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Abstract

If you want to catch your train on time you have to estimate how far the station is from
your current position and how long it will take you to go there. A growing body of evidence
(behavior and neuroimaging studies) suggests that interferences may exist in the perception of
different magnitude dimensions, such as time, distance, number, loudness, brightness and so
on. These intriguing relationships fascinate researchers for decades and led Walsh (2003) to
hypothesize that Time, Space and Number were part of a generalized magnitude system which
may be located in the parietal cortex. In this thesis, we first investigated the possible existence
of such system. Participants were presented with clouds of dynamic dots and were instructed to
either judge the duration of the trial, the total number of dots or the cumulative surface filled
by the dots. Manipulating non-temporal magnitude dimensions did not interfere with duration
judgments. Instead, numerical and spatial estimates were biased when we manipulated the rate
of accumulation of sensory evidence. In this first experiment we asked whether a generalized
Bayesian magnitude estimation system would sample evidence using a common, amodal prior,
as expected by a generalized magnitude system. Our results suggested that from a Bayesian
perspective, computations would necessitate multiple priors, instead of one and unique amodal
prior. This work provides substantial evidence against the existence of a generalized magnitude
system in which Time, Space and Number share a common neural code and are processed along

the same metric.

To further investigate interferences of numerical magnitude on perceived duration, we
built a second experiment in which participants were required to reproduce intervals of time
and also judge the numerical magnitude of a visual stimulus. Our results revealed that the
number-time interaction depended on the numerical format that was used. Perceived duration
always increased as a function of the numerosity when sets of items were used (Non-Symbolic
numerical information). On the other hand, perceived duration did not always increase as a
function of the tested numerosity when participants were presented with Arabic digits
(Symbolic numerical information). This work suggests that the numerical magnitude is

automatically processed at a non-symbolic level whereas it requires attentional resources when



numerical information is symbolically conveyed. These findings suggest that the number-time
interferences may be governed by distinct mechanisms, depending on the numerical format

that is used (either non-symbolic or symbolic).



Overview

The thesis is structured in five main chapters. In the introduction (first chapter), | will
first review general findings in human magnitudes behavior. | will then introduce the idea of a
common generalized magnitude system in the brain as well as the implications and predictions
of such system, and finally, how magnitude estimations could be realized on the basis of
Bayesian computations. The second chapter presents the first experiment we performed, in
which we investigated the possible existence of a generalized magnitude system and to which
extent Bayesian approaches may provide interesting perspectives on magnitudes estimations.
The third chapter is dedicated to observations on existing literature of interference effects
across magnitudes that motivate the second study of the thesis. In this chapter, | argue that
there is no strong evidence in favor of a common metric across magnitudes and that the effect
of numerical magnitude on perceived duration is task-dependent. In the fourth chapter, we
aimed to clarify the interaction of numerical magnitude on perceived duration. Our results
indicated that perceived duration increased as a function of the numerical magnitude of the
stimulus, but depended on the task that was used and on the instructions provided to the
participants. In this chapter | discuss a possible automaticity in magnitude processing at a non-
symbolic level, but not at a symbolic one. The last chapter (fifth chapter) is a general discussion
on the implications and predictions of a generalized magnitude system and to which extent they

are supported (or not) by empirical data.

The work presented in Chapter 2 has been published in a peer reviewed journal under the
following reference: Martin, Benoit, Martin Wiener, and Virginie van Wassenhove. 2017. “A
Bayesian Perspective on Accumulation in the Magnitude System.” Scientific Reports 7 (1): 630.
Results presented in Chapter 4 are actually in preparation for publication. Lastly, | contributed
to another study (results not presented in this thesis) which is also actually in preparation: Polti,
I, Martin, B, van Wassenhove, V (in prep.) “Distinct effects of attention and working memory

on the estimation of duration”.
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1 | Introduction

1.1 Magnitudes in the Brain

According to Gallistel (2011), « mental magnitudes [...] refer to continuous and discrete
quantities an animal has experienced”, such as the representation of time, space and number.
The representation of the spatial dimension, for example, takes place during path integration
(dead reckoning) when an animal has to construct a mental representation of the different
locations and objects encountered in its environment in order to find its way back. By summing
some little successive displacements (3 steps forward, 2 to the left, 5 to the right) we can
estimate quite precisely our current location in a dark room for example, or we can also record
the position of different objects, places and landscapes to build a mental map of our
environment. Animals are able to estimate different kinds of magnitudes: for example,
estimating the number of lions in the opponent group will affect the fight or flight decision and
swimming with the larger shoal will increase the probability that the fish survives. Interestingly,
animals can also represent time and remember how long it has been since they cached food. In
a study on scrub jays (Clayton, Dickinson, and Anthony, 2006), the birds were allowed to cache
worms and peanuts, and the choice of which caches to visit depended first on their knowledge
of how long had passed before the recovery. Birds initially searched for worms but switched to
searching for peanuts if the retention period was too long, displaying the knowledge that the

worms may not be edible anymore.

Like other animals, humans are able to estimate the magnitude of different dimensions,
such as the duration of an event, the number of apples in a basket, the size of an object, and so
on. In the initial definition of mental magnitudes previously provided, Gallistel (2011) also
suggested that “mental magnitudes [...] enter into arithmetic processing”. In fact, the
discriminability of two magnitudes (e.g., different weights), also called the just-noticeable-
difference (JND) follows a mathematical relationship which corresponds to the Weber’s law, and

is a function of their ratio. While it is quite easy to discriminate the difference between 10



grams and 40 grams, it is more difficult to discriminate the difference between 1.01 kg and 1.04
kg. One possible explanation of the Weber’s law is that magnitudes are represented along a
logarithmic scale (Cantlon et al., 2009; Dehaene et al., 2008). Such representation would imply
that the sensitivity to notice a difference between two successive magnitudes is lower (higher)
for large (small) magnitudes. Another possible explanation is the scalar variability of magnitudes
according to which the noise (variability) in the representation of the magnitude increases as a

function of the magnitude (Petzschner, Glasauer, and Stephan, 2015).

1.1.1 The Weber-Fechner law

The Weber—Fechner refers to a psychophysical law of human perception, which
establishes the relation between the physical change of a stimulus and its perceived change.
This law is looking for a mathematical relationship between physical and perceived quantities.
Perceived quantities are not limited to the number of items in a set, and this law applies to a lot
of different dimensions, such as the quantity of time, of space, of brightness, and so on. In a
study conducted by Weber (1850), participants were presented with two different magnitude
stimulus that differed by small increment, in order to determine the threshold at which they
perceived a difference. The JND between two stimulus magnitudes was a function of their ratio
(Figure 1.1). Weber’s law followed a proportional relationship between the JND (AS) and the
absolute value of the stimulus magnitude (S). Weber’s law can be expressed by the following

equation, with a constant factor (k) which depends on the type of tested stimulus:
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Figure 1.1: lllustration of Weber’s
law. Lower panels contain 10 more
dots than upper panels, but the
difference is easier to notice on the
left than on the right.

1.1.3 Regression effect

The regression effect, also known as the central tendency effect or regression to the
mean, is an effect that is usually reported in psychophysics experiments, in the case of
magnitude estimations. This effect describes the tendency for participants to be biased towards
the center of the tested range, resulting in the over- (under-) estimation of small (large)
magnitudes and in an accurate estimations of magnitudes localized around the center of the
distribution (Figure 1.2). For example, if participants have to reproduce durations ranging from

500 to 1000ms, the reproduced durations will be biased towards 750ms.



Regression effect

Reproduced range

Test range

Figure 1.2: From Petzschner et al.,
2015. lllustration of the regression
effect. The dotted diagonal line
represents the ideal performance. Red
arrows highlight the regression to the
mean, with a bias towards the center
of the tested range.

Interestingly, because these features (regression effect and Weber’s law) are similar
across magnitude dimensions, some authors have argued that similar mechanisms might be
used for the perception of different magnitudes (Petzschner, Glasauer, and Stephan, 2015). One
of the most important regions of the cortex associated with spatial, numerical and temporal
processing is the parietal cortex. Brain damages (lesions) in this area have often been reported
to induce deficits in the perception of these dimensions (Saj et al., 2014; Zorzi, Priftis, and
Umilta, 2002). Additionally, clinical and fMRI studies (for a review, see Bueti and Walsh, 2009)
gave support to the possible existence of a shared mechanism for the perception of time, space

and number.



