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Abstract

Numerical and non-numerical quantities are often mapped onto horizontal space. Previous research suggests that culture-
related habits, such as reading and writing direction, can influence the orientation of this mapping. While cross-cultural
differences have been observed in the spatial representation of time, similar effects have not been consistently found for
numbers. This discrepancy has been attributed to the fact that reading and writing involve the sequential processing of
information in a specific direction but are not inherently related to numerical content. These findings support the hypothesis
that the spatial representation of magnitudes depends on specific experiential associations. The present study investigated
potential cross-cultural differences in the spatial representation of visual speed by comparing participants from Italy, who
use a left-to-right reading and writing system, with participants from Iran, who use a right-to-left system. Participants
judged whether the speed of a centrally presented random dot kinematogram was slower or faster than a reference, using
left or right response keys. Results revealed opposite spatial mappings of visual speed: a left-to-right mapping for Italian
participants and a right-to-left mapping for Iranian participants. These findings support the view that reading and writing
direction shapes the spatial representation of magnitudes intrinsically linked to directional reading experiences, such as
motion at a specific speed.
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Introduction at the biological level (e.g., Felisatti et al., 2020; Vallor-
tigara, 2017), which could explain why they have been

Humans represent numerical quantities along a spatial con-  documented even in newborns (e.g., de Hevia et al., 2017)

tinuum that, in Western cultures, typically proceeds from left
to right, with smaller and larger magnitudes associated with
the left and right sides of space, respectively (Fias & Fis-
cher, 2005). The Spatial-Numerical Association of Response
Codes (SNARC) effect provides strong empirical evidence
for this association (Dehaene et al., 1993). It refers to the
fact that, in number classification tasks, responses are gen-
erally faster when smaller digits are assigned to a left-side
response key and larger digits to a right-side key, than when
this mapping is reversed.

Even if the actual origins of space-number associations
are still debated (Eccher et al., 2025), they may originate
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and non-human species (e.g., Rugani et al., 2015). In addi-
tion, and of particular relevance to this work, it has been
suggested that culture-related habits may also shape space-
number associations. For instance, two early studies found
that in cultures where reading and writing (R&W) proceed
from right to left, such as Arabic or Farsi, space-number
associations tend to follow the same orientation (Dehaene
et al., 1993; Shaki et al., 2009). However, despite this initial
evidence, two recent studies involving Iranian participants
have reported either a weakened or a regular left-to-right
SNARC effect, casting doubt on the hypothesis that R&W
direction directly determines the SNARC effect direction
(Bulut et al., 2025; Hochman et al., 2025).

Beyond numbers, a growing body of research has also
demonstrated the presence of SNARC-like effects for vari-
ous non-numerical magnitudes, such as time and physical
size (for a meta-analysis, see Macnamara et al., 2018).
These findings support theories proposing a shared sys-
tem for processing magnitudes, such as the well-known
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‘A Theory of Magnitude’ (ATOM; Walsh, 2003). How-
ever, the influence of culture-related habits on the spa-
tial representation of non-numerical magnitudes remains
largely unexplored. In this regard, for instance, Vallesi
et al. (2014) found a left-to-right SNARC-like effect for
temporal durations in Italian participants (who have a
left-to-right R&W direction) but no effect in Israeli par-
ticipants (who have a right-to-left R&W direction). This
result aligns well with the ‘Correlation in Experience
Theory’ (CORE,; Pitt & Casasanto, 2020), which suggests
that R&W direction influences the spatial representation
of physical dimensions inherently linked to it. Since R&W
involve directional movement over time, they are expected
to shape the spatial representation of time rather than num-
bers, a prediction also supported by initial empirical evi-
dence (e.g., Fuhrman & Boroditsky, 2010).

