beyond.
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Introduction

Actions of a particular category are often associated with
specific environments: food is prepared in kitchens, teach-
ing is done in classrooms, and furniture is constructed in
workshops. Accordingly, previous studies have shown that
an incongruent scene context interferes with action recogni-
tion (Wurm & Schubotz, 2012), and that compatible contexts
facilitate the recognition of actions that are hard to recognize
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(Wurm & Schubotz, 2017). In these studies, the compat-
ibility between actions and scene context was manipulated
by static images depicting actions presented in a random
order, with the scene context depicted in the background. By
contrast, in everyday life, we observe actions belonging to
related events (e.g., preparing a meal) unfolding within our
environment, and we are assumed to have access to scripts
regarding likely sequences of actions (Zacks & Swallow,
2007). Accordingly, the scene context (e.g., a kitchen) is
already available before an action is observed and may there-
fore exert state-like effects on the processing and representa-
tion of actions observed within that context. This raises the
question of whether and how the representational space of
actions is modified when participants are exposed to a spe-
cific scene context by means of virtual reality.

A growing number of studies suggest that actions are rep-
resented in multidimensional action spaces where similar
actions are located close to each other (Kabulska & Lingnau,
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2023; Lingnau & Downing, 2024; Thornton & Tamir, 2022;
Tucciarelli et al., 2019; Zhuang & Lingnau, 2022) and form
clusters corresponding to superordinate action categories
(Zhuang & Lingnau, 2022). Previous studies focussed on
static aspects of action spaces; however, both experimental
and theoretical accounts suggest that action spaces might in
fact be modulated at varying timescales (e.g., via category-
based attention to actions; Danaj et al., 2026; Lingnau &
Downing, 2024; see also Gérdenfors, 2004) or long-term
experience within particular action domains (Schack, 2004;
Schack & Mechsner, 2006). As such, representations of
actions are considered to follow similar principles as rep-
resentations of objects (Hebart et al., 2020; Rosch et al.,
1976). Specifically, the representational space of objects has
been shown to be modulated by explicit shifts in attention
(Chapman & Stormer, 2024; Cukur et al., 2013; Shahdloo
et al., 2022; see also Nastase et al., 2017, for modulations of
semantic feature representations), and by long-term exper-
tise (Duyck et al., 2021; Martens et al., 2018). Moreover,
context effects have been described for the recognition and
decoding accuracy of objects both at the picture level (e.g.,
Brandman & Peelen, 2017; Davenport & Potter, 2004; Let-
icevscaia et al., 2024; see also Bar, 2004) as well as within
augmented reality enhanced real-life environments (Nicholls
et al., 2025). Taken together, these studies suggest extensive
interactions between processing of different visually per-
ceived entities.

Short-term, state-like changes in scene context, for exam-
ple those elicited by moving from one environment to another
(e.g., from the kitchen to the classroom), might thus affect
the representational space of actions. Here, two potential
effects will be considered. First, the action space might be
reshaped—in particular, compressed or extended along one
or more dimensions—thereby increasing sensitivity among
one group of actions at the cost of sensitivity between other
actions, comparable to attention-driven effects on action and
object spaces (Chapman & Stormer, 2024; Lingnau & Down-
ing, 2024; Shahdloo et al., 2022). Second, the representa-
tion of context relevant actions within the action space might
become more robust to individual differences between action
exemplars, possibly due to increased attention to relevant
action features. Long-term expertise within a given (object)
domain has been suggested to affect object representational
spaces in similar ways, driven by intensive training and con-
ceptual knowledge that is shared among experts (Duyck et al.,
2021; Martens et al., 2018). Both mutually not exclusive pro-
cesses would tune the agent towards facilitated processing
of actions that are likely to occur within their surroundings.

In this preregistered study, participants performed
multi-arrangement tasks on a set of kitchen and workshop
actions while being situated in virtual environments repre-
senting kitchens, workshops or neutral rooms. Temporary
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modulations of action spaces as measured by modulated
pairwise dissimilarities and increased within-group con-
sistency of representational dissimilarity matrices were
expected benefiting the subset of actions that corresponds
to the (virtual) environment. Whereas previous studies
focussed either on static aspects of representational spaces
of actions, or on stimuli specific scene context effects on
action recognition, here we focussed on effects of the
scene context on the representation of actions. Specifi-
cally, we investigated whether scene context has tempo-
rary, state-like effects on these representations. To this
aim, we made use of virtual reality (VR) to manipulate
the scene context. Contrary to conventional screen-based
paradigms, VR allows to present stimuli embedded within
immersive, interactive 3D environments while maintaining
a high level of experimental control (Bohil et al., 2011).
Consequently, VR can be used to study behaviour and
cognition in naturalistic contexts close to the real world
(Schone et al., 2023).

Methods
Preregistration and open science

This study was preregistered at OSF (https://osf.io/cze2h).
The preregistered procedures were followed without
changes. When additional (not preregistered) analyses
were performed, this is indicated below. Specifically, we
added a comparison of between-environment correlations
with within-environment correlations as an investigation of
structural similarity, based on previous work by Duyck et al.
(2021) and Op de Beeck et al. (2008). We also added addi-
tional measures pertaining to changes in the representational
space as described below.

All scripts used for data processing and analysis, as well
as the raw and preprocessed data, excluding virtual reality
scenarios (due to licensing limitations) are provided via OSF
(https://osf.io/my92n).

Participants

Twenty-four healthy participants (16 women, eight men)
aged 20-33 years (mean+SD =24.0+3.16) took part in
the study for course credit. Sample size was determined
based on previous studies comparing object representations
in experts versus nonexperts using between-subject designs
(Duyck et al., 2021). Participants were recruited at the Uni-
versity of Regensburg. All participants provided written
informed consent for inclusion in the study before participa-
tion. The study was approved by the local ethics committee
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(project code 19—1510-101) and conducted in accordance
with the Declaration of Helsinki.

