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Abstract
Many theories of numerical cognition assume that numbers and space share a common representation at the response level. For
example, observers are faster to respond to small numbers with their left hand and large numbers with their right hand (the
SNARC effect). There is also evidence that viewing numbers can produce spatial shifts of attention, suggesting that attention may
play a role in the spatial representation of numbers. In the present study, we assessed whether shifts of attention can influence
numerical processing. Participants viewed a leftward or rightward peripheral cue followed by a centrally presented number, then
judged whether the number was odd or even. Participants responded faster and made fewer errors when the number magnitude
and response side were compatible, revealing a response-based SNARC effect. Participants also responded faster when the cue
direction and response side were compatible, revealing a Simon effect. However, participants did not respond faster when the cue
direction and number magnitude were compatible. Similar findings were observed when the association between numbers and
space was relatively explicit. Moreover, although we failed to observe a response-based SNARC effect when number magnitude
was directly relevant to observers’ task, we observed a large Simon effect. Together, these findings suggest that although
numbers and space share a common representation at the response level, attention does not play a substantial role in the spatial
representation of numbers.
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Many theories of numerical cognition assume that numbers and
space share a common representation. This association between
numbers and space is not only reflected in the common use of
graphs and number lines, but can also influence the processing
of numerical information. An influential example of this comes
from a study by Dehaene, Bossini, and Giraux (1993). In their
study, participants viewed a centrally presented number, then
judged whether the number was odd or even. The researchers
found that participants were faster to respond to small numbers
with their left hand and large numbers with their right hand (see
also Dehaene, Dupoux, & Mehler, 1990). This spatial-
numerical association of response codes (the SNARC effect)
suggests that observers represent numerical information along
a mental number line, with small numbers on the left and large
numbers on the right. Importantly, the SNARC effect has been

observed for both parity and magnitude judgments (Dehaene
et al., 1993; Dehaene et al., 1990), suggesting that this effect
can occur regardless of whether number magnitude is relevant
to observers’ task. Moreover, this effect has been replicated
using saccadic responses (Fischer, Warlop, Hill, & Fias,
2004; Schwarz & Keus, 2004), pointing responses (Fischer,
2003), and responses with observers’ hands and feet (Schwarz
&Müller, 2006). Together, these findings suggest that numbers
and space share a common representation at the response level.

Although many theoretical models suggest that the
SNARC effect occurs at the response selection stage (Daar
& Pratt, 2008; Gevers, Caessens, & Fias, 2005; Gevers,
Verguts, Reynvoet, Caessens, & Fias, 2006; Keus &
Schwarz, 2005; Keus, Jenks, & Schwarz, 2005), there is also
evidence that viewing numbers can influence the spatial allo-
cation of attention. For example, Fischer, Castel, Dodd, and
Pratt (2003) had participants view a centrally presented num-
ber, then asked them to detect a leftward or rightward target in
a spatial cueing task. The researchers found that small num-
bers facilitated the detection of leftward targets and large num-
bers facilitated the detection of rightward targets. This atten-
tional SNARC effect not only demonstrates that numbers can
act as spatial cues for attention, but also suggests that viewing
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numbers can produce spatial shifts of attention. Consistent
with this suggestion, several studies have found that viewing
numbers can produce event-related potentials (ERPs) associ-
ated with early sensory processing and spatial shifts of atten-
tion (Ranzini, Dehaene, Piazza, & Hubbard, 2009; Salillas, El
Yagoubi, & Semenza, 2008; Schuller, Hoffman, Goffaux, &
Schiltz, 2015).

The notion that attention may play a role in the spatial
representation of numbers is also supported by neurophysio-
logical evidence. For example, the representation of numbers
and space rely on many of the same areas in posterior parietal
cortex (Dehaene, Piazza, Pinel, & Cohen, 2003; Hubbard,
Piazza, Pinel, & Dehaene, 2005). Critically, these areas are
also involved in the programming of eye movements and oth-
er shifts of attention (e.g., Colby & Goldberg, 1999). Patients
with right parietal damage also exhibit a pattern of hemispatial
neglect, in which they fail to attend to stimuli in the contralat-
eral visual hemifield. Importantly, these patients not only mis-
place the midpoint of a line in a line bisection task, but also
show a similar pattern of errors when judging the midpoint of
a numerical interval (Zorzi, Priftis, & Umiltà, 2002).
Together, these findings provide further evidence that atten-
tion may play a role in the spatial representation of numbers.
Indeed, several influential theories of numerical cognition
have proposed that shifts of attention may underlie the pro-
cessing of numerical information (Dehaene et al., 2003;
Hubbard et al., 2005).