In the context of SNARC-like effects, a recent study
(Vicovaro et al., 2025) documented a spatial representation
of visual speed. Visual speed is a particularly intriguing
dimension because it is inherently tied to spatial and direc-
tional properties, providing a unique opportunity to examine
how motion cues interact with the cognitive representation of
magnitude along a spatial continuum. Vicovaro et al. (2025)
tested Italian participants using random dot kinematograms
(RDKs) as stimuli, in which a set of 100 white dots moved
uniformly in different directions across a circular area. Par-
ticipants categorised the speed of the moving dots as either
slower or faster than a reference speed, using lateralised
response keys. The results showed that slower and faster
speeds were consistently associated with the left and right
sides of space, respectively. This pattern emerged not only
when stimuli moved left to right (Experiment 1) but also in
random directions (Experiment 2) and even when motion
was consistently right to left (Experiment 3), highlighting
the stability of the left-to-right representation.

Visual speed is also relevant from a cross-cultural per-
spective. R&W involves directional motion that unfolds at
a certain speed. Indeed, during R&W, individuals not only
move in a specific spatial direction but also do so at a par-
ticular speed. This makes speed one of the physical dimen-
sions inherently associated with R&W activities. According
to the CORE framework, the spatial representation of visual
speed may therefore be influenced by the directionality of
R&W habits. Here, we explored how the spatial represen-
tation of visual speed might be influenced by right-to-left
R&W direction, specifically focusing on Iranian culture. To
this end, we administered an exact replication of Experi-
ment 2 from Vicovaro et al. (2025), in which RDKs moved
randomly across a 360° spectrum. This allowed us to clearly
isolate the influence of cultural factors on the spatial repre-
sentation of visual speed by removing consistent directional
cues from the stimuli, which were instead present in the
other experiments of Vicovaro et al. (2025).

@ Springer

Method
Participants

We tested 30 participants (mean age = 28.9 years, SE =
0.83; 12 males; six left-handed). Sample size (identical to
Vicovaro et al. 2025, Experiment 2) was determined fol-
lowing Brysbaert and Stevens (2018), who recommend at
least 1,600 data points per condition in reaction time (RT)
studies to ensure statistical power. Our 2 X 2 within-par-
ticipant design (response side: left or right; target speed:
slower or faster) with 60 trials per condition (see the Pro-
cedure section), required at least 27 participants. Based
on the data of Vicovaro et al.’s (2025) Experiment 2, we
also conducted a power estimation based on Monte Carlo
simulations, which indicated that our design and analy-
ses had approximately .88 power to detect a SNARC-like
effect of the same magnitude. The R scripts containing
detailed analyses and results are available on the Open
Science Framework (OSF; please see Availability of data
and materials).

All participants were Iranian students enrolled in dif-
ferent courses at the University of Padova. Handedness
was further assessed through self-report and the Edinburgh
Handedness Inventory (EHI; Veale, 2014). The mean EHI
score was 57.9 (SE = 14; range = —100 to +100). Seven
participants had an EHI score < -50 (indicating a left-
hand preference), and the remaining had an EHI score >75
(indicating a right-hand preference).

Other personal information was collected through a
written questionnaire (see the Procedure section). Most
participants were students from various academic fields,
including psychology, engineering, economics, and man-
agement, with one postdoctoral researcher in mathematics.
On a scale from 0 to 7, English proficiency (M = 5.70, SE
= (0.18) and daily use of English (M = 5.83, SE = 0.16)
were rated as relatively high, and musical practice was
rated as minimal (M = 0.43, SE = 0.20). Time spent in
Western countries ranged from 0.5 to 6 years (M = 2.08,
SE =0.13).

The study was approved by the Ethics Committee for Psy-
chological Research at the University of Padova (approval
number: 4480) and conducted in accordance with the Decla-
ration of Helsinki. Written informed consent (written, from
right to left, in Farsi) was obtained from all participants
before participating in the experiment.

Apparatus

We used the same apparatus adopted by Vicovaro et al.
(2025, Experiment 2). The experimental script was
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developed using PsychoPy3 (Peirce et al., 2022) and dis-
played on an LCD screen (35.54 cm X 20 cm, 1,366 X 768
pixels, 60 Hz). Participants were seated approximately 50
cm from the screen, which featured a grey background.
Manual responses were collected using a standard key-
board positioned centrally in front of the screen.