Stimuli

For each action domain (kitchen actions, workshop
actions), 15 representative actions were selected. To obtain
the list of actions, first, we combined actions included in
the work by Wurm and Schubotz (2012) with an unspeci-
fied number of actions created in ChatGPT (using prompts:
provide a list of typical actions that are performed in a
kitchen; provide a list of typical workshop actions; GPT-
3.5; OpenAl, San Francisco, CA, USA). From these action
lists, the authors (M.R. and M.Z.) selected actions that
they subjectively deemed both plausible and representative
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Fig.1 Actions stimuli and ratings. Set of kitchen (Rows 1-3) and
workshop (Rows 4-6) actions and descriptive labels (labels were not
provided to participants). For each action, one exemplar is shown.
Red bars (left) indicate average familiarity, green bars (right) indicate

Clean vegetables

"~ Chisel

for the respective context, and that could likely be recog-
nized from static images. The final list of actions is pre-
sented in Fig. 1, along with scores for familiarity (i.e.,
knowing the purpose of the action) and frequency of use
for each action, rated by an independent group of 50 bach-
elor students in psychology from the same university after
data analysis of the main study (see Supplementary Mate-
rial S1 for a full report). For each action, three exemplar
pictures were collected from a license free image database
(freepik). For each image, selection criteria were that (1)
the content of the image is focused on the action, (2) the
action is (spatially) presented within the central portion of
the image, (3) the background is visible/not blurred, natu-
ral and action-congruent, and (4) pictures are in landscape
format. Example images for all actions are shown in Fig. 1.

B Familiarity
M Frequency of use

average frequency of use, as rated by an independent group of par-
ticipants on a 5-point Likert scale (see Supplementary material S1 for
details). (Colour figure online)
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Virtual environments

Three virtual environment rooms were used in the current
experiment: a kitchen, a workshop, and a neutral (empty)
room (Fig. 2). For the kitchen, the “Modular Kitchen” by
“AndresAlv” (https://www.fab.com/listings/6f2d572d-ccOb-
445d-a7a6-38c43c79398f) was used; for the workshop, we
used the “Survival Workshop Garage” by “Tirgames Assets”
(https://www.fab.com/listings/25def53d-f463-4b54-be8a-
11e5ade3bac8). Both virtual rooms were equipped with vir-
tual furniture and context specific objects and decorations
from the respective packages and modelled to fit the local
lab setup (see below). For the neutral condition, an in-house
empty virtual room was used, which was dimensioned after
common offices at the University of Regensburg.

The virtual environments were presented in 3D via a
CAVE system (Cave automatic virtual environment) with a
size of 3.6 mx2.4 mx2.5 m (LXW xH) and five projection
planes surrounding the participant (front, left, right, back,
and floor, BARCO F50 WQX6A projectors with a resolu-
tion of 2560 by 1600 pixels; Barco, Karlsruhe, Germany).
Participants wore 3D shutter glasses with attached motion
tracker targets (Advance Realtime Tracking GmbH, Weil-
heim in Oberbayern, Germany). VR was rendered using the
Unreal 4 game engine (Version 4.27, Epic Games Inc., Cary,
NC, USA) in a cluster of ten computers (i7-4790 k, GeForce
1080, 16 GB RAM).

Multi-arrangement task and procedures

Participants were asked to perform a multi-arrangement
task (Kriegeskorte & Mur, 2012) with two sets of stimuli,
kitchen actions and workshop actions (see Stimuli; Fig. 1),
in three virtual environments: a kitchen, a workshop, and a
neutral (empty) room (see Virtual Environments; Fig. 2). In
this task, participants were asked to arrange images depict-
ing actions by their perceived similarity in a (virtual) arena.
No specific instructions were given regarding the criterion
used for the arrangement, following the procedures of previ-
ous studies (e.g., Kriegeskorte & Mur, 2012). The task was

A Kitchen B Workshop.
tim = 4
| =
- b :

Fig.2 Virtual reality environments. Each image shows a screenshot
of the virtual environments: A Kitchen, B Workshop, C neutral,
empty room. In the lab environment, a table, where participants per-
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presented on a 22-inch monitor which was physically located
on a table in the centre of the CAVE system (1,680 x 1,050
px, 60 Hz; distance approx. 40 cm; Fig. 3A).

Before starting the multi-arrangement task, participants
were given two minutes to familiarize themselves with the
virtual room and its interior while roaming around freely
in the virtual room. Instructions were given through prere-
corded spoken instructions, including a prerecorded 2-min
silent period, and concluded with the instruction to initiate
the task. The instruction was as follows:

“Please take a moment to familiarise yourself with the
entire virtual room and try to memorise its details.
After the sorting task that follows, there may be a ques-
tionnaire asking about details of the room. [2 minutes
silence] You may now sit down at the table and begin
the sorting task.”