1.2 Same mechanisms for the processing of time, space and number?

1.2.1 The parietal lobe in fMRI studies

If time, space and number share similar mechanisms, one prediction is that we should
observe overlap in brain activations when processing the magnitude of these different
dimensions. Moreover, these dimensions should also interfere and the amount of overlap in
brain activation should reflect the size and direction of the interaction. Pinel et al. (2004) found
that the amount of overlap in brain regions activated during numerical, spatial and luminance
judgements could predict the amount of interference between dimensions, with number and
size engaging a common parietal spatial code, supporting the hypothesis of a common neural
code. In Kaufmann et al. (2008) study, participants showed overlapping activations for space
and number in the posterior superior parietal lobe. The same authors (Kaufmann et al.
2008) also compared activations for number and size using a Stroop-like paradigm in which
subjects viewed pairs of digits that varied in numerical value and/or size. Participants were
required to perform judgements on the value or the physical size and the results revealed that
the IntraParietal Sulcus (IPS) was involved in spatial and numerical judgments. Another
neuroimaging study found that the bilateral IPS and surrounding areas were activated when
processing either spatial or numerical magnitudes (Hubbard et al. 2005). Interestingly, the IPS
has also been found to be implicated in temporal perception: Coull & Nobre (1998) found an
increased BOLD signal in the left IPS in a task requiring attention to temporal intervals.
Moreover, transcranial magnetic stimulation (TMS) used to induce temporary disruptions of the
posterior parietal cortex caused selective deficits in the processing of temporal, spatial, and
numerical magnitudes (for a review, see Sandrini and Rusconi, 2009). Several clinical studies
also revealed that brain lesions in and around the parietal lobes were associated with deficits
(such as unilateral neglect) in the processing of temporal, numerical and spatial information (Saj
et al. 2014; Zorzi, Priftis, and Umilta 2002). Similar activations have also been observed in non-
human primates. Regions of macaque parietal cortex (homologous to human IPS) were

activated when processing temporal (Leon and Shadlen, 2003), numerical (Sawamura, Shima,



and Tanji, 2002) and spatial (Stein, 1989) magnitudes. Moreover, Tudusciuc & Nieder (2007)

have also found neurons in the IPS that are tuned to numerical and spatial magnitudes.

1.2.2 The parietal lobe in clinical studies

Some neurological disorders are associated with deficits in spatial and numerical
behaviors, such as dyscalculia (Butterworth, Varma, and Laurillard, 2011) and Gerstmann’s
syndrome (Benton, 1992). Evidence for a common neural code in the perception of space and
number also comes from patients with hemineglect, which is due to right parietal damage. In
such cases, patients cannot attend to their left visual field due to contralateral neglect: for
example, when hemineglect patients were instructed to set the midpoint of a horizontal line,
they typically shifted to the right compared to the objective line midpoint (Schenkenberg,
Bradford, and Ajax, 1980).

Interestingly, such bias is also found when neglect patients are asked to perform
numerical bisection tasks. Doricchi and colleagues (2005) found that some of the patients they
tested presented a strong rightward bias when instructed to bisect number intervals. Another
interesting finding is that patients who showed a rightward shift when bisecting number
intervals were those with the most severe spatial memory impairments. In a classical clock
drawing task patients had to fill an empty clock face with the appropriate numbers (Rossetti et
al. 2011). The results revealed that patients started with the number 12 (top of the clock) and
then continued with the number 13 to 23 instead of 2 to 11. The authors suggested that these
findings were due to a strong numerical bias towards large numbers. Vuilleumier et al. (2004)
instructed the patients to press a left key when a target number was smaller than a reference
number, and a right key when it was larger. Analyses of the reaction times revealed that the
time to represent the numbers increased when the target number was smaller than the
reference; these findings were interpreted as a failure of hemineglect patients to access digits of
low numerical information which would be represented along a mental number line. Such

neglect has also been reported in temporal tasks (Saj et al. 2014) suggesting that time may also



be spatialized on a mental line: left hemispatial neglect patients exhibited deficits in
representing temporal events to the past. The authors suggested that patients represented the
events along a mental time line and neglected the left part of this line. Altogether, clinical and
fMRI studies support the idea that temporal, spatial and numerical magnitude processing may
share neural resources, mainly located in the parietal cortex. In line with this idea, Walsh (2003)
suggested that time, space and number were part of a generalized magnitude system in which a
population of neurons may encode quantity at large, including length, area, volume, duration,

numerosity, loudness and so on.

1.3 A Theory Of Magnitudes (ATOM)

1.3.1 A common metric for time, space and number

Walsh proposed that the seemingly distinct domains of space, time and number may be
processed by a single cross-domain magnitude system in the brain, a proposal that he named
ATOM, for A Theory Of Magnitudes (Walsh, 2003). This domain-general magnitude system is
thought to be involved in processing temporal, spatial, and numerical magnitudes, including
various dimensions such as size, area, length, density for example. ATOM addresses domains
that we experience in terms of “more than” or “less than”. ATOM argues that this shared neural
substrate confers benefits because it supports the coordination of magnitudes that are relevant
for action (Walsh, 2003; Bueti and Walsh, 2009). For example, when human and non-human
animals want to grasp an object, magnitude is relevant to perceive the size of the object, how
distant the object is and when we should close our hand to grasp it. Two different schemas can
be drawn for processing time, space, number and other magnitude dimensions. In the first case,
the different magnitudes can be independently analyzed, processed and compared, according
to each individual metric (Figure 1.3 A). The second possibility is to consider a generalized
magnitude system (ATOM) in which all the different magnitudes are similarly processed,

according to a common metric (Figure 1.3 B).



10

(a) Time

Event input
Speed, size, duration,
location, number

Motor output
How far, how fast,
how much, how big...

(b)

Time
Space Motor output

Quantity

Figure 1.3: From Walsh, 2003. (a) Schema in which the
processing of temporal, spatial and numerical information
is independent. (b) Schema of a generalized magnitude
system in which time, space and number are processed
according to a common metric.

The idea of a generalized magnitude system in the brain in which different magnitudes
are processed according to a common metric and share neural resources implies that some
interactions should exist in the perception of time, space and number. The existence of such a
system has been supported by a large number of studies (Burr et al., 2010; Xuan et al., 2007;
Oliveri et al., 2008; Dormal and Pesenti, 2007; Casasanto and Boroditsky, 2008; Javadi and
Aichelburg, 2012; Mo, 1971; Pinel et al., 2004; Hubbard et al., 2005; Henik and Tzelgov, 1982;
Hurewitz, Gelman, and Schnitzer, 2006; Yamamoto, Sasaki, and Watanabe, 2016; Bonato, Zorzi,
and Umilta, 2012) .Indeed, one first prediction is that the estimation of the magnitude of a
target dimension should be affected by the manipulation of the magnitude in another non-
target dimension, such that the larger the magnitude of the non-target, the larger one should
perceive the target magnitude dimension to be. In other words, a common metric implies that
increasing (decreasing) the magnitude of one dimension should increase (decrease) the

perceived magnitude of another dimension. Following this first prediction, a second implication
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of a common metric is that the different magnitudes should equally interact between each

other and interferences should be bi-directional across dimensions.

1.3.2 Investigating the directional symmetry imposed by a common metric

One prediction from ATOM and the possible existence of a common neural code is that
we should observe bi-directional interactions between all the different magnitude dimensions
(Winter, Marghetis, and Matlock, 2015). In other words, time, space and number should equally
interfere between each other. One known effect in the literature is the size-congruency effect.
When instructed to judge the magnitude of a digit, participants tend to respond slower if the

physical size of the digit is incongruent with its magnitude (Pinel et al., 2004; Henik and Tzelgov,
1982). In other words, if the size of the digit is congruent with its value (e.g. “1” and “9”), the
numerical judgment will be facilitated compared to the condition in which the size of the digit is
incongruent with its value (e.g. “1” and “9”). Xuan et al. (2007) used a congruent vs.

incongruent paradigm and asked the participants to perform a temporal judgments task
between two stimuli. They had to judge if the second stimulus was presented for a shorter or a
longer duration than the first one. Stimulus consisted in an open square that could vary in size.
Results showed that temporal estimations were influenced by variations of the physical size of
the stimulus. Similarly, Dormal & Pesenti (2007) designed a Stroop task in which participants
were required to compare the length or the numerosity of two linear arrays of dots. Results
showed a significant main effect on response latencies: responses were provided faster in the
congruent condition than in the incongruent one, when participants performed numerical
judgments. However, in the spatial task, the number of dots did not interfere with the
processing of spatial information. Such asymmetry has also been reported by Hurewitz et al.
(2006). In their study, participants were presented with pairs of arrays of dots with varying circle
sizes and were required to make numerosity judgments. The authors also investigated if varying

the number of circles interfered with judgments of the cumulative filled area. They found an
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interference effect of the size of the circles when participants had to judge the number of circles
such that reaction times and error rates were larger in the incongruent condition than in the
congruent one. However, the effect of numerosity on the area comparison was weaker. In these
reports of interference between magnitude dimensions, behavioral effects were concluded on
the basis of increased reaction times and error rates in incongruent conditions (e.g., small
number presented with a long duration) which prevented the direct evaluation of participants’
magnitude perception per se. As such, no clear direction of interference effects could be

concluded from the studies beyond the existence of an interaction.

