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M
agnitude information is essential to create
a representation of the external environ-
ment and successfully interact with it. Du-

ration and numerosity, for example, can shape our
predictions and bias each other (i.e., the greater the
number of people queuing, the longer we expect
to wait). While these biases suggest the existence
of a generalized magnitude system, asymmetric ef-
fects (i.e., numerosity affecting duration but not
vice versa) challenged this idea. Here we propose
that such asymmetric integration depends on the
stimuli used and the neural processing dynamics
they entail. Across multiple behavioural experi-
ments employing different stimulus presentation
displays (static versus dynamic), and experimen-
tal manipulations known to bias numerosity and
duration perceptions (i.e., connectedness and mul-
tisensory integration), we show that the integration
between numerosity and time can be symmetrical
if the stimuli entail a similar neural time-course
and numerosity unfolds over time. Overall, these
findings support the idea of a generalized magni-
tude system, but also highlight the role of early
sensory processing in magnitude representation
and integration.

1 Introduction

Magnitude dimensions like space, time, and number
represent fundamental aspects of our perceptual expe-

rience and of our interaction with the external world.
The importance of these dimensions for our conscious
experience is also reflected by philosophical accounts
conceptualizing them as a-priori forms of knowledge,
through which every other experience is defined (Kant,
Critique of pure reason; see Dehaene and Brannon,
2010). However, despite a growing amount of research
in the past decades, how the brain processes, repre-
sents, and uses magnitude information is far from clear.

According to “A Theory ofMagnitude” (ATOM;Walsh,
2003), space, time, and number information is pro-
cessed by a generalized, supra-modal, system encod-
ing the different magnitudes with a single metric in
overlapping brain areas of the posterior parietal cortex
(Bueti and Walsh, 2009). This theoretical framework
is supported by empirical findings showing the exis-
tence of perceptual biases across magnitude dimen-
sions (Burr et al., 2010; Fornaciai, Togoli, and Arrighi,
2018; Winter, Marghetis, and Matlock, 2015). For in-
stance, perceived time has been shown to be strongly
affected by numerosity, so that the larger the numeros-
ity of a stimulus, the longer its perceived duration (Cap-
pelletti, Freeman, and Cipolotti, 2009; Dormal and Pe-
senti, 2013; Oliveri et al., 2008; Roitman et al., 2007;
Xuan et al., 2007). However, the idea of a generalized
magnitude system has been challenged by findings
showing asymmetric biases: perceived time can be bi-
ased by stimulus size and numerosity to a larger extent
compared to the effect of time on these dimensions
(Cappelletti, Freeman, and Cipolotti, 2009; Merritt,
Casasanto, and Brannon, 2010). Such asymmetry has
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led, for instance, to the proposal that non-spatial mag-
nitudes like time are simply conceptualized based on
spatial knowledge (Casasanto and Boroditsky, 2008).

Here, we propose that the observation of asymmet-
ric or symmetric biases between different magnitudes
depends on the nature of the stimuli used, and par-
ticularly on the information processing time-course
engaged by such stimuli. Indeed, considering time
and numerosity as an example, it is clear that the time-
course of their processing is likely very different. While
numerical information of a set of items is immediately
available after stimulus appearance and entails a rel-
atively fast processing (i.e., 75-250 ms after stimulus
onset; Park et al., 2016; Fornaciai et al., 2017; Forna-
ciai and Park, 2018), the duration of the same stimulus
is only available after its disappearance. This difference
can in turn introduce a temporal lag between the rep-
resentation of duration and numerosity. Thus, while a
numerical representation could interfere directly with
the accumulation of temporal information, duration
could affect numerosity only after its processing.

Here, in a series of experiments, we address this idea
by making the processing of temporal and numerical
information more similar. Our hypothesis is that while
the use of static stimuli (a single array of dots) would
introduce a temporal offset between the representa-
tion of time and numerosity – leading to an asymmet-
ric bias – the use of dynamic stimuli (multiple arrays
of dots) where numerosity is represented over time,
would reduce this difference. Moreover, we asked when
– at which processing stage – magnitude integration
occurs. To answer this question, we used two experi-
mental manipulations that are known to affect either
numerosity (i.e., connectedness illusion; a systematic
underestimation of pairwise-connected dots compared
to unconnected dots (He et al., 2009; Fornaciai, Ci-
cchini, and Burr, 2016) or duration perception (i.e.,
multisensory integration; a task irrelevant sound biases
the perceived duration of a visual stimulus Heron et
al., 2013) at specific information processing stages. In
other words, considering the neural processing stages
at which those known illusions occur allowed us to test
whether the time-numerosity integration takes place
before or after them.

2 Material and methods

2.1 Participants

A total of 89 participants (all naïve to the aims of the
study, except two of the authors) took part in the study
(58 females; mean age (± SD) = 26 ± 4.1 years).
Exp. 1a, 1b, and 1c, included 15 participants each.
Exp. 2a and 2b, included 24 participants each. A
few participants took part in multiple experiments.
Participants provided written informed consent prior
to participating in the study, and received Euro 8/hour
for their participation. The experimental protocol was

approved by the local ethics committee, and it was in
line with the declaration of Helsinki.