Although the previous findings suggest that viewing num-
bers can produce spatial shifts of attention, a growing body of
research has questioned the reliability of these effects. For
example, while some studies have replicated the attentional
SNARC effect (Dodd, Van der Stigchel, Leghari, Fung, &
Kingstone, 2008; Galfano, Rusconi, & Umiltà, 2006; He
et al., 2020; Ristic, Wright, & Kingstone, 2006), other studies
have either failed to replicate this effect (Bonato, Priftis,
Marenzi, & Zorzi, 2009; Colling et al., 2020; Pellegrino
et al., 2019) or have only replicated this effect when the asso-
ciation between numbers and space is relatively explicit
(Fattorini, Pinto, Rotondaro, & Doricchi, 2015; Pinto et al.,
2018; Ristic et al., 2006) or when number magnitude is direct-
ly relevant to observers’ task (Casarotti, Michielin, Zorzi, &
Umiltà, 2007; Zanolie & Pecher, 2014). Other studies have
found that viewing numbers can produce ERPs associated
with spatial shifts of attention, but have failed to observe be-
havioral evidence for the attentional SNARC effect (Ranzini
et al., 2009; Salillas et al., 2008; Schuller et al., 2015). Lastly,
several studies have found that the attentional SNARC effect
can be reversed using different task instructions (Galfano
et al., 2006; Ristic et al., 2006). Together, these findings sug-
gest that viewing numbers does not automatically produce
spatial shifts of attention.

While a growing body of research has questioned the no-
tion that viewing numbers can produce spatial shifts of

attention, some theoretical models suggest that numbers and
space share a common representation at the response level
(Daar & Pratt, 2008; Gevers et al., 2005; Gevers et al., 2006;
Keus & Schwarz, 2005; Keus et al., 2005). For example, sev-
eral studies have found that the SNARC effect interacts with
the Simon effect (Gevers et al., 2005; Keus & Schwarz, 2005;
but see Mapelli, Rusconi, & Umiltà, 2003), in which partici-
pants are faster to respond to leftward stimuli with their left
hand and rightward stimuli with their right hand (Simon,
1969). Because the Simon effect is thought to occur at the
response selection stage, this suggests that the SNARC effect
occurs at a similar processing stage. Fattorini et al. (2015) also
directly compared the SNARC and attentional SNARC effects
and found that these effects did not interact with one another.
Moreover, while the researchers consistently replicated the
SNARC effect, they only replicated the attentional SNARC
effect when participants were asked to imagine the position of
a number along the mental number line (see also Pinto et al.,
2018).

If viewing numbers does not automatically produce spatial
shifts of attention, it is also possible that attention may not
play a substantial role in the spatial representation of numbers.
To test whether this is the case, we investigated the broader
claim that shifts of attention underlie the processing of numer-
ical information. While some studies have assessed whether
viewing numbers can produce spatial shifts of attention, few
studies have assessed whether shifts of attention can influence
numerical processing. However, a recent study by Mills,
Boychuk, Chasteen, and Pratt (2018) suggests that shifts of
attention can influence the processing of other stimuli with
implicit spatial associations. In their study, participants
viewed an upward or downward peripheral cue followed by
a centrally presented letter string, then judged whether the
string was a word or nonword. In this case, upward cues fa-
cilitated the processing of words with upward spatial associa-
tions (e.g., God, hat) and downward cues facilitated the pro-
cessing of words with downward spatial associations (e.g.,
Devil, boots). Because these cues are thought to automatically
produce spatial shifts of attention (e.g., Posner, 1980), these
findings suggest that shifts of attention can influence language
processing. In the present study, we used a similar method to
assess whether shifts of attention can influence numerical
processing.

Experiment 1

To assess whether shifts of attention can influence numerical
processing, we had participants view a leftward or rightward
peripheral cue followed by a centrally presented number, then
asked them to judge whether the number was odd or even. If
attention plays a role in the spatial representation of numbers,
leftward cues should facilitate the processing of small
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numbers and rightward cues should facilitate the processing of
large numbers. In addition to assessing whether shifts of at-
tention can influence numerical processing, this method
allowed us to test whether numbers and space share a common
representation at the response level. If this is the case, small
numbers should facilitate leftward responses and large num-
bers should facilitate rightward responses.

Although many studies use a relatively small set of one-
digit numbers, in the present study we used a larger set of two-
digit numbers. We selected this method for two reasons. First,
this method replicates early demonstrations of the SNARC
effect, in which participants judged the parity or magnitude
of two-digit numbers (Dehaene et al., 1993; Dehaene et al.,
1990). Second, some researchers have suggested that the at-
tentional SNARC effect may not be due to shifts of attention,
but insteadmay arise from the spatial correspondence between
numbers and spatial locations (e.g., Proctor & Cho, 2006).
According to this view, using a relatively small set of numbers
may create task-relevant associations between numbers and
space, which may account for the attentional SNARC effect.
By using a larger set of two-digit numbers, we sought to en-
sure that any effects were due to shifts of attention rather than
the spatial correspondence between numbers and spatial
locations.