The multi-arrangement task followed the procedures
outlined by Kriegeskorte and Mur (2012) and was admin-
istered in Meadows (meadows-research.com). During the
first trial, the full set of basic level actions, 15 kitchen and
15 workshop actions (see Fig. 1 for a full list), were pre-
sented in a circular arrangement on the screen. For each
action, one of the three exemplars was chosen at random per
virtual context, without replacement (i.e., exemplars were
not repeated in different virtual contexts). Participants were
asked to arrange the action images by drag and drop using
a computer mouse (Fig. 3). Once they completed the initial
arrangement, they could advance to the next trial. In each
following trial, a subset of the stimuli was selected using an
adaptive algorithm that aims to optimize evidence for dis-
similarity estimates, until sufficient evidence was gathered
(see Kriegeskorte & Mur, 2012, for details; evidence utility
exponent = 10, min. required evidence weight=0.5). At this
point, the participant was informed that the task was com-
pleted, and participants were guided out of the VR environ-
ment. Outside, participants were asked to complete a mem-
ory task and fill in an immersion questionnaire (see below).
This procedure was completed three times, until the task
was performed in all virtual contexts. The order of virtual

C Neutral

formed the multi-arrangement task, was placed in the centre of the
virtual room (cf. Figure 3 A). (Colour figure online)
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Fig.3 Virtual reality lab setup and multi-arrangement task. A The
physical setup within the virtual reality lab (CAVE System). Partici-
pants were seated at a table in the centre of the virtual reality room
(here: the workshop; see Fig. 2 for all examples), performing a multi
arrangement task on a computer screen. Participants wore 3D shutter
glasses with motion tracking allowing to render the virtual room in
accordance with the participants’ position and head direction during

environments was counterbalanced across participants. The
total experiment lasted approx. 60 min.

Questionnaires

Following each VR run, participants were asked to complete
a short memory task in which they were presented with a list
of five (German) object names (kitchen environment: apple,
cutting board, window, pot, salad bowl; workshop environ-
ment: cardboard, ladder, vacuum cleaner, paint bucket, ham-
mer), and asked to indicate whether these items were present
or absent in the VR environment (i.e., within the modelled
environment, not in the stimulus set presented during the
multi-arrangement task). This task was intended to draw the
participants’ attention towards the virtual environment. No
memory task was completed following the neutral VR envi-
ronment given that no objects besides a table were present
in the room (see Fig. 2C), and the room acted as a baseline.

Additionally, participants completed the physical pres-
ence subdomain of the multimodal presence scale (MPS;
Makransky et al., 2017) to measure their subjective feel-
ing of presence for each virtual environment. A one-way
analysis of variance (ANOVA) indicated significant differ-
ences between virtual environments, F(1.59, 36.51)=4.37,
p=.027, np2=.160; Greenhouse—Geisser corrected); how-
ever, post hoc comparisons using a Tukey HSD test did
not reveal significant pairwise differences between kitchen
(13.63 +4.52), workshop (15.04 +4.19) and neutral envi-
ronment (12.83 +4.56; all p values >.05). At the end of
the experiment, participants were asked to indicate physi-
cal sickness symptoms using the simulator sickness ques-
tionnaire (Kennedy et al., 1993). None of the participants

the entire time inside the CAVE environment (not shown here). Note
that the picture of the CAVE environment only shows a 2D reproduc-
tion of the 3D environment that was presented to the participants via
shutter glasses. B Detail of the screen setup during the multi arrange-
ment task, using the meadows online platform (meadows-research.
com). (Colour figure online)

indicated increased simulator sickness (range: 1-15;
mean + SD: 5.5 +3.74; threshold: 20; Stanney et al., 1997).

Planned analyses

For each run of the multi-arrangement task, we estimated the
representational dissimilarity matrix (RDM) including all
30 basic level actions (15 kitchen and 15 workshop actions)
using inverse multidimensional scaling (Kriegeskorte
& Mur, 2012) and then divided them by action domain.
Accordingly, we obtained six RDMs per participant, for
each combination of virtual environment and action domain.

First, we computed the average distance per participant
between action pairs for each of the six RDMs, providing
a general measure for the dissimilarity between all actions
within an action-domain during a given virtual context.
These average distances were analysed using a two-way
repeated-measure ANOVA with factors action domain
(kitchen actions, workshop actions) and virtual environment
(VR kitchen, VR workshop, VR neutral).

Next, we computed leave-one-out correlations for each
combination of virtual environment and action domain as
a measure of consistency (cf. Duyck et al., 2021; Op de
Beeck et al., 2008). Specifically, for each combination of
action domain and virtual environment, the upper trian-
gle of the RDM for each individual participant was cor-
related with the upper triangle of the average RDM over
all other participants, using Spearman rank correlations.
These correlation values were Fisher z transformed and
analysed using a two-way repeated-measure ANOVA with
factors action domain (kitchen actions, workshop actions)
and virtual environment (VR kitchen, VR workshop, VR
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neutral). Additionally, we computed between-environment
leave-one-participant-out correlations between virtual envi-
ronment pairs (kitchen—workshop, kitchen—neutral, work-
shop—neutral), and compared these, using one-sample 7 tests,
to a reference value corresponding to the mean between the
corresponding within-environment leave-one-participant-
out correlations (Duyck et al., 2021; not preregistered). This
comparison reveals significant differences in the similarity
structure given that the within-environment correlations pro-
vide a ceiling level for between-environment correlations
(Op de Beeck et al., 2008).

For each run, the number of correctly remembered items was
counted and compared using one-way repeated-measure ANO-
VAs. Moreover, we measured subjective immersion with each
virtual environment using the physical presence subdimension
of the multimodal presence scale (Makransky et al., 2017).

All analyses were performed in MATLAB 2025a (The
MathWorks, Natick, MA, USA). Alpha level was set to p <.05.
Significant effects were followed up with post hoc multiple
comparisons using the Tukey HSD test. Mauchly’s Tests of
Sphericity indicated no violations of sphericity for the RDM
measures (correlation and distance; all p values >.10), but for
the MPS test scores (p =.036; accordingly, Greenhouse—Geis-
ser correction was applied in the comparison). One-sample
Kolmogorov—Smirnov tests indicated no violation of normal-
ity for any of the RDM measures (correlation and distance)
or MPS scores (all p values>.10). A sensitivity analysis
(G*Power 3.1.9.6; F test with repeated measures, within fac-
tors; Faul et al., 2007) indicated that the study design and sam-
ple size had 80% power to detect effects of virtual environment
on representational consistency of at least f=.25 (95% power
to detect effects of at least f=.32), and on average representa-
tional distance of at least f=.21 (95% for f=.26), suggesting
that moderate effects could reliably be detected.