In Exp. 1, the sample size tested was based on a pre-
vious study that used a similar methodology (Javadi
and Aichelburg, 2012). In Exp. 2 instead, we deter-
mined the sample size with a power analysis based on
the results of Exp. 1a, and on previous studies mea-
suring the effect of connectedness (Fornaciai, Cicchini,
and Burr, 2016) and multisensory integration (Heron
et al., 2013). Based on those previous studies, we com-
puted a minimum expected effect size (Cohen’s d) of
0.72, indicating a minimum sample size of 23 subjects.
See the Supplementary Materials for more information
about the power analysis.

2.2 Apparatus and stimuli

Stimuli were created using the Psychophysics Toolbox
(v3) for Matlab (r2015b, The Mathworks, Inc.) and
displayed on a 1092×1080 LCD monitor (120 Hz),
encompassing a visual angle of 48×30 deg from a
viewing distance of 57 cm.

The stimuli used in all experiments were dot-arrays
presented singularly or in a sequence of multiple ar-
rays. Each dot-array included an equal proportion of
black and white dots, randomly positioned in a circular
area with variable dimension (see below), presented
on a grey background. In Exp. 1, dot positions were
computed online on a trial-by-trial basis, and only con-
strained by a minimum inter-dot distance equal to the
dot radius (6-10 pixels). In Exp. 2, we used connected-
dot arrays including lines connecting pairs of dots. Dot
positions in such stimuli were computed offline in order
to avoid dots overlapping with each other (minimum
inter-dot distance = 1.5 times the diameter of a sin-
gle dot) or with lines (minimum dot-line distance =
0.5 deg), and intersections between lines. During the
experiment, the stimuli were randomly chosen from a
pool of 500 arrays created according to this procedure.

In all experiments, dot-array stimuli were con-
structed to vary along several non-numerical dimen-
sions, according to a procedure used in previous studies
(Park et al., 2016; DeWind et al., 2015). Note that since
the main goal of the present study was to assess the
integration of numerosity and duration, the different
levels of the non-numerical dimensions were collapsed
during data analysis. Throughout all the experiments,
the radius of the dots ranged from 6 to 10 pixels. In
Exp. 1, the radius of the dot-arrays ranged from 180
to 255 pixels, while in Exp. 2 it ranged from 200 to
400 pixels.

The auditory stimuli used in Exp. 2 were generated
using the Psychophysics Toolbox in Matlab, and pre-
sented through one of two loudspeakers located behind
the screen, positioned consistently with the position of
the visual stimuli. Auditory stimuli consisted of a burst
of white noise (62 dB) of varying duration.
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Figure 1: General experimental procedure and stimuli used in Exp. 1. (A) Example of the stimulus sequence in each trial of

Exp.1a-c. In each trial, a sequence of two stimuli (reference and test) was presented on the screen, randomising both their order

and position. Participants performed either a duration or a numerosity comparison task, in different sessions. The reference was

always constant in the task-relevant dimension, and varied in the task-irrelevant one, while the test varied only in the task-relevant

dimension. (B) The static stimuli used in Exp. 1a were defined by a single dot array with a given numerosity and duration according

to the task. (C) The dynamic stimuli used in Exp. 1b-c instead included a series of briefly-flashed (50-ms) dot-arrays. This example

shows two stimuli from the duration task of Exp. 1b: a 300-ms reference (six 50-ms stimuli), and a 150-ms test stimulus (three

50-ms stimuli). In Exp. 1c we used similar stimuli, but with the numerosity of each individual array computed in order to keep

the total amount of the presented dots (instead of the average) equal to 37. Note that dots are depicted in black for visualization

purposes, but were black and white in the actual experiment.

2.3 Experimental design and procedure

2.3.1 General procedure

In all experiments, in separate session, participants per-
formed either a numerosity or a duration comparison
task, in a counterbalanced order. In each trial, par-
ticipants fixated a central point, while a variable test
dot-array and a constant reference dot-array appeared
sequentially on the two sides of the screen (interstim-
ulus interval = 400-600 ms; horizontal eccentricity
from the centre of the screen = 12 deg). Both the po-
sition of the stimuli (left/right side of the screen) and
their presentation order (test first/reference first) were
randomized across trials. After the offset of the sec-
ond stimulus, subjects were instructed to report either
which stimulus contained more dots (but see below for
variations in the numerosity task), or which stimulus
was displayed for longer time. Responses were made
by pressing either the left or the right arrow on a key-
board, to indicate the side of the screen of the more
numerous/longer stimulus. After providing a response,
the next trial started after 450-650 ms. No feedback
about the response was provided. Fig. 1A shows an
example of the general procedure used across the dif-
ferent experiments. In Exp. 1, participants performed
5 blocks of 196 trials for each task of each experiment.

In Exp. 2, each participant performed 4 blocks of 70
trials for each task of each experiment.