To further investigate interferences across dimensions and the possible existence of bi-
directional interactions, Casasanto and Boroditsky (2008) conducted a series of experiment in
which participants had to perform spatial and temporal reproduction task. Such design allowed
the authors to quantify the size of the interaction (e.g. reproduced duration compared to the
objective duration) and to test for possible asymmetry in the interference. In each task
participants saw lines or dots on the screen and had to reproduce the spatial displacement or
the duration of the trial. The results showed that for a given duration, participants over- (under)
estimated the duration when the line traveled a long (short) distance on the screen. No effect of
duration on spatial reproduction was found. In another study (Bottini and Casasanto, 2010),
duration judgments have been found to be biased by the semantic of words: the estimation of
the duration increased as a function of the implicit spatial length of the word. For a given
duration, participants judged that the word “Highway” stayed longer on the screen than the
word “Pencil”, for example. However, the implicit duration of a word did not interfere with
spatial judgments. Here again this finding highlights directional asymmetries between
magnitude dimensions, which is not consistent with one of our prediction, according to which
bidirectional interactions should be observed across magnitudes. Similar asymmetries have
been reported between number and time, with numerical information interfering with duration
judgments but not the reverse (Dormal, Seron, and Pesenti, 2006). Dormal et al. (2006) used a
Stroop task in which participants were presented with visually flashing dots and had to compare
either the numerosity or the duration of each trial. In the duration task, results showed that

congruent condition was answered faster than the incongruent one. No effect was observed in
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the numerosity comparison task. Droit-Volet et al. (2003) also investigated the interferences in
the processing of time and number information. Results showed that an increase of the number
of stimuli induced an increase of the “long” responses in the duration discrimination task. In the
numerical bisection task, no time interference on the processing of number was found. In this
experiment, the effect of number on duration was stronger in 5-years-old children than in 8-
years-old children and in adults, suggesting that these asymmetries appear early in
development. Supporting this idea, de Hevia & Spelke (2009) found that non-symbolic
numerical displays affected the subjective midpoint of a horizontal line in both adults, 3- and 5-
year-old children. While number is often reported to affect duration judgments manipulating
the duration of events has seldom been reported to affect numerical and spatial magnitudes
(Javadi and Aichelburg, 2012; Lambrechts, Walsh, and van Wassenhove, 2013; Cai and Connell,
2015; Martin, Wiener, and van Wassenhove, 2017).

A literal interpretation of ATOM predicts bidirectional interactions between time, space
and number but most of the time, asymmetries are reported, with duration being the most
labile dimension. To explain such asymmetries, some authors suggest that non-temporal
magnitudes are processed automatically (Xuan et al. 2007; Dehaene and Akhavein, 1995), and
that a more automatic processing interferes with a less automatic one (Hurewitz, Gelman, and
Schnitzer, 2006; Dormal, Seron, and Pesenti 2006), which corresponds to a facilitation effect. In
a recent paper, Bonn & Cantlon (2012) suggested that “asymmetries in interference would arise
from the different amount of weight given to each dimension in estimating a particular stimulus’
value”. If one magnitude dimension is processed more automatically than another, we face to
possible situations: (1) the difficulty of the task may not be balanced. When investigating
interferences between different dimensions, if the numerical task (for example) is easier to
perform that the temporal task, it is more likely that numerical magnitude will interfere with
perceived duration. A possible difference in task difficulty can lead to an asymmetrical
interaction, by facilitating the processing of one magnitude compared to the other. This
highlights the need to use a design in which the difficulty of the task is balanced across
conditions. The second possibility (2) is to consider that asymmetries are in fact due to an

unequal distribution of computational resources when processing numerical and temporal
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information for example. Whereas no clear answer can yet be provided about a possible
unequal distribution of resources, it appears necessary when building an experimental design to

ensure that the difficulty of the task is the same across the different tested dimensions.

1.3.3 A common metric implies a scaling effect between magnitudes

Another prediction directly derived from ATOM and the hypothetical existence of a
common neural code is the existence of a scaling effect when estimating different magnitudes.
A scaling between different magnitudes implies that the larger the non-temporal magnitude,
the larger the perceived duration should be. Such prediction is not always confirmed by
empirical data in studies which investigated this specific point (Chang et al., 2011; Rammsayer
and Verner, 2016). Indeed, several studies found that the perceived duration did not increase as
a function of the absolute numerical value but results were rather better explained by the

I”

relative numerical magnitude (“small” and “large”). In other words, the perceived duration was
longer for large numerosities than for small ones, but did not linearly increase as a function of
the numerical value. At first glance, the lack of scaling effect in these studies is inconsistent with
the idea of a common metric for time, space and number. However, this particular point will be

investigated in Chapters 3 and 4.

1.4 A Bayesian Perspective on Magnitude Estimations

Recent discussions in the field suggest that the combination and evaluation of quantities
in a common representational system would be realized on the basis of Bayesian computations
(Petzschner, Glasauer, and Stephan, 2015; Shi, Church, and Meck, 2013). When performing
temporal, spatial or numerical judgements, the information that we receive comes from a noisy
environment. One concept from the signal detection theory (Green and Swets, 1989; Peterson,

Birdsall, and Fox, 1954) is that when observers are instructed to detect the presence of a signal,
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observers will be correct in some cases (hit) and incorrect in others (false alarm). Errors may be
due to an uncertainty in the decision process, coming from the noisy sensory input but also
coming from the previous situations an observer has experienced. This is where Bayes’ theorem
becomes useful in magnitude estimations. In a Bayesian framework, decision is made by
combining a priori information (prior) with noisy sensory input (likelihood), weighing the two
information sources by their relative uncertainty. This can be summarized with the following
equation (Petzschner, Glasauer, and Stephan, 2015):
P(m|S) o« P(S|m) - P(1)

Where P(S|m) represents the noisy likelihood, P(m) represents the a priori knowledge and
P(m|S) correspond to the posterior. Figure 1.4 compares a classical model of magnitude

estimation and a generative model based on Bayesian probabilities.

(A) Classical model (B) Generative model
Cau_ses _ P P ﬁ' .
(physical magnitude) A
)/\
Bayes’ rule

Faise frss y

(e.g, log

or power

function) B (S I”)

Sensory input s Prior
(additional knowledge,
experience, context, ...)

fs—v Posterior
(e.g., log
or linear
function) flr,s—»r
(response model)
Response r P(rlll;s)

(reproduced magnitude)

Figure 1.4: From Petzschner et al., 2015. (A) Classical model of magnitude estimation. The
sensory input is translated into a motor response (reproduction task for example). (B)
Generative model in which the response provided by the participants takes into account
the noisy sensory input (likelihood) and his previous experience / knowledge about the task

(prior).
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Bayesian approaches may provide interesting perspectives on magnitudes estimations,
because Bayesian models can be applied to explain classical effects that are usually reported in
psychophysics experiments. For example, one of these effects is the regression effect (see
section 1.1.3 of this chapter), which causes an under- (over-) estimation of large (small)
magnitudes, in the tested range. In a temporal reproduction task for example, if participants
have to reproduce duration intervals ranging from 500ms to 1000ms, after several trials, the
prior (a priori information) will be located around the center of the distribution (750ms). In a
generative model, if the duration of the sensory input (likelihood) is 500ms and if the prior is
around 750ms, participants will be biased towards the center of the distribution and will
overestimate the short temporal magnitude. On the other hand, if the duration is 1000ms and

the prior is 750ms, participants will underestimate the long temporal magnitude (Figure 1.5).

Bias Bias
—> ——
Posterior

Prior Posterior

Prior

Bayes’ rule

.

Smaller magnitude Lérger magnitude

Figure 1.5: From Petzschner et al., 2015. lllustration of the regression effect in a
Bayesian framework. Considering that the prior is close to the center of the distribution
(tested range), the posterior will be biased towards the prior, leading to an
overestimation of small magnitude (left panel) and to an underestimation of large
magnitudes (right panel).
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As mentioned in the previous sections, ATOM predicts that time, space and number
should share a common metric. Such predictions can be formalized in Bayesian terms so that
the magnitude of each dimension yields a likelihood estimate subsequently informed by an
amodal prior common to all magnitude dimensions. In other words, if time, space and number
share the same metric, these dimensions should share the same prior in a Bayesian framework.
On the other hand, if the processing of temporal, spatial and numerical magnitudes is
independent across dimension, each tested dimension should have its own prior (i.e. one prior

per dimension).