Results

Expansion and compression of representational
space

We computed the average (not normalized) distance between
all action pairs, separately for kitchen and workshop actions,
in each virtual environment (Fig. 4A). A two-way repeated-
measures ANOVA indicated no significant main effects
of action domain, F(1,23)=0.26, p=.615, n,>=.011, and
virtual environment, F(2,46)=0.68, p=.511, np2 =0.029,
and no interaction, F(2,46)=1.24, p=.298, np2 =.051. This
indicates no evidence for a modulation of the action space
in terms of expansion or compression.

Given that there are currently no standards for anal-
yses quantifying the expansion and compression of
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representational spaces, we repeated the analysis with other
measures (not preregistered), including average distance fol-
lowing nonclassical two-dimensional scaling of the dissimi-
larity scores (using mdscale, Euclidean distance) and cluster
extent (avg. distance of all items to centroid) in kmeans clus-
tering within a single cluster per action type. None of these
measures resulted in significant interaction effects, further
indicating no evidence for a modulation of the action space
as a function of virtual environment.

Consistency

To estimate consistency of representational spaces over par-
ticipants, we computed leave-one-out correlations between
participants for each action domain and virtual environment
(Fig. 4B). A two-way repeated-measures ANOVA indicated
a significant interaction between action domain and virtual
environment, F(2,46)=5.61, p=.007, np2 =.196. Moreover,
the ANOVA revealed a significant main effect of both action
domain, F(1,23)=238.68, p<.001, npz =.627, and virtual
environment, F(2,46)=6.24, p=.004, np2 =.213.

Post hoc comparisons using the Tukey HSD test indi-
cated that kitchen actions were arranged significantly more
consistent across participants than workshop actions (within
kitchen environment: p <.001; within workshop environ-
ment: p=.049; within neutral environment: p =.006), in line
with the main effect of action domain. Further post hoc com-
parisons using the Tukey HSD test indicated that the consist-
ency difference between kitchen and workshop actions was
larger in the kitchen environment than the workshop envi-
ronment (p <.001) and the neutral environment (p =.001),
and smaller in the workshop environment than the neutral
environment (p =.002). Accordingly, kitchen actions were
significantly affected by virtual environment, F(2,46)=7.83,
p=.001, np2=.254, whereas workshop actions were not sig-
nificantly affected by virtual environment, F(2,46)=0.56,
p=.576, np2 =.024. This indicates increased consistency over
participants for kitchen actions within the kitchen environ-
ment compared to workshop and neutral environments.

Next, we calculated pairwise between-environment cor-
relations (not preregistered; cf. Duyck et al., 2021) and
compared these to within-environment correlations. Signifi-
cantly lower between-environment correlations compared
to a reference value that lies in between the corresponding
within-environment correlations (i.e., consistency measures;
computed as the square root of the product of the respec-
tive within-environment correlations) would indicate that
the representational structures differ between the respective
environments (see Duyck et al., 2021; Op de Beeck et al.,
2008). The between-environment correlations for all envi-
ronment pairs (kitchen—workshop, kitchen—neutral, work-
shop—neutral) did not differ significantly from the respec-
tive reference values (all p values >.10), indicating that the
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Fig.4 Representational similarity and consistency and dissimilar-
ity matrices. A Average dissimilarity between action pairs by virtual
environment and action domain. B Within-group consistency of rep-
resentational dissimilarity. Raincloud plots created using Allen et al.
(2021). Dots represent individual data points. C Group average rep-

representational structure of both kitchen and workshop
actions was qualitatively similar in all virtual environments.

Processing of virtual environments

Processing of virtual environments was tested in a memory
task probing participants’ memory for items presented in
each scene. Accuracy was higher for the kitchen environment
(95.0£8.66%; mean + SD) compared to the workshop environ-
ment (78.3 £15.18%), F(1,23)=22.12, p<.001. It should be
noted that this difference might be due to different number of

VR Workshop
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Action type

Kitchen actions
Workshop actions
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within-group leave-one-out correlation
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VR Condition

VR Neutral
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resentational dissimilarity matrices by virtual environment. Order of
actions is based on agglomerative hierarchal clustering in the neutral
VR condition, using the average method for computing distances
between clusters. (Colour figure online)

objects within the VR environments, which was larger for the
workshop environment.