2.3.2 Experiment 1

In the numerosity task of Exp. 1a (static stimuli; Fig.
1B), the test stimulus varied in numerosity from trial
to trial (20, 25, 30, 37, 45, 56, or 69 dots), and had
constant duration (308 ms), while the reference had
always 37 dots and varied in duration (158, 200, 250,
308, 383, 483, or 600 ms). In the duration task, in-
stead, the test stimulus varied in duration (158-600
ms) and was kept constant in numerosity (37 dots),
and vice versa for the reference stimulus (20-69 dots,
308 ms).

In Exp. 1b (dynamic average numerosity), the
methodology was similar to Exp. 1a, with the excep-
tion that instead of considering numerosity as the num-
ber of dots in a single dot-array, participants judged
the average numerosity over multiple dot-arrays (Fig.
1C). Each stimulus was composed by a series of briefly-
flashed (50-ms) dot-arrays with varying numerosity,
with a variable number of arrays depending on the
stimulus duration. In the numerosity task, the test
stimulus varied in average numerosity (20-69), and
had constant duration (300 ms; six 50-ms dot-arrays).
Conversely, the reference stimulus had an average of
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37 dots, but varied in duration (150, 200, 250, 300,
350, 450 or 600 ms, corresponding to a sequence of 3,
4, 5, 6, 7, 9, 12 dot-arrays). The numerosity of each
dot-array was randomly chosen to span ± 50% around
its base numerosity, and each sequence was computed
on a trial-by-trial basis to have an average numerosity
equal to the base numerosity selected. At the end of
each trial, participants reported which stimulus con-
tained, on average, more dots. In the duration task, the
stimuli were constructed in a similar fashion. In this
case, the reference stimulus was always 300 ms (six 50-
ms dot-arrays), with sequences containing an average
numerosity of 20-69 dots. The test stimulus instead
varied in duration (150-600 ms; 3-12 dot-arrays), and
had a constant average numerosity of 37 dots. Par-
ticipants reported which of the two dot-arrays lasted
longer.

In Exp. 1c (dynamic total numerosity), we used a
procedure largely similar to Exp. 1b. The only dif-
ference is that the numerosity of each array in the
sequences was determined in a way to have a given
total number of dots presented over time, rather than
having a certain average numerosity. For instance, a
stimulus containing 37 dots required dividing this num-
ber of dots for the number of arrays in the sequence
(i.e., 3-12 arrays, corresponding to 150-600 ms). All
the other aspects of the experiment were identical to
Exp. 1b. Note that to avoid the repetition of the same
number over multiple presentations, the dots were not
distributed evenly across the different arrays.

2.3.3 Experiment 2

In Exp. 2a, we first assessed the effects of connect-
edness (Fig. S1A) on numerosity and multisensory
integration (Fig. S1B; see Supplementary Materials) on
time perception. In the numerosity task, participants
compared a reference stimulus (containing either 36
connected or 36 isolated dots) against a variable test
stimulus (20-69 isolated dots), using a procedure iden-
tical to Exp. 1a. Stimulus duration was not modulated,
and all the stimuli were presented for 300 ms. In the
duration task, participants performed a duration com-
parison task. The reference stimulus (300 ms) was
always paired with a task-irrelevant auditory stimulus
(i.e., a burst of white noise lasting 200 or 500 ms, cen-
tered at the middle point of the visual duration). The
visual test stimulus instead varied in duration (150-600
ms), and no sound was played during its presentation.
Stimulus numerosity was not modulated, and all the
stimuli contained 36 dots. The rest of the procedure
was identical to Exp. 1a.

A different group of participants was tested to as-
sess the effect of connectedness on perceived duration
and multisensory integration on perceived numerosity.
In the first case, participants compared the duration
of a constant reference (300 ms/36 dots) and a vari-
able test stimulus (150-600 ms/36 dots). However, the
reference stimulus could either contain isolated dots,

or pairwise-connected dots. In order to test the ef-
fect of multisensory integration on numerosity, partici-
pants compared the numerosity of a constant reference
(36 dots/300 ms) and a variable test stimulus (20-69
dots/300 ms). To induce multisensory integration, an
irrelevant burst of white noise (200 or 500 ms) was
played simultaneously to the reference.

In Exp. 2b, the procedure and tasks were the same
as Exp. 2a; the only difference was the use of dy-
namic stimuli and the judgment of average numerosity.
Namely, we first assessed the effect of connectedness
on the perceived average numerosity of sequences of
dot arrays, and the effect of multisensory integration
on the perceived duration of these stimuli. Then, we
assessed the effect of connectedness on perceived du-
ration, and the effect of multisensory integration on
perceived numerosity. Except for the use of dynamic
stimuli, all the other aspects of the experiment were
identical to Exp. 2a.