1.5 Aim of this thesis

As we have seen, magnitude estimation exhibits a number of interesting features. In this thesis,
the focus is on the possible existence of a generalized magnitude system (ATOM) with a
common metric. To challenge this specific point, we designed a study in which participants were
instructed to either perform temporal, spatial and numerical judgments while we independently
manipulated the magnitude of the non-target dimensions. Such design allowed us to test for all
possible interactions between magnitudes and investigate the bi-directionality of the
interactions, which is one prediction from ATOM. In this experiment, we ensured that task
difficulty was the same across dimensions and we also decided to use a dynamic design in which
temporal, numerical and spatial information accumulated over the time course of each trial. In
the first part of the thesis we also investigated to which extent Bayesian frameworks can be
applied to magnitude estimations and specifically investigated the possible existence of an
amodal prior for the different tested dimensions (see section 1.4). The experimental design and
the results of this first experiment are presented in the second chapter of this manuscript. The
second part of this thesis focused on several predictions made by ATOM and further
investigated recent findings in the field of magnitude estimation, especially on the number-time
interaction. In chapter 3 and 4, we investigated the possible existence of a scaling effect in time
estimation. Whereas perceived duration seemed to depend on the relative magnitude of the

tested digits (small or large) (Chang et al., 2011; Rammsayer and Verner, 2016), recent findings
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suggested (Rammsayer and Verner, 2016) that the interferences between numerical and
temporal magnitudes may be partly governed by attentional resources. Such claim is interesting
and challenges the automaticity in magnitude processing initially suggested by several authors
(Xuan et al., 2007; Dehaene and Akhavein, 1995). Moreover, we argue that the effect of
numerical magnitude on perceived duration may be task instructions dependent and that
different mechanisms may be involved in the number-time interference, depending on the
numerical format that is used (symbolic or non-symbolic form). The implication and the
integration of our results in the field of magnitude estimations are discussed in the last part of

this manuscript (Chapter 5).
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2 | A Bayesian Perspective on Accumulation in

the Magnitude System

2.1 Summary

In the present article, we investigated the possible existence of a generalized magnitude
system in which time, space and number were predicted to interfere. To test for all possible
interactions across magnitude dimensions, we used a design in which participants were
presented with clouds of dynamic dots and were either instructed to judge the duration, the
total number of dots or the cumulative surface filled by the dots, while we independently
manipulated the magnitude of the two non-target dimensions. We found that duration
estimates were resilient to numerical and spatial manipulations whereas increasing (decreasing)
the duration of the trials induced under- (over-) estimations of numerosity and surface. Results
also revealed that manipulations of the rate of accumulation of sensory evidence affected
numerical and spatial estimations, but did not interfere with perceived duration. From a
Bayesian perspective, a generalized magnitude system predicts that time, space and number
should share one common prior. Our results suggest otherwise, and a magnitude system based

on Bayesian computations may necessitate multiple priors instead of one unique amodal prior.

2.2 Reference

This work was carried out under the supervision of Virginie van Wassenhove, and in
collaboration with Martin Wiener. The paper was published in Scientific Reports under the
following reference: Martin, B., Wiener, M. & van Wassenhove, V. A Bayesian Perspective on

Accumulation in the Magnitude System. Scientific Reports 7, 630 (2017).
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Accumulation in the Magnitude
System

Benoit Martin', Martin Wiener? & Virginie van Wassenhove(H?

Several theoretical and empirical work posit the existence of a common magnitude system in the
brain. Such a proposal implies that manipulating stimuli in one magnitude dimension (e.g. duration
in time) should interfere with the subjective estimation of another magnitude dimension (e.g. size in
space). Here, we asked whether a generalized Bayesian magnitude estimation system would sample
sensory evidence using a common, amodal prior. Two psychophysical experiments separately tested
participants on their perception of duration, surface, and numerosity when the non-target magnitude
dimensions and the rate of sensory evidence accumulation were manipulated. First, we found

that duration estimation was resilient to changes in surface and numerosity, whereas lengthening
(shortening) the duration yielded under- (over-) estimations of surface and numerosity. Second,

the perception of surface and numerosity were affected by changes in the rate of sensory evidence
accumulation, whereas duration was not. Our results suggest that a generalized magnitude system
based on Bayesian computations would minimally necessitate multiple priors.

The representation of space, time, and number is foundational to the computational brain'~*, yet whether magni-
tudes share a common (conceptual or symbolic) format in the brain is unclear. Walsh’s A Theory Of Magnitude
(ATOM)® proposes that analog quantities are mapped in a generalized magnitude system which entails that space,
time, and number may share a common neural code. One additional implication for the hypothesis of a common
representational system for magnitudes is that the estimation of magnitude in a target dimension (e.g., size in
space) should be affected by the manipulation of the magnitude in another non-target dimension (e.g., duration
in time), such that the larger the magnitude of the non-target, the larger one should perceive the target magnitude
dimension to be (Fig. 1A). Such predictions can be formalized in Bayesian terms® so that the magnitude of each
dimension yields a likelihood estimate subsequently informed by an amodal prior common to all magnitude
dimensions (Fig. 1B). In line with ATOM and the common magnitude system hypothesis, a growing body of
behavioral evidence™, for review see refs 30-32 suggests the existence of interferences across magnitude dimen-
sions. Several neuroimaging studies also suggest the possibility of a common neural code for quantity estimations
mostly implicating parietal cortices**-** but see ref. 28, 40. However, while a variety of interactions between time,
space and number has been reported, the directionality of these interactions is not always consistent in the litera-
ture'® 1 suggesting the need to moderate the claim for a common magnitude system: for instance, manipulating
the duration of events has seldom been reported to affect numerical and spatial magnitudes'®'* 22 whereas
numerosity® and size® 7 typically influence duration. Yet, using a literal interpretation of ATOM?, if time, number
and space shared a common representational system and amodal prior, all magnitude dimensions should interact
with each other in a bi-directional manner (Fig. 1A).

Recent discussions in the field suggest that the combination and evaluation of quantities in a common rep-
resentational system would be realized on the basis of Bayesian computations'>*!. Convergent with this proposal,
recent examinations of Bayesian processing in magnitude estimation have demonstrated a number of distinct
effects®. One primary example is the so-called central tendency effect, wherein magnitude estimates regress to
the mean of the stimulus set, such that large (small) magnitudes are under (over) estimated. Crucially, central
tendency effects have been demonstrated across a number of different magnitude judgments, including dura-
tion (historically known as Vierordtss law*"*%, numerosity”, distance and angle**. Further, correlations between

1CEA, DRF/I2BM, NeuroSpin, INSERM, U992, Cognitive Neuroimaging Unit, Université Paris-Sud, Université
Paris-Saclay, F-Gif/Yvette, France. Department of Psychology, George Mason University, Fairfax, VA, USA.
Correspondence and requests for materials should be addressed to V.v.W. (email: virginie.van.wassenhove@gmail.
com)

SCIENTIFICREPORTS |7: 630 | DOI:10.1038/541598-017-00680-0 1



21

www.nature.com/scientificreports/

—_—
Space Number LIKELIHOOD AMODAL PRIOR

\ P(s|m P (T . PAN|T) T Pm
\ Time /
POSTERIOR . P(m1{S,T.NY)

P(response [m, {S,T,N})

Figure 1. A Bayesian Magnitude System. (A) Proposals for a common magnitude system in the brain suggest
that estimating one magnitude dimension (e.g. space) should be affected by the manipulation of any other
magnitude dimensions (e.g. time) (Walsh, 2003). Such interactions should show bidirectional interferences

so that, in our example, manipulating the spatial dimension of an event should affect the estimation of its
duration in a comparable manner as manipulating its time dimension would affect the estimation of its spatial
dimension. (B) To account for bidirectional interferences across magnitudes in a Bayesian framework for
magnitude estimation, a common global or amodal prior can be posited to constrain the estimations of all
magnitude dimensions*. Under such model, increasing (decreasing) the value of one magnitude should increase
(decrease) the estimation of another magnitude. This panel is only for illustration purposes and do not reflect
the actual distributions of the magnitudes used in the study.

the degree of central tendency have been found between the magnitude of different dimensions*, suggesting
the existence of “global” priors for common magnitude estimation®. The notion of global priors is compatible
with a literal read of Walsh’'s ATOM model by suggesting that, though differences in the initial processing of
different magnitude dimensions may exist, the representation of these magnitudes is amodally stored. Further,
the existence of global priors would provide an explanation for congruency effects between different magnitude
dimensions. However, a single global prior for magnitude estimations would not explain why congruency effects
may be inconsistent between dimensions or why the directionality of interferences may differ across magnitude
dimensions.

To address this first working hypothesis, we used a paradigm in which stimuli consisted of clouds of dynamic
dots characterized by the total duration of the trial (D), the total number of dots (N) and the overall surface filled
by the dots (S) cumulating over the trial. The duration, the number and the cumulative surface of the dots will be
thereafter used in reference to the magnitude of the time, number and space dimensions. Two experiments were
conducted (Fig. 2A,B). In a first experiment (Experiment 1), while participants estimated the magnitude of a
target dimension (e.g. D), we independently manipulated the magnitude of non-target dimensions (e.g. S and N).
This design allowed us to test all possible combinations and investigate possible interactions between magnitudes
(Table 1). If the magnitude of different dimensions interact, increasing or decreasing the N or the S should lead to
an under/overestimation of D (Fig. 2D). These effects should be bidirectional so that when participants estimate
N or §, increasing or decreasing the magnitude of non-target dimensions D should lead to under- or overestima-
tion of the target magnitude dimension N or S. On the other hand, if dimensions are independent, manipulating
the number of events in a given trial should not affect duration or surface estimates. Similarly, decreasing or
increasing the duration should not affect numerical or spatial judgments if magnitudes are independent.