Discussion

In this study we investigated how action representations
are affected by the environment in which an agent is situ-
ated. In contrast to previous studies investigating context
effects at the picture level (Wurm & Schubotz, 2012,
2017), here we manipulated the actual (albeit virtual)
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environment, rather than the background of an action
image itself. We made use of VR to create the impression
of being in different environments. We observed that the
virtual environment does affect the consistency of the rep-
resentational space of actions across participants in some,
but not in other environments. Specifically, the represen-
tation of kitchen actions was affected by the presence in
a (virtual) kitchen compared with a different (neutral or
incongruent) environment, however, the same was not the
case for the representation of workshop actions. At the
same time, we did not observe structural changes in repre-
sentational spaces in response to the environment.
Previous studies investigating the role of scene con-
text on the perception of actions focussed on recognition
performance, for example, by manipulating whether an
action is presented within a congruent or incongruent
scene (Wurm & Schubotz, 2012, 2017). These studies have
shown that the (stimulus specific) scene context directly
influences, at least in ambiguous situations, how fast and
accurately individual actions are perceived. Other studies
have shown that scene features, such as whether an action
typically takes place outdoors, are associated with specific
action categories and explain variability in the category-
based structure of action categories (Kabulska & Ling-
nau, 2023). Moreover, it has been shown that contextual
scene features are represented in the cerebral cortex during
action recognition (Kabulska et al., 2024; Zimmermann
& Lingnau, 2025). Finally, in data driven approaches the
environment (nature/outdoor) has been proposed to form
a distinct dimension within a presumed multidimensional
space in which actions are represented (Bockes et al.,
2025; Dima et al., 2023). Taken together, these studies
suggest that actions are not recognized, and likely repre-
sented, in isolation, but in interaction with the environ-
ment in which they take place. That said, previous studies
investigating representational spaces of actions focused
on static aspects of these spaces (Bockes et al., 2025;
Dima et al., 2023; Kabulska & Lingnau, 2023; Thornton
& Tamir, 2022; Tucciarelli et al., 2019). The current study
went one step further, by manipulating the environmental
context in which an agent is situated while estimating the
representational space of actions. The idea behind this
manipulation is that, in everyday life, we are aware of our
own environment which only changes at a slow rate—for
example, as we move from one room to another—and
we perceive actions within this environment. Under the
assumption that the representational space of actions can
be modulated by experience, attention and possibly other
factors (Lingnau & Downing, 2024), we would expect a
shift in representational space through the manipulation of
an agent’s environment. We observed such a change when
participants were situated in a virtual kitchen with respect
to representation of kitchen actions, however, we did not
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observe the same effect with representations of workshop
actions in a virtual workshop environment.

Whereas we did not directly observe a change in repre-
sentational structure between virtual environments, such as
a zooming or distortion of representational space (cf. Chap-
man & Stormer, 2024; Lingnau & Downing, 2024), we did
observe an increase in interindividual consistency of the
representational space of kitchen actions when processed
in a virtual kitchen environment. Specifically, the represen-
tational space of kitchen actions of independent individuals
became more alike when these were situated in virtual kitch-
ens, compared with when they were situated in virtual work-
shops or neutral rooms. Interindividual alignment of mental
representational spaces has previously been observed within
various expert groups, specifically, in ornithologists with
respect to the representation of birds and minerals in respec-
tive experts (Duyck et al., 2021; Martens et al., 2018), and
expert tennis players with respect to tennis serves (Schack,
2004; Schack & Mechsner, 2006) and ballet dancers (Blis-
ing & Schack, 2012). In these studies, long term experience
likely shaped the representational space specific to a trained
expertise—in our study, short-term changes in the (virtual)
environment had comparable consequences. However, why
would the representational space of ‘kitchen actions’ be
affected by entering a kitchen, but not the representational
space of ‘workshop actions’ by entering a workshop? We do
not suggest that moving to a different environment makes
you an expert for this environment—however, given that
the population from which our participants were recruited
(Western, educated, industrialized, rich, and democratic)
presumably is fairly familiar with most kitchen actions that
were presented in the current study (cf. Figure 1 for ratings
of familiarity and frequency of use of each of these actions,
obtained from a comparable participant group, supporting
this post hoc explanation), it should be safe to suggest that
our participants are “kitchen experts” to some extent. By
“entering” a kitchen, then, this expertise dynamically mod-
ulated the representational space of kitchen actions into a
more structured and robust action space, where representa-
tions of kitchen actions are more invariant to individual dif-
ferences between action exemplars. We speculate that these
temporary modulations of the representational space are due
to increased attention towards critical action features that are
shared between actions of the same type, thereby reducing
variance between concrete instances of these actions. Conse-
quently, each action within this space could be located more
precisely, resulting in interindividually more similar action
spaces (see also Duyck et al., 2021). Workshop actions, in
contrast, might not be represented to the same extent and
detail as kitchen actions due to differences in the exposure to
and experience with kitchen and workshop actions, reducing
or eliminating this effect. This explanation would fit with
previous observations of domain-specific expertise effects in
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object representation (Martens et al., 2018). However, differ-
ences in terms of familiarity and frequency of use between
actions belonging to different action domains might have
limited their comparability. Future studies could instead
include actions and environments from two equally familiar
domains. Moreover, since participants’ experience was not
assessed individually, this interpretation must be treated with
care, and future studies are required that further investigate
this hypothesis. Additionally, it needs to be shown that dif-
ferent exemplars of the same action are placed more consist-
ently also within participants by including multiple varying
exemplars per action within the same (virtual) environment.

Regarding the lack of measurable changes in represen-
tational structure between virtual environments, it has been
suggested that attention and experience, or other factors,
can distort the representational space through expansion or
compression of specific areas within the space (Chapman &
Stormer, 2024; Lingnau & Downing, 2024). Accordingly,
for the current study, we expected that the representational
space of actions from a given domain would be expanded in
the corresponding environment, and/or that the representa-
tional space of actions would be compressed in the incon-
gruent environment. However, neither effect was observed
in our data, despite the change in interindividual consistency
discussed above—suggesting that the overall structure of the
representational space remained unchanged. This interpreta-
tion is further supported by the comparison of between-con-
text correlations with reference values based on the within-
context correlations, indicating that actions are arranged in a
similar manner in all contexts (see also Duyck et al., 2021).