Method

Participants In a previous replication study of the attentional
SNARC effect, data were collected from a total of 20 partic-
ipants in a within-subjects design (Zanolie & Pecher, 2014).
However, because several studies have failed to replicate this
effect, we increased our sample size to 40 participants.
Assuming a small effect size (f = 0.1) and a moderate corre-
lation between levels of our within-subjects variables (ρ =
0.5), an a priori power analysis conducted using G*Power 3
(Faul, Erdfelder, Lang, & Buchner, 2007) indicated that this
sample size would be sufficient to detect a three-way interac-
tion between response mapping, cue direction, and number
magnitude at 80% statistical power. As a result, a group of
42 University of Toronto undergraduates (33 females; mean
age = 19.1 years) participated for $10 or course credit. All
participants were right-handed and were native English
speakers. Two participants were excluded because they made
a large proportion of errors (~35% or greater).

Apparatus and stimuli Stimuli consisted of a series of two-
digit numbers between 11 and 99. Half of the numbers were
small (11, 12, 13, 14, 21, 22, 23, 24) and the other half were
large (86, 87, 88, 89, 96, 97, 98, 99). Because observers rely
on both digits when judging the parity or magnitude of two-
digit numbers (e.g., Nuerk, Weger, & Willmes, 2001), num-
bers were selected so that both digits were smaller or larger
than 5. Each number was presented in 40-point Arial font, and

subtended 0.8° vertically. All stimuli were presented in gray
(45.6 cd/m2) on a black background (<0.01 cd/m2). Stimuli
were presented on a 24-in LCD monitor with a refresh rate of
60 Hz. Participants sat 57 cm from the monitor so that it
subtended 53.3° horizontally and 30° vertically.

Procedure and design At the beginning of each trial, a gray
fixation cross (45.6 cd/m2; 1° × 1°) appeared in the center of
the screen, flanked by two gray placeholders (45.6 cd/m2; 4° ×
4°; see Fig. 1). The placeholders were 0.04° in thickness, and
were presented 8° to the left and right of fixation. After a
randomly determined interval between 800 and 1,200 ms, a
white peripheral cue (96.5 cd/m2; 4° × 4°) was presented at the
location of one of these placeholders. This cue was 0.32° in
thickness, and was presented 8° to the left or right of fixation.
After 100 ms, the display was cleared, and a two-digit number
was presented in the center of the screen. Using the index and
middle finger of their right hand, participants pressed the “n”
or “m” key to identify whether the number was odd or even.
Participants received an error message if they responded in-
correctly or if their response times were less than 100 ms or
greater than 2,000 ms.

Participants completed three blocks of 160 trials, for a total
of 480 trials. Each number was presented randomly and equal-
ly often within a block, and was preceded equally often by a
leftward or rightward cue. As a result, the cue direction and the
magnitude of the numbers were counterbalanced across trials.
The mapping of the response keys was also counterbalanced
across participants. As a result, the response side could be
either compatible or incompatible with the magnitude of the
numbers. Compatible response mappings were defined as left-
ward responses to small numbers and rightward responses to
large numbers, while incompatible response mappings were
defined as rightward responses to small numbers and leftward
responses to large numbers.

Results

Incorrect responses and response times less than 100 ms or
greater than 2,000 ms were excluded from analysis. To test
whether shifts of attention influence parity judgments, we ana-
lyzed average response times using a 2 (response mapping:
compatible, incompatible) × 2 (cue direction: left, right) × 2
(number magnitude: small, large) repeated-measures analysis
of variance (ANOVA). The analysis revealed a significant main
effect of response mapping, F(1, 39) = 43.70, p < .001, ηp

2 =
.528, with participants responding faster when the numbermag-
nitude and response side were compatible (M = 593.53 ms, SD
= 93.55 ms) than when they were incompatible (M = 617.89
ms, SD = 96.08 ms). Thus, we observed a response-based
SNARC effect. There was also a significant main effect of
number magnitude, F(1, 39) = 37.91, p < .001, ηp

2 = .493, with
participants responding faster to small numbers (M = 594.61
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ms, SD = 94.39 ms) than to large ones (M = 616.81 ms, SD =
95.18 ms). However, these effects were qualified by a signifi-
cant three-way interaction between response mapping, cue di-
rection, and number magnitude, F(1, 39) = 12.50, p = .001, ηp

2

= .243. Simple effects tests revealed a significant two-way in-
teraction between response mapping and cue direction for small
numbers, F(1, 39) = 4.47, p = .041, ηp

2 = .103, and an opposite
two-way interaction between response mapping and cue direc-
tion for large numbers,F(1, 39) = 10.61, p = .002, ηp

2 = .214. In
both cases, participants responded faster when the cue direction
and response side were compatible. Thus, we also observed a
Simon effect (Simon, 1969). However, there was no significant
two-way interaction between cue direction and number magni-
tude, F(1, 39) = 1.47, p = .232, ηp

2 = .036. A Bayes factor
analysis (Rouder, Morey, Verhagen, Swagman, &
Wagenmakers, 2017) indicated that the null hypothesis was
4.47 times more likely to account for the observed data than
the alternative hypothesis that there would be a two-way inter-
action between cue direction and number magnitude. No other
effects were significant (all ps ≥ .239). Together, these results
suggest that shifts of attention did not influence parity judg-
ments (see Fig. 2a).