2.3.4 Data analysis

Across all experiments, the effect of the different
experimental manipulations was assessed in terms of
difference in the point of subjective equality (PSE),
defined as the median of a cumulative Gaussian
function fitted to the distribution of “test more
numerous/longer” responses at different test values
(maximum likelihood method; Watson, 1979). In
Exp. 1, we computed a PSE value for each reference
magnitude level (i.e., numerosity in the duration
task, duration in the numerosity task). The average
(±SD) goodness-of-fit (R2) of the psychometric fitting
procedure was 0.36 ± 0.09, 0.32 ± 0.07, and 0.26 ±

0.07, for Exp. 1a, 1b, and 1c respectively. In Exp. 2,
instead, the goodness of fit was 0.40 ± 0.05 (Exp. 2a)
and 0.40 ± 0.07 (Exp. 2b). To have a better index
of the magnitude modulation effect, we calculated
a magnitude integration (MI) index based on the
difference in PSE between the cases where reference
and test stimulus had the same magnitude (i.e., the
middle value of the magnitude range) and the cases
where the reference had either a higher or a lower
magnitude level in the task-irrelevant dimension:

MI = (
PSEref.mag−PSEbaseline

PSEbaseline
)× 100

Where PSEref.mag. indicates the PSE obtained
when the reference had a higher or a lower task-
irrelevant magnitude level (i.e., numerosity in the
duration task, duration in the numerosity task).
PSEbaseline indicates the PSE obtained when refer-
ence and test had the same level of the task-irrelevant
magnitude, which was taken as a baseline measure of
duration/numerosity comparison performance. This
index indicates to what extent the perceived duration
or numerosity of the reference changes as a function of
the interfering task-irrelevant magnitude, and allows
to directly compare the effect of the different mag-
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nitudes in the different tasks. A negative magnitude
integration index indicates a relative underestimation
compared to baseline, while a positive index indicates
overestimation.

To better capture the difference in the effect yielded
by static and dynamic stimuli, we also computed an
“effect index” for each task in Exp.1a-c. This index is
computed as the difference in the bias observed at the
two extremes of the task-irrelevant dimension of the
reference stimulus (i.e., 158 and 600 ms or 150 and
600 ms in the numerosity task, respectively for Exp.
1a and Exp. 1b-c, and 20 and 69 dots in the duration
task). Note that for the numerosity task of Exp.1c the
effect index was computed according to the average
numerosity of the stimuli.

Data analysis of Exp. 2 was similarly based on PSEs
and on a magnitude integration index reflecting the
difference in PSE obtained with connected- versus
isolated-dots, or with a short versus a long sound.

In all experiments we also assessed participants’ per-
formance in terms of precision (i.e., sensitivity), mea-
suring and analysing Weber’s fractions. More details
about this analysis are included in the Supplementary
Materials.

3 Results

3.1 Experiment 1

In Exp. 1, we assessed the effect of magnitude inte-
gration between time and numerosity. Participants
performed either a duration or a numerosity compari-
son task, between a constant reference and a variable
test stimulus. While participants explicitly judged the
task-relevant dimension of the stimuli according to the
task (either duration or numerosity), we also modu-
lated the task-irrelevant dimension of the reference
(i.e., numerosity in the duration task and duration in
the numerosity task) to induce a magnitude integra-
tion bias. Importantly, while in Exp. 1a we used static
stimuli (a single dot-array), in Exp. 1b-c we used dy-
namic stimuli (series of visual dot-arrays), in order
to transform numerosity into a temporally-distributed
dimension more similar to duration.

With static dot-array stimuli (Exp. 1a), we predicted
an asymmetric integration effect, i.e., a greater effect
of numerosity on perceived duration compared to the
effect of duration on numerosity. Participants’ perfor-
mance in the tasks was assessed in terms of a mag-
nitude integration index, computed as the difference
in perceived magnitude (PSE) obtained by modulat-
ing the task-irrelevant dimension of the reference (i.e.,
either numerosity or duration in the duration and nu-
merosity task, respectively; see Material and Methods).
The average PSEs obtained in the different experiments
and tasks are shown in Fig. S1, while measures of pre-
cision in the task (Weber’s fraction) are shown in Fig.
S2; see Supplementary Materials.

The effect of magnitude integration was assessed
with a linear mixed-effect regression model, with “task”
(i.e., numerosity vs. duration) and “ratio” (i.e., the
ratio between each level of reference duration or nu-
merosity and the middle value of the reference dura-
tion/numerosity range considered as baseline) as fixed
effects, subjects as the random effect, and the mag-
nitude integration index as dependent variable. This
model (R2 = 0.59) showed a significant effect of task
(t = 4.37, p < 0.001), and a significant effect of ratio
(t = 13.70, p < 0.001). This means that, for instance,
in the duration task, duration estimates were biased
congruently by the numerosity of the reference: fewer
dots than the test (20-30 vs. 37 dots) led to underesti-
mation, while more dots (46-69 dots) led to overesti-
mation. A similar pattern, although weaker, was also
observed in the numerosity task, with an under- and
over-estimation of numerosity due to the duration of
the reference.

The asymmetry of the integration bias between du-
ration and numerosity was revealed by a significant
interaction between task and ratio (t = -4.46, p <

0.001). A series of post-hoc tests revealed that the
effect of numerosity on duration perception was sig-
nificantly stronger compared to the effect of duration
on numerosity at intermediate (0.64 and 0.68, respec-
tively for duration and numerosity; t(14) = 2.07, p
= 0.042, Cohen’s d = 0.54) and extreme (0.51/0.54,
1.93/1.96; t(14) = 2.81, p = 0.006, d = 0.65; t(14) =
2.16, p = 0.035, d = 0.67) ratios. At the ratios closest
to 1 (0.81 and 1.23/1.22) and at the intermediate ratio
above 1 (1.53/1.51) the effect of numerosity on du-
ration perception did not significantly differ from the
effect of duration on numerosity (all t-values ≤ 1.21,
all p-values ≥ 0.231).