Taken together, here we observed that, in some situa-
tions, a change in (virtual) environment affects the inter-
individual consistency of the representational space of
actions that fit within the environment, but not in others.
These changes reflect what has been observed in experts
with domain-specific knowledge regarding objects or actions
(Blasing & Schack, 2012; Calvo-Merino et al., 2005; Col-
lins & Behrmann, 2020; Duyck et al., 2021; Martens et al.,
2018; Schack, 2004; Schack & Mechsner, 2006), and sug-
gest that the representational space of corresponding actions
becomes more robust, provided an individual is knowledge-
able about an action domain. To confirm our interpretation
that changes in the environment affect the representational
space of familiar actions, future studies should investigate
both, additional environments and action domains, as well
as levels of domain-knowledge. Would we, for example, see
an effect on workshop actions when including a group of
carpenters rather than predominantly students of psychol-
ogy? And do the differences between experience scale from
novices to hobby-users to professional users?

Future work should continue exploiting and discussing
the benefits of immersive VR, because it allows for con-
trolled and systematic manipulations of environmental and

action-related features. This makes it possible to examine
how environmental context shapes action representations in
a detailed and ecologically valid way that traditional labo-
ratory-based approaches cannot achieve.

Conclusion

By exploiting the benefits of VR, we provided evidence
suggesting that changing the environment in which we are
situated may modulate the representational space of cor-
responding actions if a person is familiar with the action
domain. Actions that are likely to occur within an envi-
ronment are represented more consistent over individuals,
indicating increased robustness of these representations.
These results extend previous findings on scene-action
compatibility using conventional screen-based paradigms,
which showed facilitated recognition of actions in compat-
ible scenes. Using an immersive VR paradigm that places
participants in a 3D scene, our work suggests that scene
context not only facilitates action recognition but may
be exploited to actively prepare the brain for upcoming
events, in particular observed actions, as we explore our
spatial environment. These findings could also broaden
our understanding of the mental representations of actions,
suggesting that representations of actions are not static
entities, but subject to temporary changes governed by our
environment and possibly additional variable properties.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.3758/s13423-026-03001-7.

Acknowledgements We would like to thank Prof. Dr. Andreas Miih-
Iberger for access to the VR lab at the Department of Clinical Psychol-
ogy and Psychotherapy, University of Regensburg. We would like to
thank Andreas Ruider for his technical support and advice during the
preparation of the VR setup.

Funding M.Z. was supported by the Academic Research Sabbatical
Program at the University of Regensburg. Open Access funding ena-

bled and organized by Projekt DEAL.

Data availability The data for the experiment are available at OSF:
https://osf.io/my92n.

Code availability The code for the experiment is available at OSF:
https://osf.io/my92n.

Declarations
Ethics approval The study was approved by the local ethics commit-
tee at the University of Regensburg (project code 19-1510-101) and

conducted in accordance with the Declaration of Helsinki.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication Not applicable.

@ Springer


https://doi.org/10.3758/s13423-026-03001-7
https://osf.io/my92n
https://osf.io/my92n

235 Page 10 of 11

Psychonomic Bulletin & Review (2026) 33:235

Open practices statement The data and materials for the experiment
are available at OSF (https://osf.io/my92n). The study was preregis-
tered (https://osf.io/cze2h).

Conflicts of interest The authors have no completing interests to de-
clare that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R., Van Langen, J.,
& Kievit, R. A. (2021). Raincloud plots: A multi-platform tool for
robust data visualization. Wellcome Open Research, 4(63). https://
doi.org/10.12688/wellcomeopenres.15191.2

Bar, M. (2004). Visual objects in context. Nature Reviews Neurosci-
ence, 5(8), 617-629. https://doi.org/10.1038/nrn1476

Bldsing, B., & Schack, T. (2012). Mental representation of spatial move-
ment parameters in dance. Spatial Cognition & Computation,
12(2/3), 111-132. https://doi.org/10.1080/13875868.2011.626095

Bockes, A., Hebart, M. N., & Lingnau, A. (2025). Revealing key
dimensions underlying the recognition of dynamic human actions.
Communications Psychology, 3(1), 149. https://doi.org/10.1038/
s44271-025-00338-y

Bohil, C.J., Alicea, B., & Biocca, F. A. (2011). Virtual reality in neu-
roscience research and therapy. Nature Reviews Neuroscience,
12(12), 752-762. https://doi.org/10.1038/nrn3122

Brandman, T., & Peelen, M. V. (2017). Interaction between scene and
object processing revealed by human fMRI and MEG decoding.
Journal of Neuroscience, 37(32), 7700-7710. https://doi.org/10.
1523/JNEUROSCI.0582-17.2017

Calvo-Merino, B., Glaser, D. E., Grezes, J., Passingham, R. E., & Hag-
gard, P. (2005). Action observation and acquired motor skills:
An FMRI study with expert dancers. Cerebral Cortex, 15(8),
1243-1249. https://doi.org/10.1093/cercor/bhi007

Chapman, A. F., & Stormer, V. S. (2024). Representational structures
as a unifying framework for attention. Trends in Cognitive Sci-
ences, 28(5), 416-427. https://doi.org/10.1016/].tics.2024.01.002

Collins, E., & Behrmann, M. (2020). Exemplar learning reveals the
representational origins of expert category perception. Proceed-
ings of the National Academy of Sciences of the United States of
America, 117(20), 11167-11177. https://doi.org/10.1073/pnas.
1912734117

Cukur, T., Nishimoto, S., Huth, A. G., & Gallant, J. L. (2013). Atten-
tion during natural vision warps semantic representation across
the human brain. Nature Neuroscience, 16(6), 763-770. https://
doi.org/10.1038/nn.3381

Danaj, F., GeBlele, L., Schwarzbach, J., Downing, P., & Lingnau, A.
(2026). Category-based attention facilitates the recognition of
actions. Scientific Reports, 16(1), 24454. https://doi.org/10.1038/
$41598-026-63368-4