To further test whether shifts of attention influence parity
judgments, we also analyzed average error rates using a 2
(response mapping: compatible, incompatible) × 2 (cue direc-
tion: left, right) × 2 (number magnitude: small, large)
repeated-measures ANOVA. Again, there was a significant
main effect of response mapping, F(1, 39) = 37.83, p < .001,
ηp

2 = .492, with participants making fewer errors when the
number magnitude and response side were compatible (M =
3.32%, SD = 2.88%) than when they were incompatible (M =
6.83%, SD = 4.73%). Thus, we again observed a response-
based SNARC effect. There was also a significant main effect
of cue direction, F(1, 39) = 5.55, p = .024, ηp

2 = .125, with
participants making fewer errors when numbers were preced-
ed by leftward cues (M = 4.74%, SD = 3.36%) compared to
rightward ones (M = 5.41%, SD = 3.81%), and a significant
main effect of number magnitude, F(1, 39) = 13.69, p = .001,
ηp

2 = .260, with participants making fewer errors when
responding to small numbers (M = 4.41%, SD = 3.17%) com-
pared to large ones (M = 5.74%, SD = 4.09%). However, there
was no significant two-way interaction between cue direction
and number magnitude, F(1, 39) = 0.74, p = .396, ηp

2 = .019.
A Bayes factor analysis indicated that the null hypothesis was

0

2

4

6

8

10

Left Cues Right Cues Left Cues Right Cues

Er
ro
rR

at
e
(%

)

Small Numbers Large Numbers

Compatible Incompatible

560

580

600

620

640

660

Left Cues Right Cues Left Cues Right Cues

Re
sp
on

se
Ti
m
e
(m

s)

Small Numbers Large Numbers

Compatible Incompatiblea b
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Fig. 1 Example trial sequence in Experiment 1
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4.54 times more likely to account for the observed data than
the alternative hypothesis that there would be a two-way in-
teraction between cue direction and number magnitude. No
other effects were significant (all ps ≥ .084). Again, these
results suggest that shifts of attention did not influence parity
judgments (see Fig. 2b).

Discussion

In Experiment 1, we found no evidence that shifts of
attention influenced numerical processing. As predicted,
we observed a response-based SNARC effect, with par-
ticipants responding faster and making fewer errors when
the number magnitude and response side were compati-
ble (Dehaene et al., 1993; Dehaene et al., 1990). This
suggests that numbers and space share a common repre-
sentation at the response level. We also observed a
Simon effect, with participants responding faster when
the cue direction and response side were compatible
(Simon, 1969). This is consistent with previous evidence,
which suggests that the Simon effect can occur relative
to a spatial shift of attention (Nicoletti & Umiltà, 1994;
Rubichi, Nicoletti, Iani, & Umiltà, 1997; but see
Hommel, 1993). However, participants did not respond
faster when the cue direction and number magnitude
were compatible. Together, these findings suggest that
shifts of attention do not influence numerical processing.

Experiment 2

In Experiment 1, we found no evidence that shifts of atten-
tion influenced numerical processing. However, it is pos-
sible that shifts of attention only influence numerical pro-
cessing when the association between numbers and space
is relatively explicit. For example, several studies have
only replicated the attentional SNARC effect when ob-
servers are asked to imagine the position of a number along
the mental number line (Fattorini et al., 2015; Pinto et al.,
2018) or when the numbers can be mapped onto a consis-
tent spatial structure, such as a line or a clock face (Ristic
et al., 2006). In Experiment 2, we attempted to make the
association between numbers and space more explicit by
presenting a line of six placeholders and cueing the loca-
tion of the leftmost or rightmost placeholder. We reasoned
that by presenting a line of placeholders, the numbers
could be more easily mapped onto this spatial structure.
As in the previous experiment, if attention plays a role in
the spatial representation of numbers, leftward cues should
facilitate the processing of small numbers and rightward
cues should facilitate the processing of large numbers.

Method

Participants A new group of 40 University of Toronto under-
graduates (20 females; mean age = 18.8 years) participated for
$10 or course credit. All participants were right-handed and
were native English speakers.

Apparatus and stimuli The apparatus and stimuli were identi-
cal to those in Experiment 1.

Procedure and design At the beginning of each trial, a gray
fixation cross (45.6 cd/m2; 1° × 1°) appeared in the center of
the screen, flanked by six gray placeholders (45.6 cd/m2; 2° ×
2°; see Fig. 3). The placeholders were 0.04° in thickness, and
were presented 3°, 6°, and 9° to the left and right of fixation.
After a randomly determined interval between 800–1,200 ms,
a white peripheral cue (96.5 cd/m2; 4° × 4°) was presented at
the location of the leftmost or rightmost placeholder. This cue
was 0.32° in thickness, and was presented 9° to the left or right
of fixation. After 100 ms, a two-digit number was presented in
the center of the screen. Using the index and middle finger
of their right hand, participants pressed the “n” or “m” key to
identify whether the number was odd or even. To ensure that
the association between numbers and space remained relative-
ly explicit, the placeholders remained on the screen. All other
details of the experimental procedure were identical to those in
the previous experiment.