In Exp. 1b we used dynamic stimuli (see Fig. 1C)
to reduce the temporal offset between the representa-
tion of time and numerosity – i.e., by making time and
numerosity to unfold similarly over time. To this aim,
we presented a sequence of arrays, and made partici-
pants to evaluate either their duration, or the average
numerosity across them. Fig. 2B shows the results
of Exp. 1b. Here we observed a much larger effect of
duration on numerosity, comparable if not even slightly
stronger than the effect of numerosity on duration. A
linear mixed-effect model (R2 = 0.64) showed again
an effect of ratio on the magnitude integration index
(t = 8.44, p < 0.001), but no effect of task (t = 0.39,
p = 0.069). Importantly, we did not observe any sig-
nificant interaction between task and ratio (t = 0.30,
p = 0.76), indicating that the effect in the two tasks
was largely symmetrical. These results demonstrate
that with dynamic stimuli where numerosity is defined
over time, magnitude integration operates in a similar
fashion across different magnitudes.

However, in Exp. 1b, it remains unclear whether
the effect in the numerosity task is driven by duration,
or by the total number of items displayed over time,
which increased with duration. To dissociate the ef-
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Figure 2: Results of Exp. 1. All the plots show the magnitude integration index (i.e., reflecting the perceptual bias) as a function

of the different levels of reference magnitude. (A) Results of Exp. 1a where we used static stimuli. (B) Results of Exp. 1b where we

used dynamic stimuli based on average numerosity. (C) Results of Exp. 1c where we used dynamic stimuli based on total numerosity.

The inset in the bottom-right panel shows the integration effect re-coded as a function of average numerosity, rather than duration

(i.e., corresponding to 12, 9, 7, 5, 4, and 3 dots for durations ranging 150-650 ms). Error bars represent 95% confidence intervals

(CI). The upper x-axes report the ratio of the different levels of the reference magnitude with the middle value of the range. The

lower x-axes report the actual magnitude of the reference stimulus in each task.

fect of the average numerosity from the total numeros-
ity over time, we performed an additional experiment
(Exp. 1c) in which we kept fixed the total number of
dots over time, introducing an opposite relationship

between duration and average numerosity (the shorter
the duration, the higher the average numerosity).

The results (Fig. 2C) show again a robust effect
of numerosity on perceived duration, but an opposite
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effect of duration on numerosity: shorter durations led
to a relative numerosity overestimation compared to
longer durations. A linear mixed-effect model (R2 =
0.63) showed a significant effect of task (t = 15.01,
p < 0.001), and ratio (t = 8.44, p < 0.001), and a
significant interaction between them (t = -16.69, p
< 0.001). Post-hoc tests showed that the effect of
numerosity on duration was significantly different from
the effect of duration on numerosity, at all the ratio
levels (t-values ≥ 2.825, p-values ≤ 0.007).

These results suggest that the numerical estimates
in this context are critically driven by the average nu-
merosity of the sequences, rather than by the total
number of dots displayed. By re-coding the different
levels of reference magnitude according to average nu-
merosity (inset in the rightmost panel of Fig. 2C) in
the numerosity task, we observed a pattern consistent
with the results of Exp.1b. A linear mixed-effect model
similarly showed an effect of both task (t = -3.98, p <

0.001) and ratio (t = 8.33, p < 0.001), and a signifi-
cant interaction between them (t = 4.10, p < 0.001).
Differently from Exp. 1a, this interaction shows that
the effect of duration on numerosity is actually stronger
that the effect of numerosity on duration. Post-hoc tests
showed a significant difference between the effects on
numerosity and duration at the extremes of the range
(ratio 0.51/0.50: t(14) = 2.539, p = 0.014, d = 0.80;
1.93/2: t(14) = 3.236, p = 0.002, d = 0.64; no signif-
icant differences were observed elsewhere, t-values ≤
1.927, p-values ≥ 0.059).

Finally, we computed an “effect index” in each task
and compared it across the experiments (see Material
and Methods). The average effect index across Exp.
1a-c is shown in the Supplementary Fig. S3. A two-way
ANOVA with factors “experiment” and “task” showed
a main effect of both factors (F(2,28) = 16.42, p <

0.001, ηsp = 0.28, and F(1,14) = 5.03, p = 0.028,
ηsp = 0.06, respectively), and a significant interaction
(F(2,28) = 8.43, p < 0.001, ηsp = 0.17). A series of
Bonferroni-corrected post-hoc tests (alpha = 0.008)
showed no statistically significant differences across
the different duration tasks of Exp. 1 (t ≤ -2.64, p ≥