@ Springer

Davenport, J. L., & Potter, M. C. (2004). Scene consistency in object
and background perception. Psychological Science, 15(8), 559—
564. https://doi.org/10.1111/j.0956-7976.2004.00719.x

Dima, D. C., Hebart, M. N., & Isik, L. (2023). A data-driven inves-
tigation of human action representations. Scientific Reports,
13(1), 5171. https://doi.org/10.1038/s41598-023-32192-5

Duyck, S., Martens, F., Chen, C.-Y., & Op de Beeck, H. (2021). How
visual expertise changes representational geometry: A behavio-
ral and neural perspective. Journal of Cognitive Neuroscience,
33(12), 2461-2476. https://doi.org/10.1162/jocn_a_01778

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G¥Power
3: A flexible statistical power analysis program for the social,
behavioral, and biomedical sciences. Behavior Research Meth-
ods, 39(2), 175-191. https://doi.org/10.3758/BF03193146

Girdenfors, P. (2004). Conceptual spaces: The geometry of thought.
MIT Press.

Hebart, M. N., Zheng, C. Y., Pereira, F., & Baker, C. I. (2020).
Revealing the multidimensional mental representations of nat-
ural objects underlying human similarity judgements. Nature
Human Behaviour, 4(11), 1173-1185. https://doi.org/10.1038/
$41562-020-00951-3

Kabulska, Z., & Lingnau, A. (2023). The cognitive structure underlying
the organization of observed actions. Behavior Research Methods,
55(4), 1890-1906. https://doi.org/10.3758/s13428-022-01894-5

Kabulska, Z., Zhuang, T., & Lingnau, A. (2024). Overlapping repre-
sentations of observed actions and action-related features. Human
Brain Mapping, 45(3), €26605. https://doi.org/10.1002/hbm.26605

Kennedy, R. S., Lane, N. E., Berbaum, K. S., & Lilienthal, M. G.
(1993). Simulator sickness questionnaire: An enhanced method
for quantifying simulator sickness. The International Journal
of Aviation Psychology, 3(3), 203-220. https://doi.org/10.1207/
$15327108ijap0303_3

Kriegeskorte, N., & Mur, M. (2012). Inverse MDS: Inferring dissimi-
larity structure from multiple item arrangements. Frontiers in
Psychology. https://doi.org/10.3389/fpsyg.2012.00245

Leticevscaia, O., Brandman, T., & Peelen, M. V. (2024). Scene context
and attention independently facilitate MEG decoding of object cate-
gory. Vision Research. https://doi.org/10.1016/j.visres.2024.108484

Lingnau, A., & Downing, P. (2024). Action understanding. Cambridge
University Press. https://doi.org/10.1017/9781009386630

Makransky, G., Lilleholt, L., & Aaby, A. (2017). Development and
validation of the multimodal presence scale for virtual reality
environments: A confirmatory factor analysis and item response
theory approach. Computers in Human Behavior, 72, 276-285.
https://doi.org/10.1016/j.chb.2017.02.066

Martens, F., Bulthé, J., van Vliet, C., & Op de Beeck, H. (2018).
Domain-general and domain-specific neural changes underly-
ing visual expertise. Neurolmage, 169, 80-93. https://doi.org/10.
1016/j.neuroimage.2017.12.013

Nastase, S. A., Connolly, A. C., Oosterhof, N. N., Halchenko, Y. O.,
Guntupalli, J. S., Visconti di Oleggio Castello, M., Gors, J., Gob-
bini, M. 1., & Haxby, J. V. (2017). Attention selectively reshapes
the geometry of distributed semantic representation. Cerebral
Cortex, 27(8), 4277-4291. https://doi.org/10.1093/cercor/bhx138

Nicholls, V. 1., Krugliak, A., Alsbury-Nealy, B., Gramann, K., &
Clarke, A. (2025). Contextual expectations in the real-world
modulate low-frequency neural oscillations. Imaging Neurosci-
ence, 3. https://doi.org/10.1162/imag_a_00568

Op de Beeck, H. P, Deutsch, J. A., Vanduffel, W., Kanwisher, N. G., &
DiCarlo, J. J. (2008). A stable topography of selectivity for unfa-
miliar shape classes in monkey inferior temporal cortex. Cerebral
Cortex, 18(7), 1676-1694. https://doi.org/10.1093/cercor/bhm196

Rosch, E., Mervis, C. B., Gray, W. D., Johnson, D. M., & Boyes-Braem,
P. (1976). Basic objects in natural categories. Cognitive Psychol-
ogy, 8(3), 382-439. https://doi.org/10.1016/0010-0285(76)90013-X