The stimuli were random dot kinematograms (RDKs;
see Fig. 1) created using the Dots tool in the PsychoPy3
Builder. Each RDK consisted of 100 white dots moving in
the same direction and with the same speed within a 10-cm
circular area. Dots had a size of 5 pixels, a lifespan of 60
frames (1 s), and were replaced upon reaching the bound-
ary or completing their lifespan, ensuring a constant dot
count per frame. The maximum duration of RDKs was 1.5
s. In each trial, the dots in the RDK moved in a randomly
selected direction between 0° and 360°, with all dots sharing
the same direction and speed. A reference speed of 8 cm/s
was compared to 20 target speeds: 10 slower (5.5 to 7.75
cm/s) and 10 faster (8.25 to 10.5 cm/s), each varying in 0.25
cm/s increments.

Procedure

The procedure was identical to that of Vicovaro et al. (2025,
Experiment 2), with the exception that participants were
welcomed and instructed by an Iranian experimenter speak-
ing Farsi, and all on-screen materials were presented in
Farsi, written from right to left. Participants were required

to determine whether the speed of moving dots was faster
or slower than the reference speed. They used the ‘A’ and
‘L’ keys for their responses. The key assignment for ‘faster’
and ‘slower’ was counterbalanced across participants. The
‘A’ key was covered with a red sticker and the ‘L’ key with a
blue sticker. Participants were instructed how to respond by
referring to the key colours rather than the letters to avoid
any potential interference from direct exposure to the Latin
alphabet. The instructions emphasised the need for both
speed and accuracy in their responses.

At the beginning of the procedure, participants observed
the reference speed twice, each instance separated by a 500-
ms blank screen. The randomly chosen direction of the dots
was kept consistent across the two presentations of the target
speed. Participants then completed a practice block of 20 tri-
als, where each trial began with a blank screen (random dura-
tion from 400 to 600 ms), followed by the presentation of a
target speed selected at random. After each trial, feedback was
shown for 800 ms: ‘O’ for correct responses, ‘X’ for incorrect
ones, and ‘TOO SLOW’ (written, from right to left, in Farsi)
if no response was made before the time-out limit of 1.5 s.
Practice trial responses were excluded from the analysis. The
experimental block mirrored the practice block. It consisted
of 120 trials (20 target speeds repeated six times) presented
randomly. Participants were shown the reference speed twice
after every 30 trials. Following the first experimental block,
the response-key mapping was reversed, and participants
completed another practice block and experimental block.
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Fig. 1 Trial illustration and stimuli (not to scale). Arrows in the ran-
dom dot kinematogram (RDK) show motion direction (right to left in
the upper panel, bottom-left to top-right in the lower panel) and are

for illustration only. Feedback ‘O’ indicates a correct response, while
‘X’ indicates an incorrect one
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Across both experimental blocks, a total of 240 trials were
conducted, split equally between the two.

At the end of the experiment, participants completed a
brief questionnaire providing their age, sex, handedness (i.e.,
left, right, both), and field of study or work. They rated their
English proficiency, daily use of English, and music practice
(if applicable) on a scale from O to 7. They also indicated
how many years they had lived in a Western country.

Results

Incorrect responses (14.74%) were excluded and analysed
separately.! All participants performed above chance, with
a maximum error rate of 24.17%. Missed responses (0.65%)
were excluded due to their low frequency, and outliers (i.e.,
correctly responded trials with a RT smaller or higher than
three standard deviations from the participant’s mean) were
also removed (1.25%).

Raw RTs for correctly responded trials were analysed
using generalised linear mixed-effects models (R package
Ime4; Bates et al., 2015) with an identity link function for a
Gamma-distributed response variable (Lo & Andrews, 2015).
The fixed effects were response side (left or right key), target
speed (slower or faster than the reference), and their interac-
tion. To align with the assumption that explicit magnitude
classification tasks follow a step function relationship between
target magnitude and RTs (Gevers et al., 2006), speed was
treated as a binary variable.” Random effects varied across
models and included by-participant and by-item intercepts,
along with by-participant slopes for speed and response side
and by-item slope for response side. Here, ‘items’ referred to
the 20 distinct target speeds. Likelihood ratio tests were used
to compare models with increasing random effect complexity.