0.013). Conversely, across the numerosity tasks, the
effect obtained with the average and total numerosity
stimuli was significantly different from the effect ob-
tained with static stimuli (t(28) = 4.89, p < 0.001,
d = 1.78; t(28) = 7.24, p < 0.001, d = 2.64). No
significant difference was observed between the aver-
age and the total numerosity stimuli (t(28) = -0.61,
p = 0.55). Finally, we compared the effect obtained
in the duration vs. the numerosity task separately for
each experiment (alpha = 0.017). The results show
that while there is a significant difference between the
effect of numerosity on duration and duration on nu-
merosity with static stimuli (Exp. 1a; t(28) = 2.92,
p = 0.007, d = 1.06) – highlighting indeed an asym-
metric pattern of magnitude integration – there is no
difference in Exp. 1b (t(28) = 1.30, p = 0.20, d =
0.48). Additionally, we also observed a significant dif-

ference in Exp. 1c, reflecting the stronger bias found in
the numerosity compared to the duration task (t(28) =
3.71, p < 0.001, d = 1.35). However, since the bias in
the numerosity task is driven by the average numeros-
ity, this result cannot be interpreted as reflecting an
asymmetry between duration and numerosity.

3.2 Experiment 2

To further asses the nature of magnitude integration
and shed light into its time-course, we investigated the
effects of illusory changes in the perception of the task-
irrelevant magnitude dimension of the reference stim-
ulus on the perception of the task-relevant dimension
of the test. To this aim, we exploited the connected-
ness illusion [17] to distort perceived numerosity, and
multisensory integration to change perceived duration
[19]. We chose these manipulations because each of
them is known to happen at a specific processing stage:
a relatively “early” processing stage in the case of con-
nectedness (i.e., 150 ms from stimulus onset [16]), or
a later stage in case of multisensory integration (i.e.,
since the integration between the two durations should
occur after their offset).

In Exp. 2a we used static stimuli. First, we assessed
these effects within the single appropriate dimension
(i.e., the effect of connectedness on numerosity, Fig. 3A,
and of multisensory integration on duration, Fig. 3B).
Connectedness should indeed reduce the perceived
numerosity of an array when compared to the same
number of isolated dots, while the presence of an ir-
relevant sound should bias the perceived duration of a
visual stimulus via multisensory integration. Then, we
tested the effect of connectedness on duration percep-
tion (Fig. 3C) and the effect of multisensory integration
on numerosity perception (Fig. 3D).
As shown in Fig. 3A-B, in both conditions we ob-

served strong and systematic perceptual biases. The
numerosity of a connected dot-array was strongly un-
derestimated compared to the same array of isolated
dots, by on average 34% (paired sample t-test, t(23)
= 11.07, p < 0.001, d = 2.86). Similarly, the presence
of a task-irrelevant sound paired with a visual stim-
ulus strongly affected its perceived duration, leading
to under- or over-estimation according to the sound
duration (average effect of ±29% around the physical
reference duration of 300 ms; short vs. long sound,
t(23) = 9.19, p < 0.001, d = 2.98).
Next, we tested how such illusory modulations of

perceived numerosity and duration impact magnitude
integration. Specifically, in the duration task, the refer-
ence stimulus (300 ms/36 dots) could either contain
isolated or pairwise connected dots, whereas in the
numerosity task the reference stimulus (36 dots/300
ms) was paired with a task-irrelevant sound (200 or
500 ms). By using static stimuli (Fig. 3C-D), however,
we did not observe any significant modulation of mag-
nitude integration. Specifically, we did not observe any
effect of connectedness (average effect of ∼3%; t(23)
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Figure 3: Results of Exp. 2. (A-D) Results of Exp. 2a using static stimuli, in terms of perceived numerosity or duration (average

PSE). (A) Effect of connectedness on numerosity perception. (B) Effect of multisensory integration on perceived duration. (C) Effect

of connectedness on perceived duration. (D) Effect of multisensory integration on numerosity. (E-H) Results of Exp. 2b using

dynamic stimuli. (E) Effect of connectedness on the perceived average numerosity of sequences of dot-array stimuli. (F) Effect of

multisensory integration on perceived duration. (G) Effect of connectedness on duration. (H) Effect of multisensory integration on

average numerosity. Error bars represent 95% CI.

= 0.97, p = 0.342, d = 0.24; Fig. 3C) on duration
comparison, suggesting that the bias of numerosity
on time perception is based on the veridical number
of dots, irrespective of connectedness. Similarly (Fig.
3D), we did not observe any significant effect of the
task-irrelevant sound on perceived numerosity (aver-
age effect = ∼3.5%; t(23) = 1.97, p = 0.061, d =
0.58).