Results

Incorrect responses and response times less than 100 ms or
greater than 2,000 ms were excluded from analysis. To test
whether shifts of attention influence parity judgments, we ana-
lyzed average response times using a 2 (response mapping:
compatible, incompatible) × 2 (cue direction: left, right) × 2
(number magnitude: small, large) repeated-measures
ANOVA. The analysis revealed a significant main effect of
response mapping, F(1, 39) = 40.22, p < .001, ηp

2 = .508, with
participants responding faster when the number magnitude and
response side were compatible (M = 622.78 ms, SD = 102.50
ms) than when they were incompatible (M = 649.66 ms, SD =
109.59ms). Thus, as in the previous experiment, we observed a
response-based SNARC effect. There was also a significant
main effect of cue direction, F(1, 39) = 4.60, p = .038, ηp

2 =
.105, with participants responding faster when numbers were
preceded by rightward cues (M = 633.81 ms, SD = 103.01 ms)
compared to leftward ones (M = 638.64 ms, SD = 107.91 ms),
and a significant main effect of number magnitude, F(1, 39) =
18.87, p < .001, ηp

2 = .326, with participants responding faster
to small numbers (M = 629.23 ms, SD = 103.08 ms) than to
large ones (M = 643.22 ms, SD = 108.33 ms). In addition to
these effects, there was a significant two-way interaction be-
tween response mapping and number magnitude, F(1, 39) =
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7.90, p = .008, ηp
2 = .168, with participants responding even

faster to small numbers when the number magnitude and re-
sponse side were incompatible. However, these effects were
qualified by a significant three-way interaction between re-
sponse mapping, cue direction, and number magnitude, F(1,
39) = 10.04, p = .003, ηp

2 = .243. Simple effects tests revealed
a significant two-way interaction between response mapping
and cue direction for small numbers, F(1, 39) = 8.32, p =
.006, ηp

2 = .176, and a marginally significant two-way interac-
tion between response mapping and cue direction for large
numbers, F(1, 39) = 3.60, p = .065, ηp

2 = .085. In both cases,
participants responded faster when the cue direction and re-
sponse side were compatible. Thus, we observed a Simon ef-
fect. However, there was no significant two-way interaction
between cue direction and number magnitude, F(1, 39) =
0.027, p = .871, ηp

2 = .001. A Bayes factor analysis indicated
that the null hypothesis was 6.22 times more likely to account
for the observed data than the alternative hypothesis that there
would be a two-way interaction between cue direction and
number magnitude. No other effects were significant (all ps ≥
.244). Together, these results suggest that shifts of attention did
not influence parity judgments (see Fig. 4a).

To further test whether shifts of attention influence par-
ity judgments, we also analyzed average error rates using a
2 (response mapping: compatible, incompatible) × 2 (cue
direction: left, right) × 2 (number magnitude: small, large)
repeated-measures ANOVA. The analysis revealed a sig-
nificant main effect of response mapping, F(1, 39) = 22.21,
p < .001, ηp

2 = .363, with participants making fewer errors
when the number magnitude and response side were com-
patible (M = 3.86%, SD = 4.20%) than when they were
incompatible (M = 6.88%, SD = 5.51%). Thus, we again
observed a response-based SNARC effect. There was also

a significant main effect of number magnitude, F(1, 39) =
4.79, p = .035, ηp

2 = .109, with participants making fewer
errors when responding to small numbers (M = 5.03%, SD
= 4.38%) compared to large ones (M = 5.70%, SD =
4.74%). However, these effects were qualified by a signif-
icant three-way interaction between response mapping, cue
direction, and number magnitude, F(1, 39) = 4.184, p =
.048, ηp

2 = .097. Simple effects tests revealed a marginally
significant two-way interaction between response mapping
and cue direction for small numbers, F(1, 39) = 3.831, p =
.057, ηp

2 = .089, but no significant two-way interaction
between response mapping and cue direction for large
numbers, F(1, 39) = 2.26, p = .140, ηp

2 = .055. In both
cases, participants made fewer errors when the cue direc-
tion and response side were compatible. Thus, we again
observed a Simon effect. However, there was no signifi-
cant two-way interaction between cue direction and num-
ber magnitude, F(1, 39) = 0.13, p = .724, ηp

2 = .003. A
Bayes factor analysis indicated that the null hypothesis was
6.20 times more likely to account for the observed data
than the alternative hypothesis that there would be a two-
way interaction between cue direction and number magni-
tude. No other effects were significant (all ps ≥ .197).
Again, these results suggest that shifts of attention did
not influence parity judgments (see Fig. 4b).