In a second working hypothesis, we manipulated the accumulation regime of sensory evidence for the estima-
tion of N and S (Fig. 2B). The accumulation of sensory evidence in time for space and number has seldom been
controlled for or manipulated during magnitude estimations. In a prior experiment', constraining the duration
of sensory evidence accumulation in the S and N dimensions, the estimation of duration remained resilient to
changes in the other dimensions, whereas D affected the estimation of S and N: curiously, the longer (shorter)
durations decreased (increased) the estimation of S and N. These results were discussed in the context of a possi-
ble Bayesian integration of magnitudes across dimensions. Similarly, here, using a dynamic paradigm in which N
and S accumulate over time raises the question of the implications of varying the speed or rate of sensory evidence
delivery: for a given N or S, if D increases, the speed of presentation decreases, and vice versa. Hence, while the
number of dots and the cumulative surface accumulated linearly in time in Experiment 1 (Fig. 1B), in Experiment
2, we investigated whether changes in the rate of presentation of visual information affected the estimation of D,
N, and S. Two evidence accumulation regimes were tested: a fast-slow (FastSlow) and a slow-fast distribution
(SlowFast), see Stimuli part in Material & Methods section.

In a third question, we wished to investigate the extent to which Bayesian models could explain the behav-
ioral results obtained in magnitude estimation, independent of the means by which participants provided their
estimates. Thus far, studies demonstrating central tendency effects*?~* have all relied on continuous estimation
procedures, wherein participants estimated a particular magnitude value with a motor response. In particular,
these studies utilized reproduction tasks, which required participants to demarcate where (when) a particular
magnitude matched a previously presented standard. In contrast, the majority of studies demonstrating con-
gruency effects in magnitude estimation have all employed two-alternative forced choice (2AFC) designs. This
difference may be particularly relevant as recent studies have demonstrated that the size-time congruency effect,
one of the most heavily studied and replicated, depends on the type of decision being made** (but see ref. 25, 46
for congruency effects with temporal reproduction). As such, for both Experiment 1 and 2, we provide systematic
quantifications of the magnitude estimates as categorical estimations together with analysis of continuous reports.

SCIENTIFICREPORTS |7: 630 | DOI:10.1038/541598-017-00680-0 2



22

www.nature.com/scientificreports/

A B SENSORY EVIDENCE

target dimension

Control conditions

— Duration
500 ms ! —— Number

fast-slow —— Surface

linear
05p-===-=mm ===

slow-fast

Proportion of "+"

0.75 1 1.25
x (Dmean, Nmean, Smean)

Non-target magnitude dimensions: N,.., Spean

Likelihood of

Target Magnitude :
v Likelihood E -
- Nmax

max e Posterior '
mean - i

Global Prior T
min Hypothesized biasing effects of
o Nmax on slope and intercept of
oot target magnitude D
min mean max min mean max it
Value of Target Magnitude Value of Target Magnitude D

Figure 2. Experimental Design. (A) On a given trial, participants were presented with a word (“durée’,
“nombre” or “surface”) indicating the dimension to estimate. In Experiment 1, one magnitude dimension could
vary +/— 25%, 10%, and 5% of its mean value, while the second one was set to its minimal or maximal value,
and the third one to its mean value (Table 1). At the end of the stimulus presentation, participants used a vertical
scale to estimate the target magnitude. (B) Three distributions were used for evidence accumulation: while D
linearly accumulates over time (black trace), the rate of dot presentation could be manipulated to control N
and S. Experiment 1 tested a linear distribution (filled black trace); Experiment 2 tested two distributions: a
fast-slow (filled grey trace) and a slow-fast (dotted grey trace) distribution. The different stimulus distributions
can be experienced with the videos Linear, FastSlow and SlowFast in Supp. Material. (C) Equated task difficulty
across magnitudes. For illustration purposes, the psychometric curve captures the grand average performance
obtained for the estimation of Duration, Number and Surface when all non-target dimensions were kept

at their mean value. The task difficulty was equated across magnitude dimensions so that no differences in
discriminability (PSE and WR) existed between the tested dimensions. Bars are 2 s.e.m. (D) Predictions for the
effect of non-target manipulations on the estimation of the target magnitude dimension. Left panel: varying the
target magnitude while keeping the non-target dimensions to their mean values provided the control central
tendency and intercept. In a common Bayesian magnitude estimation system [4], comparable tendency and
intercept should be predicted pending controlled matching between magnitudes and task difficulty (panel C).
Right panel: estimation of D while N is set to its maximal value (in green, Nmax). Maximal value in non-target
magnitude may affect the central tendency and the intercept if an amodal global prior common to D and N is
implicated in the estimation of duration. In this example, N, would bias the lowest (highest) duration values
towards larger (smaller) values and lead the intercept to move upwards.

Materials and Methods

Participants. A total of 45 participants were tested. 3 participants did not come to the second session and 10
were disregarded for poor performance: 10 participants either never reach 50% of “+” responses for the largest
values, or the p-values associated with the goodness-of-fits in the control conditions were >0.05 (see Procedure).
Hence, a total of 17 healthy volunteers (7 males, 10 females, mean age 24.9 + 5.8 y.0.) took part in Experiment
1, and 15 participants (8 males, 7 females, mean age 26.5 4 7 y.0.) in Experiment 2. All had normal or correct-
ed-to-normal vision. Both experiments took place in two sessions one week apart. Prior to the experiment, partic-
ipants gave a written informed consent. The study was conducted in agreement with the Declaration of Helsinki
(2008) and was approved by the Ethics Committee on Human Research at Neurospin (Gif-sur-Yvette, France).
Participants were compensated for their participation.

SCIENTIFICREPORTS |7: 630 | DOI:10.1038/541598-017-00680-0 3
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Table 1. Full design of Experiment 1 testing the interactions across magnitudes with a linear sensory evidence
accumulation regime. The tested magnitude dimension could take 6 possible values corresponding to 75, 90,
95,105, 110 and 125% of its mean value. In CONTROL trials (first row) of the duration condition (D, second
column), participants estimated the duration of the trial when D varied between the 6 possible values while
the surface and number dimensions were kept to their mean values (S, ., and N,,...., respectively). In MIN
trials (second row), participants estimated the magnitude of a given dimension (e.g. D) varying between

the 6 possible values while one of the two non-target magnitude dimensions was kept at its mean value (e.g.
Ninean) and the other was set to its minimal value (e.g. S.;,). In MAX trials (third row), participants estimated
the magnitude of a given dimension varying between the 6 possible values while one of the two non-target
dimensions was kept at its mean value and the other was set to its maximal value. In total, 72 trials per
experimental condition were collected (i.e. 12 trials per tested magnitude value in all possible combinations). D:
duration; S: surface; N: number; min = minimal; max = maximal.

Stimuli. The experiment was coded using Matlab 8.4 with Psychtoolbox (v 3.0.12) and built on a published
experimental design (see ref. 13). Visual stimuli were clouds of grey dots which appeared dynamically on a black
computer screen (1024 x 768 pixels, 85 Hz refresh rate). Dots appeared within a virtual disk of diameter 12.3 to
15.2 degrees of visual angle; no dots could appear around the central fixation protected by an invisible inner disk
of 3.3 degrees. Two dots could not overlap. The duration of each dot varied between 35ms and 294 ms, and their
diameter between 0.35 and 1.14 degrees. A cloud of dots was characterized by its duration (D: total duration
of the trial during which dots were presented), its numerosity (N: cumulative number of dots presented on the
screen in the entire trial) and its surface (S: cumulative surface covered by the dots during the entire trial). On
any given trial, D, N and S could each take 6 possible values corresponding to 75, 90, 95, 105, 110 and 125% of the
mean value. We fixed D to 800 ms (D,,.,, = 800 ms) and initially picked N,,,.,,, = 30 dots and S,,,.,,, = 432 mm”. The
initial values of N,,..,, and S,,..,, were then individually calibrated in the calibration session of the experiment (see
Procedure). To ensure that luminance could not be used as a cue to perform the task, the relative luminance of
dots varied randomly across all durations among 57, 64, 73, 85, 102 and 128 in the RGB-code.

In Experiment 1, the total number of dots accumulated linearly over time (see Linear video), 2 to 7 dots
at a time in steps of 9 to 13 iterations (Fig. 2A). In Experiment 2, the total number of dots accumulated in a
fast-to-slow or in a slow-to-fast progression: in FastSlow, 75% == 10% of the total number of dots in the trial were
presented in the first 25% of the duration of the trial, whereas in SlowFast, 25 4 10% of the total number of dots
was shown during 75% of the total duration of the trial (Fig. 2B; see FastSlow and SlowFast videos).

Procedure. Participants were seated in a quiet room ~60 cm away from the computer screen with their head
maintained on a chinrest. The main task consisted in estimating the magnitude of the trial along one of its three
possible dimensions (D, N, or S). Each experiment consisted of two sessions: in the first or calibration session,
stimuli were calibrated to elicit an identical discrimination threshold in all three dimensions on a per individual
basis (see ref. 13) and the main objective of the first session was to calibrate an individual’s N ..., and S,.., with
the chosen D,,,,, in order to match task difficulty across dimensions. D,,,,, was kept constant for all participants.
The second experimental session consisted in the experiment proper.