In Exp. 2b we used again dynamic stimuli (based
on average numerosity as in Exp. 1b). As shown in
Fig. 3E-F, both illusions appear to be robust also in this
context. Namely, connectedness strongly reduced the
perceived average numerosity of a sequence of pairwise
connected dot-arrays (average effect ∼34%; t(23) =
8.71, p < 0.001, d = 2.62). Also multisensory integra-
tion biased the perceived duration of dynamic stimuli,
with under- or over-estimation according to the sound
duration (average effect ±24% around the physical du-
ration of 300 ms; t(23) = 11.46, p < 0.001, d = 3.09).
Differently from Exp. 2a, when testing how these two
illusions impact the numerosity-time integration, we
found robust effects. Namely, the average numeros-
ity perceptually reduced by connectedness caused a
significant underestimation of perceived duration (av-
erage effect∼12%; t(23) = 4.34, p< 0.001, d = 1.10).
Similarly, the distorted perceived duration of the vi-
sual stimulus caused by the sounds affected perceived
numerosity (average effect ∼10%; t(23) = 4.73, p <

0.001, d = 1.33), resulting in a relative under- or over-
estimation according to the sound duration. Precision
measures obtained in the different conditions of Exp.
2 are shown in Fig. S5 (Supplementary Materials).

To better assess the effects of connectedness and
multisensory integration on time and numerosity per-

Figure 4: Comparison between cross-magnitude effects

in Exp. 2. (Average magnitude integration indexes measured

when testing the effect of connectedness on duration (blue bars)

and the effect of multisensory integration on numerosity (red

bars). The effect was calculated from the PSE data shown in

Fig. 3 (panels C, D, G, and H). Error bars represent 95% CI.

ception – and the role of dynamic stimuli – we directly
compared them (Fig. 4). Namely, we performed a
two-way (independent-sample) ANOVA, with factors
“stimulus type” (static vs. dynamic) and “task” (time
vs. numerosity). The results showed a significant effect
of stimulus type (F(1,92) = 11.88, p < 0.001, ηsp =
0.114), and no effect of task (F(1,92) = 0.15, p =
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0.70) or interaction between the two factors (F(1,92)
= 0.03, p = 0.87). This suggests that the effect of
illusory perception of time and numerosity on mag-
nitude integration strongly depends on the stimulus
presentation format (i.e., yielding stronger effects with
dynamic stimuli) and also in this case dynamic stim-
uli give rise to a symmetrical interaction between the
different magnitudes.

4 Discussion

The present work addresses two important questions
about magnitude perception and integration: what
causes asymmetries in magnitude integration and
when does magnitude integration occur? An impor-
tant feature of magnitude perception is the integra-
tion of information across different dimensions and the
perceptual biases linked to it. The presence of biases
across magnitude dimensions has suggested the exis-
tence of a generalized system representing magnitude
information with the same neural code Walsh, 2003),
putatively located in high-level associative cortices like
for instance the posterior parietal cortex (Walsh, 2003;
Harvey et al., 2013; Harvey et al., 2015). However,
results showing asymmetric integration effects across
different dimensions challenged this idea (Casasanto
and Boroditsky, 2008). The inconsistency of previous
results has left many doubts about the mechanism un-
derlyingmagnitude integration. Here we showed that a
symmetrical interaction between time and numerosity
can be observed if the two dimensions become tempo-
rally equivalent and numerosity unfolds over time.

In line with previous findings (Cappelletti, Freeman,
and Cipolotti, 2009; Oliveri et al., 2008; Roitman et al.,
2007; Dormal, Seron, and Pesenti, 2006), our results
with static stimuli (Exp. 1a) showed an asymmetric
relationship between time and numerosity. In the pres-
ence of static stimuli this is not surprising, since the
processing of numerosity and duration likely entails
very different time-courses. Namely, while temporal
information necessarily unfolds over time, and repre-
senting duration is possible only at the offset of the
stimulus itself, numerosity processing has been shown
to be relatively fast, starting very early after stimulus
onset (i.e., 75-100 ms; Fornaciai, Cicchini, and Burr,
2016; Fornaciai and Park, 2018) and likely ending 250
ms after. Numerosity could then interfere with tem-
poral processing even before duration representation,
while duration could interfere with numerosity only
after numerosity has already been represented. Accord-
ing to this, using static stimuli the interaction effects
are likely of very different nature: while numerosity
would affect how time is processed (i.e., during a hypo-
thetical accumulation of temporal information), dura-
tion could affect numerosity only at a post-perceptual
processing stage, where numerosity representations
are presumably less prone to biases. Thus, according
to our hypothesis, if there is a temporal offset between

the representation of two dimensions, the faster one
would have an advantage over the slower one. How-
ever, when numerosity is defined over time by using
dynamic stimuli (Exp. 1b), its representation becomes
much more vulnerable to duration. In this scenario,
numerical and temporal information would unfold in
parallel and the lack of temporal offset between them
leads to symmetrical biases. The asymmetry between
dimensions would thus be related to differences in
the processing upstream to a hypothetical high-level
magnitude system (Walsh, 2003). An alternative in-
terpretation, however, is that with dynamic stimuli
duration could be exploited by the visual system as
additional sensory evidence to compute numerosity.
While this may seem intuitively plausible – especially
in the case of total numerosity, where the longer the
sequence, the more items could be displayed within
it – it is less plausible for the average numerosity. In-
deed, although the average numerosity of a sequence
requires integrating information over time, it does not
require any temporal information per se, and in Exp.
1b was completely uncorrelated to duration.