Discussion

In Experiment 2, we again found no evidence that shifts of
attention influenced numerical processing. As in the previous
experiment, we observed a response-based SNARC effect,
with participants responding faster and making fewer errors
when the number magnitude and response side were

Time

Fixation Cross
800-1200 ms

+

+

Peripheral Cue
100 ms

Odd or Even?
2000 ms or Until Response

11

Fig. 3 Example trial sequence in Experiment 2
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compatible (Dehaene et al., 1993; Dehaene et al., 1990).
Again, this suggests that numbers and space share a common
representation at the response level. We also observed a
Simon effect, with participants responding faster and making
fewer errors when the cue direction and response side were
compatible (Simon, 1969). However, participants did not re-
spond faster when the cue direction and number magnitude
were compatible. Together, these findings suggest that shifts
of attention do not influence numerical processing, even when
the association between numbers and space is relatively
explicit.

Experiment 3

In Experiment 2, we again found no evidence that shifts
of attention influenced numerical processing. However,
it is possible that shifts of attention only influence nu-
merical processing when number magnitude is directly
relevant to observers’ task. For example, several studies
have only replicated the attentional SNARC effect when
observers are asked to remember (Casarotti et al., 2007)
or judge the magnitude of a number (Zanolie & Pecher,
2014; but see Fattorini et al., 2015; Pinto et al., 2018).
In Experiment 3, we made number magnitude directly
relevant to participants’ task by having participants
judge whether the number is smaller or larger than 55.
As in the previous experiments, if attention plays a role
in the spatial representation of numbers, leftward cues
should facilitate the processing of small numbers and
rightward cues should facilitate the processing of large
numbers.

Method

Participants A new group of 45 University of Toronto under-
graduates (33 females; mean age = 20.6 years) participated for
$10 or course credit. All participants were right-handed and

were native English speakers. Five participants were excluded
because they made a large proportion of errors (~35% or
greater).

Apparatus and stimuli The apparatus and stimuli were identi-
cal to those in the previous experiments.

Procedure and designThe task was the same as in Experiment
2, with the exception that participants judged whether the
number was smaller or larger than 55. All other details of
the experimental procedure were identical to those in the pre-
vious experiment.

Results

Incorrect responses and response times less than 100 ms or
greater than 2,000 ms were excluded from analysis. To test
whether shifts of attention influence magnitude judgments, we
analyzed average response times using a 2 (response mapping:
compatible, incompatible) × 2 (cue direction: left, right) × 2
(number magnitude: small, large) mixed-model ANOVA.
Response mapping was entered as a between-subjects vari-
able, and cue direction and number magnitude were entered
as within-subjects variables. The analysis revealed a signifi-
cant main effect of number magnitude, F(1, 38) = 12.92, p =
.001, ηp

2 = .254, with participants responding faster to large
numbers (M = 551.87 ms, SD = 96.16 ms) than to small ones
(M = 568.40 ms, SD = 102.01 ms). There was also a signifi-
cant two-way interaction between response mapping and
number magnitude, F(1, 38) = 5.04, p = .031, ηp

2 = .117, with
participants responding even faster to large numbers when the
number magnitude and response side were compatible.
However, these effects were qualified by a significant three-
way interaction between response mapping, cue direction, and
number magnitude, F(1, 38) = 62.45, p < .001, ηp

2 = .622.
Simple effects tests revealed a significant two-way interaction
between response mapping and cue direction for small num-
bers, F(1, 38) = 35.51, p < .001, ηp

2 = .483, and an opposite
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two-way interaction between response mapping and cue di-
rection for large numbers, F(1, 38) = 25.58, p < .001, ηp

2 =
.402. In both cases, participants responded faster when the cue
direction and response side were compatible. Thus, we ob-
served a Simon effect. However, there was no significant
two-way interaction between cue direction and number mag-
nitude, F(1, 38) = 0.03, p = .869, ηp

2 = .001. A Bayes factor
analysis indicated that the null hypothesis was 4.19 times
more likely to account for the observed data than the alterna-
tive hypothesis that there would be a two-way interaction
between cue direction and number magnitude. No other ef-
fects were significant (all ps ≥ .369). Together, these results
suggest that shifts of attention did not influence magnitude
judgments (see Fig. 5a).

To further test whether shifts of attention influence magnitude
judgments, we also analyzed average error rates using a 2 (re-
sponse mapping: compatible, incompatible) × 2 (cue direction:
left, right) × 2 (number magnitude: small, large) mixed-model
ANOVA. Response mapping was entered as a between-subjects
variable, and cue direction and number magnitude were entered
as within-subjects variables. Again, the analysis revealed a signif-
icant three-way interaction between response mapping, cue direc-
tion, and number magnitude, F(1, 38) = 18.10, p < .001, ηp

2 =
.323. Simple effects tests revealed a significant two-way interac-
tion between response mapping and cue direction for small num-
bers, F(1, 38) = 14.57, p < .001, ηp

2 = .277, and a marginally
significant two-way interaction between response mapping and
cue direction for large numbers, F(1, 38) = 3.77, p = .060, ηp

2 =
.090. In both cases, participants made fewer errors when the cue
direction and response side were compatible. Thus, we again
observed a Simon effect. However, there was no significant
two-way interaction between cue direction and number magni-
tude,F(1, 38) = 0.13, p= .723,ηp

2 = .003.ABayes factor analysis
indicated that the null hypothesis was 4.67 times more likely to
account for the observed data than the alternative hypothesis that
there would be a two-way interaction between cue direction and
number magnitude. No other effects were significant (all ps ≥
.075). Again, these results suggest that shifts of attention did not
influence magnitude judgments (see Fig. 5b).