The best-fitting model included, as random effects, the
by-participant and by-item intercepts and the by-participant
slopes for speed and response side. A Type 3 Wald chi-square
test was then applied to the model (R package car; Fox &
Weisberg, 2019). The main effect of response side was not
significant, Xz(l) = 1.68, p = 0.195, but the main effect of

! Errors were analysed with generalised linear mixed-effects mod-
els (R package lme4; Bates et al., 2015), using a logit link function
for a binomially distributed response variable. The best-fitting model
included response side (left or right key), target speed (slower or
faster than the reference), and their interaction as fixed effects, while
as random effects it included the by-participant and by-item inter-
cepts, the by-participant slopes for speed and response side, and the
by-item slope for response side. No significant results emerged (ps >
0.136).

2 The validity of this assumption was supported by visual inspection
of the distribution of individual delta RTs (i.e., the by-participant dif-
ference between mean RTs for the right and left keys) across speed
levels, which closely resembled a step function (see Online Supple-
mentary Material Fig. A on the OSF).
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target speed was significant, Xz(l) = 10.07, p = 0.0015,
indicating faster responses for faster target speeds (M = 677
ms, SE = 26.1) compared to slower target speeds (M = 764
ms, SE = 28.1). Importantly, the interaction coefficient was
significant, Xz(l) = 6.50, p = 0.011, confirming the pres-
ence of a SNARC-like effect.> Further comparisons with
the emmeans function (Lenth, 2023) revealed that for faster
target speeds there was no significant difference (p = 0.803)
between the left (M = 678 ms, SE = 26.9) and right (M =
675 ms, SE = 26.1) response key. However, for slower target
speeds, a significant difference (p = 0.035) emerged between
the left (M = 774 ms, SE = 28.9) and the right (M = 754
ms, SE = 28.0) response key (see also Fig. 2, panel A). This
pattern of results supports the hypothesis of a right-to-left
representation of visual speed among Iranian participants, in
contrast to the pattern observed among Italian participants.

We also assessed the distance effect, analysing whether abso-
lute RTs decreased as the absolute difference between target and
reference speeds increased (e.g., Moyer & Landauer, 1967). A
generalised linear mixed-effects model (identity link function
and Gamma-distributed response variable), with distance as a
fixed effect and by-participant random intercept and slope for
distance, confirmed the effect, b = —0.048, SE = 0.007, Xz(l)
=49.81, p < 0.001 (see also Fig. 2, panel B).

Comparisons between the current study
and Experiment 2 of Vicovaro et al. (2025)

For completeness, we directly compared the current data
with those of Experiment 2 of Vicovaro et al. (2025). As
for RTs of correctly responded trials, the best-fitting model
included response side, target speed, and group (Iranians or
Italians), and their interactions as fixed effects, whereas as
random effects it included the by-participant and by-item
intercepts and the by-participant slope for response side and
target speed. Briefly, while the main effect of group was
non-significant, Xz( 1) = 0.03, p = 0.866, the response side
X target speed X group interaction was significant, Xz( 1) =
18.01, p < 0.001, in line with the hypothesis that the spatial
representation of speed was different within the two groups.*

3 A Monte Carlo simulation indicated that, under the null hypoth-
esis of no effect of response keys on RTs, the probability of obtain-
ing a statistically significant interaction in the same direction as that
observed was .045, suggesting adequate control of the Type I error
rate.

4 For Ttalian participants, the interaction between target speed and
response side was statistically significant (Xz(l) = 11.58, p < 0.001),
with the direction of the effect opposite to that observed for Iranian
participants. Specifically, for faster target speeds, a significant differ-
ence (p < 0.001) emerged between the left (M = 679 ms, SE = 25.4)
and the right (M = 661 ms, SE = 25.4) response key. For the slower
target speeds, there was no significant difference (p = 0.200) between
the left (M = 759 ms, SE = 25.3) and right (M = 766 ms, SE = 25.5)
response keys.
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Fig.2 Panel A: Model-based estimates of mean reaction times
(RTs; bars) from Iranian participants, displayed by relative speed
and response side, with error bars indicating estimated SEM. Panel

As for accuracy, the best model had the same structure as
that used for RTs. The only significant result was the main
effect of the group, Xz(l) =9.11, p = 0.003, indicating a
slightly higher percentage of errors among Italians (18.22%)
than Iranians (14.74%). Finally, the distance effect, analysed
with a model including distance, group, and their interaction
as fixed effects, and the by-participant intercept as random
effect, revealed no significant interaction between distance
and group, b = 0.011, SE = 0.009, Xz(l) =1.53,p=0.217,
suggesting that the distance effect had similar magnitude
across Iranian and Italian participants.