Results from Exp. 2 provide further evidence con-
cerning the nature of magnitude integration. First,
the fact that multisensory integration does not affect
the perceived numerosity of static dot-arrays suggests
again that once a numerosity representation is formed,
it is not prone to biases. Surprisingly though, with
static stimuli, changes in perceived numerosity induced
by connectedness do not affect perceived duration.
Since the connectedness illusion is based on segmen-
tation processes occurring relatively early in the vi-
sual processing stream (i.e., 150 ms, in early visual
areas like V2-V3; Fornaciai et al., 2017), this result
suggests that the effect of numerosity on time may
occur even before perceptual segmentation. In other
words, this effect is based on an early representation
of numerosity which is not affected by connectedness
(i.e., arising around 100 ms; Fornaciai et al., 2017).
This finding supports the idea that – with static stimuli
– the effect of numerosity on time arises very early,
possibly affecting directly the encoding of duration. In
the presence of dynamic stimuli, instead, changes in
perceived numerosity due to connectedness affected
time perception, and changes in perceived duration
due to multisensory integration affected numerosity
perception. Both these findings further support the
idea that when the neural time-course of the differ-
ent dimensions is “equated,” magnitude integration
becomes symmetrical.

Importantly, our results also suggest that the magni-
tude integration bias observed in the present study
is perceptual in nature, rather than based on deci-
sion, memory, or a linguistic/conceptual representation
(Casasanto and Boroditsky, 2008; Cai et al., 2018). In-
deed, for instance, a memory or decision bias should
always be linked to perceived magnitude irrespective of
the physical properties of the stimuli (i.e., static versus
dynamic) and of the manipulation used to bias their
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perception (i.e., connectedness and multisensory inte-
gration), which is not the case considering the present
results. However, it is also important to note that per-
ceptual biases and other types of interactions between
magnitudes are not mutually exclusive, and may be
elicited in different contexts or even co-exist.

How can this framework explain previous reports
of symmetric biases across magnitudes? For instance,
Javadi and Aichelburg (Javadi and Aichelburg, 2012),
by modulating the duration and numerosity of static
dot-array stimuli, observed similar biases across nu-
merosity and time. This symmetrical effect could be ex-
plained by the short duration range used (53-106 ms),
likely yielding a minimal offset between numerosity
and duration representation, in line with the idea that
the time-course of information processing determines
the interaction between magnitudes. Furthermore, it
has been hypothesized [27] that the asymmetry be-
tween space and time, usually observed with visual
stimuli, might be due to the different sensitivity of the
visual system to spatial and temporal information. In
support to this idea, Cai and Connell (Cai and Connell,
2015) using tactile stimuli show a reversed asymmetry,
with duration biasing spatial judgments but not the
opposite. In this case, the poor spatial resolution of the
tactile modality, together with the fact that spatial es-
timates required the integration of haptic signals from
the two hands (i.e., participants touched the two ends
of a stick with the two index fingers), might have con-
tributed to a sluggish encoding of spatial information.
And this, in turn, might have reduced the temporal
offset between the processing of spatial and temporal
information.

Finally, another aspect of the time-numerosity in-
tegration is the directionality of the perceptual bias,
determined by the contribution of different stimulus
dimensions to the overall energy of the stimuli. In gen-
eral, increasing or decreasing either the duration or
the numerosity of the reference stimulus (compared
to the test) either increases or decreases the relative
energy of the stimulus, determining the direction of
the bias. Two exceptions to this trend have been ob-
served. The first is in the numerosity task of Exp.1a,
where changes in the duration of the reference did
not proportionally affect its perceived numerosity (i.e.,
asymmetric interaction between time and numerosity).
This suggests that, with static stimuli, the contribution
of duration to the energy of the stimuli is limited. The
second exception is in the numerosity task of Exp. 1c,
where keeping the total numerosity of the reference
constant introduced a negative correlation between
numerosity and time: the shortest stimulus was paired
with the highest numerosity, and vice-versa. This re-
sulted in an incongruent bias: the shorter the duration
the higher the perceived numerosity. This finding first
shows that the stimulus energy, in terms of numerosity,
is determined by the number of items presented in a
single array, rather than by the total amount of items
presented across multiple arrays. Second, it suggests

that to observe a symmetric bias it is important not
only to make the stimuli temporally equivalent, but
also to make sure that the different dimensions pro-
vide congruent contributions to the overall stimulus
energy.
To conclude, our results shed new light on the

nature of integration between different magnitude
dimensions and its neural mechanisms. Overall, our
findings suggest that the dynamics of low-level magni-
tude processing play an important role in determining
the symmetry of magnitude integration: a stimulus
dimension rapidly processed would more easily affect
a slowly processed one than vice versa. When the
stimulus dynamics are equated by introducing a
temporal component into a spatial dimension like
numerosity, the resulting integration can be perfectly
symmetrical. We thus conclude that the operation
of a high-level generalized magnitude system could
be symmetrical in nature, and that any asymmetry
in integration effects may arise with differences in
the nature of the stimuli used and in the underlying
sensory processing.

Supplementary materials. Electronic sup-
plementary material is available online at
https://doi.org/10.6084/m9.figshare.c.5604593.
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