Discussion

In Experiment 3, we again found no evidence that shifts of
attention influenced numerical processing. Unlike the previ-
ous experiments, we failed to observe a response-based
SNARC effect. However, we observed a large Simon effect,
with participants responding faster and making fewer errors
when the cue direction and response side were compatible
(Simon, 1969). As in the previous experiments, participants
did not respond faster when the cue direction and number
magnitude were compatible. Together, these findings suggest
that shifts of attention do not influence numerical processing,
even when number magnitude is directly relevant to ob-
servers’ task.

General discussion

In the present study, we assessed whether shifts of attention
can influence numerical processing. Participants viewed a left-
ward or rightward peripheral cue followed by a centrally pre-
sented number, then judged whether the number was odd or
even. Participants responded faster and made fewer errors
when the number magnitude and response side were compat-
ible, revealing a response-based SNARC effect (Dehaene
et al., 1993; Dehaene et al., 1990). Participants also responded
faster when the cue direction and response side were compat-
ible, revealing a Simon effect (Simon, 1969). However, par-
ticipants did not respond faster when the cue direction and
number magnitude were compatible. This suggests that shifts
of attention did not influence numerical processing. Similar
findings were observed when the association between num-
bers and space was relatively explicit. Moreover, although we
failed to observe a response-based SNARC effect when num-
ber magnitude was directly relevant to observers’ task, we
observed a large Simon effect. Together, these findings sug-
gest that although numbers and space share a common repre-
sentation at the response level, attention does not play a sub-
stantial role in the spatial representation of numbers.
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The present findings provide a clear challenge to the
broader claim that shifts of attention underlie the processing
of numerical information. Based on neurophysiological evi-
dence, several influential theories of numerical cognition have
proposed that shifts of attention directly influence numerical
processing (Dehaene et al., 2003; Hubbard et al., 2005).
However, while numbers, space, and attention rely on many
of the same areas in posterior parietal cortex, this does not
mean that attention plays a causal role in the spatial represen-
tation of numbers. Instead, it is possible that numbers and
attention share overlapping neural resources based on their
common reliance on spatial information. According to this
explanation, while a common spatial representation underlies
both shifts of attention and numerical processing, shifts of
attention do not directly influence numerical processing.
Such an explanation can account for many findings in the
numerical cognition literature. For example, although patients
with right parietal damage show similar impairments when
bisecting a line or judging the midpoint of a numerical interval
(Zorzi et al., 2002), these findings may reflect damage to the
common spatial representation that underlies both shifts of
attention and numerical processing.

Importantly, the present findings also add to a growing
body of research that has questioned whether viewing num-
bers can produce shifts of attention. A number of studies have
either failed to replicate the attentional SNARC effect (Bonato
et al., 2009; Colling et al., 2020; Pellegrino et al., 2019; see
also Ranzini et al., 2009; Salillas et al., 2008; Schuller et al.,
2015) or have only replicated this effect under certain condi-
tions. For example, several studies have only replicated the
attentional SNARC effect when observers are asked to imag-
ine the position of a number along the mental number line
(Fattorini et al., 2015; Pinto et al., 2018; see also Ristic
et al., 2006) or when observers are asked to judge the magni-
tude of a number (Zanolie & Pecher, 2014; see also Casarotti
et al., 2007; but see Fattorini et al., 2015; Pinto et al., 2018). In
the present study, we found no evidence that shifts of attention
influence numerical processing, even under conditions which
have been used to replicate the attentional SNARC effect.
This suggests that attention does not play a substantial role
in the spatial representation of numbers. If this is the case, it is
possible that viewing numbers may only produce spatial shifts
of attention when these processes require access to a common
spatial representation.

Although we found no evidence that shifts of attention
influence numerical processing, the present findings are
consistent with many theoretical models, which suggest
that numbers and space share a common representation at
the response level (Daar & Pratt, 2008; Gevers et al., 2005;
Gevers et al., 2006; Keus & Schwarz, 2005; Keus et al.,
2005). For example, several studies have found that the
SNARC effect interacts with the Simon effect (Gevers
et al., 2005; Keus & Schwarz, 2005; but see Mapelli

et al., 2003), suggesting that these effects occur at a similar
processing stage. There is also evidence that viewing num-
bers can directly influence response selection (Daar &
Pratt, 2008). However, the SNARC and attentional
SNARC effects do not appear to interact with one another
(Fattorini et al., 2015). In the present study, we found no
evidence that shifts of attention influence numerical pro-
cessing. However, we observed both a response-based
SNARC effect and a Simon effect. Because both effects
are thought to occur at the response selection stage, this
provides further evidence that numbers and space share a
common representation at the response level.