Discussion

We investigated how cultural factors influence the SNARC-
like effect for visual speed by testing Iranian participants in
a replication of Experiment 2 from Vicovaro et al. (2025),
which originally involved Italian participants. The goal was
to determine whether the spatial representation of visual
speed in Iranians aligns with the right-to-left R&W direction
of Farsi. The results supported this prediction: a SNARC-
like effect emerged and, more importantly, the spatial repre-
sentation of visual speed followed a right-to-left orientation,
contrasting with the left-to-right representation observed in
Italians.

The right-to-left representation of visual speed observed
in Iranians is particularly noteworthy in light of recent
findings showing a left-to-right SNARC effect in the same
population (Bulut et al., 2025; Hochman et al., 2025). The
contrast between the spatial representation of speed and
numbers lends indirect support to CORE theory (Pitt &

9001

8001

RTs (ms)

6001

5001

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
Abs(Target Speed - Reference Speed) (cm/s)

B: Illustration of the distance effect, showing the estimated fixed
effect (thick line), the estimated random effects (thin lines), and the
observed mean RTs (dots)

Casasanto, 2020), which predicts that R&W direction influ-
ences space-magnitude associations only for magnitudes
inherently linked to R&W. Given that R&W entails motion
in a specific direction at a certain speed, the influence of
R&W direction on visual speed seems to align with the pre-
dictions of CORE theory.

One could argue that R&W direction is not the only
cultural habit that might explain the observed differences
between Iranian and Italian participants (see also Bulut et al.,
2025). Other culturally influenced factors, such as finger-
counting direction and number-reading direction, may also
contribute to space-magnitude associations. However, given
the characteristics of these habits in Iranian participants, it is
hard to make clear predictions regarding the expected direc-
tion of these associations. Indeed, Iranians typically count
with palms facing upward, starting from the small finger
of the right hand, which follows a left-to-right sequence
(Lindemann et al., 2011). Meanwhile, multi-digit numbers
are generally read and written from left to right (e.g., 163),
whereas single digits (1-10) are often represented from right
to left (Bulut et al., 2025). Among these alternatives, R&W
direction stands out as the most plausible explanation for
the right-to-left representation of visual speed observed in
Iranian participants.

To gather more information on directional preferences
in Iranian participants, we also decided to administer the
Cultural Directional Preferences Questionnaire (CDPQ),
developed by Bulut et al. (2025). This tool was created
to capture habitual spatial biases in various conceptual
domains, such as object placement, imagined movement,
and depiction of quantity. The CDPQ provides an index
of individual preferences for representing concepts along

@ Springer
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the horizontal axis. Scores range from —7 to +7, with
negative values indicating a preference for left-to-right
representations and positive values indicating a preference
for right-to-left representations. It was administered by
Bulut et al. (2025) to large samples of Germans living in
Germany and Iranians living in Iran. We translated the
English version of the CDPQ into Farsi and administered
it to the Iranian participants of the current experiment via
Qualtrics. Because the questionnaire was published after
our experimental data collection had been completed, it
was administered separately after the main experiment.
Nonetheless, we aimed to complement the behavioural
findings with an explicit measure of directional spatial
preferences.