https://osf.io/my92n
https://osf.io/cze2h
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.12688/wellcomeopenres.15191.2
https://doi.org/10.12688/wellcomeopenres.15191.2
https://doi.org/10.1038/nrn1476
https://doi.org/10.1080/13875868.2011.626095
https://doi.org/10.1038/s44271-025-00338-y
https://doi.org/10.1038/s44271-025-00338-y
https://doi.org/10.1038/nrn3122
https://doi.org/10.1523/JNEUROSCI.0582-17.2017
https://doi.org/10.1523/JNEUROSCI.0582-17.2017
https://doi.org/10.1093/cercor/bhi007
https://doi.org/10.1016/j.tics.2024.01.002
https://doi.org/10.1073/pnas.1912734117
https://doi.org/10.1073/pnas.1912734117
https://doi.org/10.1038/nn.3381
https://doi.org/10.1038/nn.3381
https://doi.org/10.1038/s41598-026-63368-4
https://doi.org/10.1038/s41598-026-63368-4
https://doi.org/10.1111/j.0956-7976.2004.00719.x
https://doi.org/10.1038/s41598-023-32192-5
https://doi.org/10.1162/jocn_a_01778
https://doi.org/10.3758/BF03193146
https://doi.org/10.1038/s41562-020-00951-3
https://doi.org/10.1038/s41562-020-00951-3
https://doi.org/10.3758/s13428-022-01894-5
https://doi.org/10.1002/hbm.26605
https://doi.org/10.1207/s15327108ijap0303_3
https://doi.org/10.1207/s15327108ijap0303_3
https://doi.org/10.3389/fpsyg.2012.00245
https://doi.org/10.1016/j.visres.2024.108484
https://doi.org/10.1017/9781009386630
https://doi.org/10.1016/j.chb.2017.02.066
https://doi.org/10.1016/j.neuroimage.2017.12.013
https://doi.org/10.1016/j.neuroimage.2017.12.013
https://doi.org/10.1093/cercor/bhx138
https://doi.org/10.1162/imag_a_00568
https://doi.org/10.1093/cercor/bhm196
https://doi.org/10.1016/0010-0285(76)90013-X

Psychonomic Bulletin & Review (2026) 33:235

Page110of 11 235

Schack, T. (2004). The cognitive architecture of complex movement.
International Journal of Sport and Exercise Psychology, 2(4),
403-438. https://doi.org/10.1080/1612197X.2004.9671753

Schack, T., & Mechsner, F. (2006). Representation of motor skills in
human long-term memory. Neuroscience Letters, 391(3), 77-81.
https://doi.org/10.1016/j.neulet.2005.10.009

Schone, B., Kisker, J., Lange, L., Gruber, T., Sylvester, S., & Osinsky,
R. (2023). The reality of virtual reality. Frontiers in Psychology.
https://doi.org/10.3389/fpsyg.2023.1093014

Shahdloo, M., Celik, E., Urgen, B. A., Gallant, J. L., & Cukur, T.
(2022). Task-dependent warping of semantic representations dur-
ing search for visual action categories. Journal of Neuroscience.
https://doi.org/10.1523/JNEUROSCI.1372-21.2022

Stanney, K. M., Kennedy, R. S., & Drexler, J. M. (1997). Cybersickness
is not simulator sickness. Proceedings of the Human Factors and
Ergonomics Society Annual Meeting, 41(2), 1138-1142. https://
doi.org/10.1177/107118139704100292

Thornton, M. A., & Tamir, D. I. (2022). Six dimensions describe action
understanding: The ACT-FASTaxonomy. Journal of Personality
and Social Psychology, 122(4), 577-605. https://doi.org/10.1037/
pspa0000286

Tucciarelli, R., Wurm, M., Baccolo, E., & Lingnau, A. (2019). The
representational space of observed actions. eLife. https://doi.org/
10.7554/ELIFE.47686

Wurm, M. F., & Schubotz, R. I. (2012). Squeezing lemons in the
bathroom: Contextual information modulates action recognition.
Neurolmage, 59(2), 1551-1559. https://doi.org/10.1016/j.neuro
image.2011.08.038

Wurm, M. F., & Schubotz, R. 1. (2017). What’s she doing in the
kitchen? Context helps when actions are hard to recognize. Psy-
chonomic Bulletin & Review, 24(2), 503-509. https://doi.org/10.
3758/s13423-016-1108-4

Zacks, J. M., & Swallow, K. M. (2007). Event segmentation. Current
Directions in Psychological Science, 16(2), 80-84. https://doi.org/
10.1111/j.1467-8721.2007.00480.x

Zhuang, T., & Lingnau, A. (2022). The characterization of actions
at the superordinate, basic and subordinate level. Psychological
Research Psychologische Forschung, 86(6), 1871-1891. https://
doi.org/10.1007/s00426-021-01624-0

Zimmermann, M., & Lingnau, A. (2025). The spatiotemporal neu-
ral dynamics of action-related features underlying action rec-
ognition. Imaging Neuroscience, 3. https://doi.org/10.1162/
IMAG.a.1019

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/1612197X.2004.9671753
https://doi.org/10.1016/j.neulet.2005.10.009
https://doi.org/10.3389/fpsyg.2023.1093014
https://doi.org/10.1523/JNEUROSCI.1372-21.2022
https://doi.org/10.1177/107118139704100292
https://doi.org/10.1177/107118139704100292
https://doi.org/10.1037/pspa0000286
https://doi.org/10.1037/pspa0000286
https://doi.org/10.7554/ELIFE.47686
https://doi.org/10.7554/ELIFE.47686
https://doi.org/10.1016/j.neuroimage.2011.08.038
https://doi.org/10.1016/j.neuroimage.2011.08.038
https://doi.org/10.3758/s13423-016-1108-4
https://doi.org/10.3758/s13423-016-1108-4
https://doi.org/10.1111/j.1467-8721.2007.00480.x
https://doi.org/10.1111/j.1467-8721.2007.00480.x
https://doi.org/10.1007/s00426-021-01624-0
https://doi.org/10.1007/s00426-021-01624-0
https://doi.org/10.1162/IMAG.a.1019
https://doi.org/10.1162/IMAG.a.1019

	How are woodworking and baking represented as we walk from the workshop to the kitchen? Virtual reality environment modulates the representation of corresponding actions
	Abstract
	Introduction
	Methods
	Preregistration and open science
	Participants
	Stimuli
	Virtual environments
	Multi-arrangement task and procedures
	Questionnaires
	Planned analyses

	Results
	Expansion and compression of representational space
	Consistency
	Processing of virtual environments

	Discussion
	Conclusion

	Acknowledgements 
	References