While the present findings are consistent with the notion
that shifts of attention do not influence numerical process-
ing, several aspects of these findings warrant further dis-
cussion. First, although we observed both a response-based
SNARC effect and a Simon effect in Experiments 1 and 2,
these effects did not appear to interact. This differs from
several previous studies, which have found that the
SNARC effect interacts with the Simon effect (Gevers
et al., 2005; Keus & Schwarz, 2005; but see Mapelli
et al., 2003). However, the present study differs from these
studies in one important way. In the previous studies, par-
ticipants viewed a number that was presented to the left or
right of fixation. However, in the present study, partici-
pants viewed a leftward or rightward peripheral cue
followed by a centrally presented number. It is possible
that when the cue and number are presented at different
spatial locations, the SNARC and Simon effects do not
strongly interact. Previous evidence suggests that the
Simon effect can occur relative to a spatial shift of atten-
tion (Nicoletti & Umiltà, 1994; Rubichi et al., 1997; but
see Hommel, 1993). In such cases, the Simon effect may
be relatively independent of the SNARC effect.

Second, although we observed a response-based SNARC
effect in Experiments 1 and 2, we failed to observe this effect
in Experiment 3. However, we observed a large Simon effect in
this experiment. One possible explanation for these findings is
that shifts of attention disrupt the association between numbers
and space when number magnitude is directly relevant to ob-
servers’ task. Consistent with this explanation, Irwin and
Thomas (2007) found that saccadic eye movements interfered
with numerical processing when observers were asked to judge
the magnitude of a number. However, this effect was only
observed for leftward saccades. A more plausible explanation
is that the SNARC and Simon effects interact more strongly
when number magnitude is directly relevant to observers’ task.
Consistent with this explanation, Gevers et al. (2005) found that
the SNARC effect strongly interacted with the Simon effect
when observers were asked to judge the magnitude of a num-
ber. Such an explanation can account for both our failure to
observe a response-based SNARC effect in Experiment 3 and
the large Simon effect observed in this experiment.
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Third, although the present findings suggest that attention
does not play a substantial role in the spatial representation of
numbers, it is possible that shifts of attention can influence
numerical processing under certain conditions. For example,
Stoianov, Kramer, Umiltà, and Zorzi (2008) had participants
view a centrally presented number followed by a leftward or
rightward peripheral cue, then asked them to judge the parity
or magnitude of the number. In this case, leftward cues facil-
itated the processing of small numbers and rightward cues
facilitated the processing of large numbers. However, a simi-
lar effect was not observed when the cue preceded the number
(see also Kramer, Stoianov, Umiltà, & Zorzi, 2011). Based on
these findings, it is possible that shifts of attention may play a
limited role in the spatial representation of numbers. However,
because these findings were only observed when the cue
followed the number, it is unlikely that shifts of attention
directly influenced numerical processing. Moreover, because
participants verbally judged the parity or magnitude of the
number, the researchers could not test whether numbers and
space share a common representation at the response level.
Future work should attempt to clarify these findings and iden-
tify the conditions under which shifts of attention influence
numerical processing.

Lastly, it is worth noting that shifts of attention can influ-
ence the processing of other stimuli with implicit spatial asso-
ciations. For example, a number of studies have suggested that
viewing words with upward or downward spatial associations
can produce spatial shifts of attention (Chasteen, Burdzy, &
Pratt, 2010; Estes, Verges, & Barsalou, 2008; Gozli,
Chasteen, & Pratt, 2013). More recently, Mills et al. (2018)
found that shifts of attention can influence the processing of
these words. Why does attention play a role in the spatial
representation of words but not numbers? According to theo-
ries of embodied cognition, the representation of many con-
cepts may be grounded in representations of space (Barsalou,
1999; Lakoff & Johnson, 1980, 1999). If this is the case,
viewing words with upward or downward spatial associations
may automatically activate the corresponding spatial represen-
tations, which may in turn may produce spatial shifts of atten-
tion. Some researchers have also suggested that the spatial
grounding of concepts may be bidirectional (e.g., Mills
et al., 2018). If this is the case, shifts of attention may directly
influence language processing. Future work should attempt to
clarify why attention plays a role in the spatial representation
of words but not numbers.

In summary, we found no evidence that shifts of attention
influence numerical processing. Although we observed both a
response-based SNARC effect and a Simon effect, partici-
pants did not respond faster when the cue direction and num-
ber magnitude were compatible. Similar findings were ob-
served when the association between numbers and space
was relatively explicit or when number magnitude was direct-
ly relevant to observers’ task. Together, these findings

challenge the broader assumption that shifts of attention un-
derlie the processing of numerical information, and suggest
one possible reason why viewing numbers does not automat-
ically produce spatial shifts of attention. Specifically, if atten-
tion does not play a substantial role in the spatial representa-
tion of numbers, viewing numbers may only produce spatial
shifts of attention when these processes require access to a
common spatial representation.
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