In the original study by Bulut et al. (2025), German
participants showed a robust left-to-right preference (M =
— 3.65), while Iranian participants showed no clear pref-
erence (M = 0.07). In our sample, we observed a similar
pattern: the mean score among Iranian participants was
slightly negative (M = — 0.8, SE = 0.414), suggesting a
weak tendency toward left-to-right representation. How-
ever, this value did not significantly differ from zero (p
= .063; data and analyses are available on the OSF, see
Availability of data and materials), indicating no system-
atic spatial bias at the group level. This pattern, consist-
ent with the findings of Bulut et al. (2025), may reflect
a tension between biologically rooted left-to-right biases
and culturally acquired right-to-left habits, especially in
populations exposed to mixed cultural influences. Notably,
all of our Iranian participants were living in a Western
country at the time of testing, yet their responses were
similar to those of the Iran-based sample from Bulut et al.
(2025). This suggests that individual spatial directional
preferences may remain relatively stable despite immer-
sion in a different cultural context, at least over the short
to medium term.

Importantly, a right-to-left SNARC-like effect for visual
speed emerged despite the absence of a strong directional
bias at the explicit level. This dissociation reinforces the
idea that implicit spatial-magnitude mappings, such as those
revealed in speed classification tasks, may operate indepen-
dently of consciously reported preferences. Moreover, the
similarity in explicit directional preferences between our
Iranian participants and those tested by Bulut et al. (2025)
suggests that the observed dissociation (i.e., the presence of
a clear right-to-left SNARC-like effect for visual speed in
our study, but not of a clear right-to-left SNARC effect for
numbers in Bulut et al., 2025) cannot be attributed to sys-
tematic differences in explicit preferences. Instead, it more
likely reflects that R&W direction selectively influences the
spatial representation of dimensions intrinsically linked to
literacy-related activities, such as time and speed.

@ Springer

Beyond the general explanation provided by the CORE
framework, it is also worth considering a complementary
hypothesis regarding the observed effect of R&W direction
on the SNARC-like effect for visual speed. A central char-
acteristic of our task was that participants were required, at
the beginning of the experiment, to encode the reference
speed and retain it for the entire duration of the experiment.
Consequently, this continuous need to keep the reference
active likely engaged working memory. Intriguingly, previ-
ous studies have shown that information maintained in work-
ing memory can be spatially organised according to R&W
direction, an effect known as the Spatial-Ordinal Associa-
tion of Response Codes (SPOARC; van Dijck & Fias, 2011;
Guida et al., 2018; see also Rasoulzadeh et al., 2024). There-
fore, it is plausible that, also in the present context, working
memory may have played a role in shaping the observed
SNARC-like effect reported here.

The following discussion focuses on specific results
from the comparison between our Iranian sample and the
Italian sample tested in Vicovaro et al.’s (2025) Experiment
2. First, in both groups, RTs were shorter for fast speeds
than for slow speeds. As suggested by Vicovaro et al.
(2025), this may be because participants responded only
after the dots had travelled a minimum distance, which
fast-moving dots reached sooner than slow-moving ones
(see also Tynan & Sekuler, 1982). However, it is worth not-
ing that a similar advantage for faster over slower stimuli
has also been reported in the auditory domain (Mariconda
et al., 2024), likely suggesting a generalised processing
benefit for high-speed information. Second, an asymmetry
emerged in the response patterns across groups. Among
Iranians, a significant difference between right and left
response keys was found only for slower speeds, whereas
for Italians, the opposite pattern occurred, with a signifi-
cant difference emerging only for faster speeds. This asym-
metry is likely related to the predominance of right-handed
participants in both groups. Right-hand dominance may
have amplified RT differences for stimuli preferentially rep-
resented on the right (slow speeds for Iranians, fast speeds
for Italians) while reducing differences for stimuli repre-
sented on the left. Such imbalances in response-side effects
across small and large magnitudes are not uncommon in
SNARC-like research (e.g., Chang & Cho, 2015; Dalmaso
etal., 2019, 2023a, b).

In conclusion, our findings indicate that visual speed is
mapped onto space according to the native R&W direc-
tion. By comparing Iranians with the Italian participants
from Vicovaro et al. (2025), this study contributes to cross-
cultural research on SNARC-like effects (e.g., Shaki et al.,
2012; Vallesi et al., 2014), a field that remains relatively
underexplored. These insights deepen our understanding of
how culture and cognition intertwine, shedding light on the
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interplay between universal cognitive processes and the cul-
turally shaped ways in which humans perceive and structure
the world.
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