In the calibration session of Experiment 1 and 2, the task difficulty across magnitudes was individually cali-
brated by computing the participant’s Point of Subjective Equality (PSE: 50% discrimination threshold) and the
Weber Ratio (WR) for each dimension D, N, and S. The PSE traditionally provides an estimate of an individual’s
perceptual threshold: here, the PSE specifically corresponded to the magnitude value in the target dimension
at which participants responded at chance level. The WR provided the estimate of the steepness of the fitted
psychometric curve, and thus of an individual’s perceptual sensitivity in discriminating magnitudes of the target
dimension. A smaller (larger) WR indicates a steeper (flatter) curve and a better (worst) sensitivity. Participants
were passively presented with exemplars of the minimum and maximum value for each dimension and were then
required to classify 10 of these extremes as minimum ‘—’ or maximum ‘+ by pressing ‘h’ or j’ on an AZERTY
keyboard, respectively. Participants then received feedback indicating the actual number of good answers they
provided. Subsequently, the PSE and the WR were independently assessed for each magnitude dimension by
varying the magnitude in one dimension and keeping the magnitude in the other two dimensions at their mean
values (e.g. if D varied among its 6 possible values, S was S,,.,, and N was N, ...). 5 trials per magnitude value of
the target dimension were collected yielding a total of 30 trials (5 trials x 6 values) per dimension from which the
individual’s PSE and WR could be computed and compared. This process (~15min) was iterated until the individ-
ual’s PSE for the target dimension was stable and the WR similar across dimensions. The PSE were considered as
matching across dimensions when all of them were between 95 and 105% of the mean magnitude value. For each
participant, the mean of the three WR was also calculated, and the WR were considered as matching when: (1)

SCIENTIFICREPORTS |7: 630 | DOI:10.1038/541598-017-00680-0 4
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Table 2. Full design of Experiment 2 testing the effects of duration and FastSlow and SlowFast sensory evidence
accumulation regime on magnitude estimation. In CONTROL trials, as in Experiment 1, participants estimated
the value of each target magnitude dimension when non-target dimensions were kept to their mean values.

In MIN and MAX trials, participants estimated S or N when D was the shortest (D,;,) or the longest (D,,,,,)

and the other dimension was kept to its mean value (N e, and Sy, respectively). Importantly in Experiment
2, the clouds of dots could accumulate over time according to two accumulation regimes (FS:FastSlow, and
SE:SlowFast). A total of 144 trials per experimental condition was collected (i.e. 12 trials for a given magnitude
value in a specific condition x 2 distributions).

the three WR were in the mean (SD = 2), (2) when the ratio between the larger and the smaller WR was <3 and
(3) each WR value was smaller than 0.25. The final mean magnitude values for each dimension were N, = 32
(SD =3dots) and S,,,.,, =476 (SD =58 mm?) for Experiment 1 and N,,.., =32 (SD=2dots) and S,,,.,, =490
(SD=41mm?) in Experiment 2.

In the experimental session of both Experiment 1 and 2, participants were first tested again with 30 trials cal-
ibrated to their individual N, and S,, .., calculated in the calibration session to ensure that their PSE and WR
remained identical so that task difficulty was balanced across magnitude dimension. Only two participants in
Experiment 1 required the recalibration procedure to be performed again. Subsequently, participants performed
the magnitude estimation task proper in which participants were asked to provide a continuous magnitude esti-
mation of the target dimension by moving a cursor on a vertical axis whose extremes were the minimal and max-
imal magnitude values of the target dimension. In a given trial, participants were provided with the written word
‘Durée’ (Duration), ‘Nombre’ (Number) or ‘Surface’ (Surface) which indicated which target magnitude dimension
they had to estimate (Fig. 2A). At the end of a trial, the vertical axis appeared on the screen with the relative posi-
tion of ‘+ and ‘—” pseudo-randomly assigned to the extreme bottom or the top of the axis. The cursor was always
initially set in the middle position on the axis. Participants used the mouse to vertically move the slider along the
axis and made a click to validate their response. They were asked to emphasize accuracy over speed. Trials were
pseudo-randomized across dimensions and conditions.

In Experiment 1, five experimental conditions were tested per dimension: in the control condition, the two
non-target dimensions were kept to their mean magnitude values; in the four remaining conditions, one of the
other non-target dimension was set to its minimal or maximal value, while the other was kept to its mean value
(Table 1). A total of 1080 trials were tested in Experiment 1 (3 dimensions x 5 conditions x 6 magnitude val-
ues x 12 repetitions).

In Experiment 2, two main sensory accumulation regimes were tested (FastSlow, and SlowFast) and the
emphasis was on the effect of D on S and N. The main control condition consisted in assessing the estimation of
duration with S, and N, ., and in testing whether the rate of sensory evidence delivery affected the estimation
of duration. Two control conditions investigated the effect of the rate of stimulus presentation on the estimation
of S and N without varying non-target dimensions. In light of the results obtained in Experiment 1, Experiment 2
did not investigate the interactions of N or S on D, nor the interactions between N and S. Ten experimental blocks
alternated between FastSlow and SlowFast presentations counterbalanced across participants. 12 repetitions of
each possible combination were tested yielding a total of 144 trials for D (2 distributions x 6 durations x 12 rep-
etitions), 432 trials for N (2 distributions x 3 conditions x 6 numerosities X 12 repetitions) and 432 trials for
S (2 distributions x 3 conditions x 6 surfaces x 12 repetitions) for a grand total of 1008 trials in Experiment 2
(Table 2).

Statistical Analyses. To analyze the point-of-subjective equality (PSE) and the Weber Ratio (WR), partic-
ipants’ continuous estimates were first transformed into categorical values: a click between the center of the axis
and the extreme demarcating ‘4 (‘—’) was considered as a ‘+” (‘") response. Proportions of ‘4’ were computed
on a per individual basis and separately for each target dimension and each experimental condition. Proportions
of ‘4 responses were fitted using the logit function (Matlab 8.4) on a per individual basis. Goodness-of-fits were
individually assessed and participants for whom the associated p-values in the control conditions were >0.05
were excluded from the analysis. On a per condition basis, PSE and WR that were 2 standard deviations away
from the mean were disregarded and replaced by the mean of the group. This procedure affected a maximum of 2
values per condition across all individuals. Statistics were run using R (Version 3.2.2). PSE and WR were defined
as:

PSE = f1(0.5) (1)

— -1 _ gt 1
WR = 0.5 x (f1(0.75) — £71(0.25)) x oE @
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where fis the logit function used to fit individuals’ responses, and PSE is the magnitude value of the target dimen-
sion when the proportion of ‘+’ responses is equal to 0.5. Using the inverse of the f function, the WR was cal-
culated as the mean difference between the just-noticeable-differences (aka magnitude values at 25% and 75%
performance) normalized by the individual’s PSE. Additionally, to specifically address central tendency effects,
continuous estimates were analyzed. For each magnitude dimension, continuous estimates were expressed as the
relative position on the slider that participants selected on each given trial, with higher percentages indicating
closer proximity to “+. To measure the central tendency effects, continuous estimates were plotted against the
corresponding magnitude dimension for each condition, also expressed as a percentage — where 0 indicated the
smallest magnitude and 100 indicated the largest — and fits with a linear regression, and the slope and y-intercept
of the best fitting line were extracted'” *%. Slope values closer to 1 indicated veridical responding (participants
responded with perfect accuracy), whereas values closer to 0 indicated a complete regression to the mean (partic-
ipants provided the same estimate for every magnitude). In contrast, intercept values of these regressions could
indicate an overall relative bias for over- or under-estimation so that higher (lower) intercept values would indi-
cate that participants overestimated (underestimated) the magnitude in the target dimension®”. To compare cen-
tral tendency effects between magnitude dimensions, correlation matrices between slope values for D, N, and §
were constructed. Bonferroni corrections were applied to control for multiple comparisons.

Results

To examine Bayesian effects in the magnitude system, we evaluated both categorical and continuous judgments
in two magnitude estimation experiments using variations of the same paradigm (Fig. 2A). To evaluate choice
responses, continuous estimates were binned according to which end of the scale they were closer to. Previous
work has demonstrated that bisection tasks and continuous estimations are compatible and provide similar esti-
mates of duration** >, Our intention was thus to first replicate the effects of Lambrechts and colleagues'® with a
modified design, and second, to measure central tendency effects in our sample to examine whether these effects
correlated between magnitude dimensions, which would suggest the existence of global priors (see ref. 4, Fig. 2D).

Control conditions: matching task difficulty across magnitude dimensions. Two independ-
ent repeated-measures ANOVAs with the PSE or WR as dependent variables using magnitude dimensions (3:
D, N, S), control conditions (3: Linear (Experiment 1), SlowFast and FastSlow (Experiment 2) distributions as
within-subject factors did not reveal any significant differences (all p > 0.05). This suggested that participants’
ability to discriminate the different values presented in the tested magnitudes was well matched across magnitude
dimensions (Fig. 2C).

Experiment 1: Duration affects the estimation of Number and Surface.  We first analyzed the data
of Experiment 1 as categorical choices. Figure 3A illustrates the grand average estimations of duration, numeros-
ity, and surface for all experimental manipulations (colored traces) along with changes of PSE (insets).

Separate 2 X 2 repeated-measures ANOVAs were run on the PSE obtained during the magnitude evalua-
tion of each target dimension using the non-target dimensions (2) and their magnitude values (2: min, max) as
within-subject factors. No main effects of non-target dimension (F[1,16] = 0.078, p=0.780), magnitude value
of the non-target dimension (F[1,16] = 0.025, p =0.875) or their interaction (F[1,16] = 0.003, p =0.957) were
found on duration (D) indicating that manipulating N or S did not change participants’ estimation of duration
(Fig. 3A, left panel). In the estimation of N, main effects of non-target dimensions (F[1,16] =7.931, p=0.0124),
their magnitudes (F[1,16] =25.53, p=0.000118) and their interactions (F[1,16] =23.38, p=0.000183) were
found. Specifically, when the magnitude of the non-target dimensions were at their minimal value, the PSE
obtained in the estimation of N was lower than when the magnitude of the non-target dimensions were at their
maximal value. Additionally, in the estimation of N, D, lowered the PSE more than S, and D, raised the
PSE more than S,,,. Paired t-tests were run contrasting the PSE obtained in the estimation of N during the
control (Dyean Smean) @and other experimental conditions: D, significantly increased [PSE(Dy,,) < PSE(D,c00):
p=4.1e7%] whereas D,,,,, significantly decreased [PSE(D,y,,) > PSE(D,,,,): p = 0.0032] the perceived number of
dots (Fig. 3A, middle panel, inset). There were no significant effects of S on the estimation of N. Altogether, these
results suggest that the main effect of changing the magnitude in the non-target dimension on numerosity esti-
mation was driven by the duration of the stimuli.

In the estimation of S, we found no main effect of the non-target dimension (F[1,16] =1.571, p=10.228) but
a significant main effect of the magnitude values in non-target dimensions (F[1,16] =22.63, p =0.000215). The
interaction was on the edge of significance (F[1,16] = 3.773, p=0.0699) suggesting that, as for N, only the magni-
tude of one non-target dimension may be the main driver of the significant results observed in the effect. Paired
t-tests contrasting the PSE obtained in the estimation of S during the control (Dy,can Ninean) and other condi-
tions showed that D, ;, significantly increased (PSE(D,y;,) < PSE(D,..): p=8.7e™*), whereas D,,, significantly
decreased (PSE(D,,,,) > PSE(Dy,0): p = 0.035) the perceived surface (Fig. 3A, right panel). No significant effects
of N on S were found. As observed for the estimation of N, these results suggest that the main effect of non-target
magnitude on the estimation of § was entirely driven by the time dimension.

Overall, the analysis of PSE indicated that participants significantly overestimated N and S when dots were
presented over the shortest duration, and underestimated N and S when dots accumulated over the longest
duration. Additionally, manipulating N or S did not significantly alter the estimation of duration. No significant
interactions between N and S were found. To ensure that these results could not be accounted for by changes
in participants’ perceptual discriminability in the course of the experiment, repeated-measures ANOVA were
conducted independently for each target dimension (3: D, N, S) with the WR as dependent variable and the
experimental conditions (5) as main within-subject factors. No significant differences (all p > 0.05) were found
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Figure 3. Duration affects the estimation of S and N (Experiment 1). (A) Categorical quantifications and PSE.
The percentage of ({+}) responses as a function of the target magnitude dimension (D: left panel, N: middle
panel, S: right panel) were fitted on a per individual basis. The inset in the top left of each figure depicts the shift
in PSE for each experimental condition compared to the control condition represented by the black vertical
line. No effects of N or S on D were found; no effects of S on N or of N on S were found; both N and S were
significantly overestimated when presented during the shortest duration (Dmin, red) and underestimated when
presented with the longest duration (Dmax, orange). (B) Continuous judgments. Individual performances
(transparent dots) and mean performances (filled dots) for the estimation of D (left panels) with changing

N (green) and S (blue); of N (middle panels) with changing D (red) and S (blue); and of S (left panels) with
changing D (red) and N (green). The continuous scale was mapped from 0 to 100. The dotted line is the ideal
observer’s performance. All experimental conditions showed a central tendency. No effects (intercept or central
tendency) of N or § on D were found (left top and bottom graphs, respectively); no effects of S on N (middle
bottom graph) or of N on § (left bottom graph) were found. Significant main effects of D were found on the
central tendency and the intercept of N (middle top) and S (left top). N, ;,: miminal numerosity value; N, ,.:
maximal numerosity value; S ;,: minimal surface value; S,.: maximal surface value; D,;,: minimal duration
value; D, .- maximal duration value. ***p < 0.001; **p < 0.01; *p < 0.05; bars are 2 s.e.m.

suggesting that the WRs were stable over time, and that task difficulty remained well matched across dimensions
in the course of the experiment.

For the analysis of continuous estimates (Fig. 3B), we first examined the effect of central tendency for each
target dimension, collapsing the data across the non-target dimensions (Fig. 4A). A repeated measures ANOVA
of slope values with magnitude as a within-subjects factor revealed a main effect of the magnitude of the target
dimension [F(2,32) =13.284, p=0.000063]. Post-hoc paired t-tests identified this effect as driven by a lower slope,
indicating a greater regression to the mean for § as compared to D [£(16) = 3.495, p=0.003] and N [£(16) =5.773,
p=0.000029], with no differences in slope values between D and N [£(16) = 0.133, p=0.896] (Fig. 4B).

Further analyses revealed comparable findings as in the categorical analysis: separate 2 x 3 repeated measures
ANOVAs were run for each magnitude dimension, with the non-target dimension and its magnitude value as
within-subject factors. Analysis of slope values revealed no significant main effects or interactions for any of the
tested magnitudes (all p > 0.05), indicating no change in central tendency, as a function of the non-target mag-
nitudes. However, an analysis of intercept values demonstrated a significant main effect of the non-target dimen-
sion for S [F(2,32) = 24.571, p < 0.00001] and N [F(2,32) = 39.901, p < 0.00001], but not for D [F(2,32) =0.010,
p="0.99]. Specifically, intercept values were shifted higher (lower) when D,;, (D, )was the non-target dimension
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Figure 4. Central Tendency Effects in Magnitude Estimation (Experiment 1). (A) Average continuous
estimates for all three magnitude dimensions as target, collapsed across all non-target magnitude dimensions.
Magnitudes were normalized as a percentage of the maximum presented magnitude value, with zero
representing the smallest and 100 representing the largest magnitude presented. Continuous estimates were
similarly normalized as a percentage of the sliding scale, with zero representing a minimal estimate of “—” and
100 representing a maximal estimate of “+”. The dashed identity line indicates where estimates should lie for
veridical performance. Deviations from this identity line (arrows) exhibited central tendency, wherein smaller
and larger magnitudes were over- and under-estimated, respectively. (B) Slope values extracted from a best
fitting linear regression in A quantify the degree of central tendency, with smaller values indicating greater
regression to the mean. Similar slope values were observed for duration and number, but significantly lower
estimates were found for surface estimates than either duration or number. (C) Correlation matrix of slope
values for every target and non-target magnitude trial type. Each target magnitude dimension was tested in the
presence of three possible values (min, mean, max) of a non-target dimension. Outlined pixels represent those
Pearson correlation coefficients that survived a multiple comparison correction. Slope values across non-target
dimensions were correlated within each target dimension (sections along the diagonal); crucially, slope values
for duration and number were correlated with each other when each one was the target magnitude (lower left
and upper right sections). Further, no correlation between surface and either duration or number as target
dimensions were observed (middle top and bottom sections). *Indicates p < 0.05; bars are 2s.e.m.

in both the S and N tasks (Fig. 3B, red hues), but not when the non-target dimension was N for S, S for N, or for
either S or N when D was the target magnitude dimension.

To examine the central tendency effects across magnitude dimensions, we correlated the slope values between
target magnitude dimensions (Fig. 4C). Collapsing across the non-target dimensions, we found that all three
slope values significantly correlated with one another [D to S: Pearson r=0.594; D to N: r=10.896; S to N:
r=0.662]. Given that S exhibited a greater central tendency than D or N, we compared the Pearson correlation
coeflicients with Fisher’s z-test for the differences of correlations; this analysis revealed that the D to N correlation
was significantly higher than the D to S correlation [Z=2.03, p=0.04], and marginally higher than the Sto N
correlation [Z=1.73, p=0.083], suggesting that D and N dimensions, which had similar slope values, were also
more strongly correlated with each other than with S. To further explore this possibility, we conducted partial
Pearson correlations of slope values; here, the only correlation to remain significant was D to N, when controlling
for S [r=0.8352], whereas D to S, controlling for N, and N to S, when controlling for D were no longer significant
[r=0.0018 and 0.3627, respectively].

The results of the correlation analysis revealed that D and N tasks were highly correlated in slope, indicat-
ing that individual subjects exhibited a similar degree of central tendency for these two magnitude dimensions
(Fig. 4A). From a Bayesian perspective, these results suggest that the priors for D and N may be more correlated
than the priors for D and S, or for N and S; thus D, N and S do not share one single prior, but may rather rely on
different priors which would be more or less correlated between each other. To explore this at a more granular
level, we expanded our correlation analysis to include all non-target dimensions (Fig. 4C). The result of this anal-
ysis, with a conservative Bonferroni correction (r > 0.8) for multiple comparisons confirmed the above results,
demonstrating that D and N dimensions were correlated across most non-target dimensions, but that D and N
dimensions were weakly and not significantly correlated with S. This finding suggests that D and N estimation
may rely on a shared prior, that is separate from S; however, a shared (D, N) prior would not explain why D esti-
mates were unaffected by changes in N, nor would it explain why S estimates are affected by changes in D.

Lastly, we sought to compare the quantifications based on continuous data with those from the categorical
analysis. Previous work has demonstrated that the WR on a temporal bisection task correlates with the central
tendency effect from temporal reproduction™. To confirm this, we measured the correlations between the slope
values of continuous magnitude estimates with the WR from the categorical analysis. As predicted, we found a
significant negative correlation between slope and WR for D (r=—0.69) and N (r = —0.57); however, the corre-
lation for § failed to reach significance (r= —0.41, p=0.1), indicating that greater central tendency (lower slope
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values) were associated with increased variability (larger WR). This finding is notable, as the analysis of WR
values did not reveal any difference between magnitude dimensions. This suggests that the slope of continuous
estimate judgments may be a better measure of perceptual uncertainty than the coefficient of variation derived
from categorical responses.

Experiment 2: Duration is robust to accumulation rate, not Nand S. In Experiment 2, partic-
ipants estimated D, N or S while the accumulation regime was manipulated as either FastSlow or SlowFast
(Fig. 2B, Table 2). As previously, we systematically analyzed the categorical and the continuous reports. First,
we tested the effect of the accumulation regime on the estimation of each magnitude dimension by usinga 2 x 3
repeated-measures ANOVA with PSE measured in control conditions (Table 2, 1* row) as independent variable
and distribution (2: FastSlow, SlowFast) and magnitude dimension (3: N, D, S) as within-subject factors. Marginal
main effects of accumulation regime (F[1,28] = 2.872, p=0.0734) and magnitude dimensions (F[1,14] =4.574,
p=0.0506) were observed. Their interaction was significant (F[2,28] =10.54, p=0.0004). A post-hoc t-test
revealed no significant effects of accumulation regime on the estimation of D (p =0.23), but significant effects of
accumulation regime in the estimation of N (p=0.016) and S (p =0.0045) (Fig. 5A).

Second, we tested the effect of D and accumulation regime on the estimation of N and S (Fig. 5A, top insets).
We conducted a 2 x 2 x 2 repeated-measures ANOVA with PSE as an independent variable and magnitude
dimension (2: N, S), accumulation regime (2: FastSlow, SlowFast), and duration (2: D, D,,,) as within-subject
factors. Main effects of accumulation regime (F[1,14] =22.12, p = 0.000339) and duration (F[1,14] =27.65,
p=0.000121) were found, suggesting that both N and S were affected by the distribution of sensory evidence over
time, and by the duration of the sensory evidence accumulation. No other main effects or interactions were sig-
nificant although two interactions trended towards significance, namely the two-way interaction between accu-
mulation regime and duration (F[1,14] =3.482, p=0.0831) and the three-way interaction between dimension,
accumulation regime, and duration (F[1,14] = 3.66, p =0.0764). These trends were likely driven by the SlowFast
condition as can be seen in Fig. 5A.

For the analysis of continuous data (Fig. 5B), we first examined any overall differences in slope values for
different accumulation regimes (FastSlow vs. SlowFast) across all three target magnitude dimensions (D, N, §). A
(3 x 2) repeated measures ANOVA with the above as within-subjects factors revealed a main effect of magnitude
dimension [F(2,32) =7.878, p=0.002], with S once again demonstrating the largest slope value, but no effect of
accumulation regime or interaction (both p > 0.05), suggesting that the rate of accumulation did not influence
the central tendency effect. However, on the basis of our a priori hypothesis, post-hoc tests revealed a significantly
lower slope value for N in SlowFast compared to FastSlow [#(17) =3.067, p=0.007], suggesting that participants
exhibited more central tendency for numerosity when the accumulation rate was slow in the first half of the trial
(Fig. 5B). The analysis of intercept values did not reveal any effects of accumulation regime or magnitude dimen-
sion (all p > 0.05). However, on the basis of our a priori hypothesis, post-hoc tests demonstrated that S exhibited
a significantly lower intercept for SlowFast compared to FastSlow [£(17) = 3.609, p = 0.002], with no changes for
either D or N (both p > 0.05), indicating that participants underestimated surface when the rate of evidence accu-
mulated slowly in the first half of the trial.

For S and N, further examination of slope values for the three possible durations using a 2 x 2 x 3 repeated
measures ANOVA with magnitude dimension (2: S, N), accumulation regime (2: FastSlow, SlowFast), and dura-
tion (3: Dypins Dipeans Dinae) @s within-subjects factors, revealed a significant main effect of magnitude dimen-
sion [F(2,32) =7.717, p=0.013] and of accumulation regime [F(2,32) = 11.345, p = 0.004], but not of duration
[F(2,32) =1.403, p=0.261]. Using the same analysis for intercept values, we found no main effects of magni-
tude dimension [F(2,32) = 1.296, p = 0.272], but a significant effect of accumulation regime [F(2,32) = 5.540,
p=10.032] and of duration [F(2,32) =21.103, p=0.000001]. More specifically, we found that intercept values
were lower for longer durations, indicating greater underestimation when the interval tested was longer. No other
effects reached significance (all p > 0.05).

Overall, these findings indicate that duration estimations were immune to changes in the rate of accumulation
of non-target magnitudes, similar to the findings of Experiment 1. Also similar, we found that estimates of S and
N were affected by duration as non-target magnitude dimension, with longer durations associated with greater
underestimation of S and N (Fig. 6). In addition, our results demonstrate a difference between accumulation
regimes for S and N, with SlowFast regimes associated with greater underestimation than FastSlow, regardless of
duration. Lastly, we observed that SlowFast accumulation regimes led to an increase in the central tendency effect,
suggesting that slower rates of accumulation may increase reliance on the magnitude priors.

Discussion

In this study, we report that when sensory evidence steadily accumulates over time, and when task difficulty is
equated across magnitude dimensions (space, time, number), duration estimates are resilient to manipulations of
number and surface, whereas number and surface estimates are biased by the temporal properties of sensory evi-
dence accumulation. Specifically, we replicated the findings of Lambrechts and colleagues'? by demonstrating that
number and surface estimates are under- and overestimated when presented for long and short durations, respec-
tively. These results complement the findings that duration can be resilient to numerosity interference”, and that
the direction of the interference between space and time may go in opposite direction when using dynamic dis-
plays'® 2%, Although prior findings have reported asymmetrical effects in magnitude estimation, our findings dif-
fer in several ways. First, participants provided a quantified estimation of a given magnitude dimension, allowing
a direct assessment of performance within a Bayesian framework in mind (specifically characterizing properties
of the central tendency effects as a function of magnitude interferences). In previous reports of interference of
number on duration®®, behavioral effects were concluded on the basis of increased reaction times and error rates
during incongruent condition presentation (e.g., small number presented with a long duration) which prevented
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Figure 5. The Accumulation Regime affects Numerosity and Surface but not Duration (Experiment 2). (A)
Psychometric curves illustrate the grand average proportion of “+” as a function of duration (left panel),
number (middle panel) or surface (right panel) when the sensory evidence accumulation was manipulated.

The SlowFast (SF) results are reported in light gray, the FastSlow (FS) results are reported in black. Left panel:
top inset reports the mean PSE of duration estimation observed for each distribution as compared to the ideal
observer (vertical black line). Middle panel: top inset reports the mean PSE of number estimation observed

for each distribution (SE, FS) and manipulation of D (D,,.,: black, D y,: red, D,p,.: pink). Right panel: top inset
reports the mean PSE of surface estimation observed for each distribution (SF, FS) and manipulation of D
(Dpean: black, Dyp: red, Dyy,,,: pink). The estimation of D was not affected by the accumulation regime of sensory
evidence whereas N and S were overestimated in the FastSlow as compared to the SlowFast distribution. N and
S were also affectd by manipulating of the non-target duration. (B) Individual (transparent dots) and mean
(filled dots) continuous judgments for the estimation of D (left panel), N (middle panel) and S (right panel) with
SlowFast (top row) and FastSlow (bottom row) regimes of sensory evidence accumulation. The dotted line is

the ideal observer’s performance. D,,,: minimal duration value; D : maximal duration value. **#p <0.001;
#*#p < 0.01; *p < 0.05; bars are 2 s.e.m.

the direct evaluation of participants’ magnitude perception per se. As such, no clear direction of interference
effects could be concluded from the studies beyond the existence of an interference. Our experimental design also
prevented participants to explicitly enumerate the dots in a given trial unlike in previous experiments, in which
the speed of dot presentation enabled counting which yielded an influence of N on D°.

In a study’ using dynamic display which addressed a question close to the ones we address with this experi-
mental approach, participants judged the spatial length or the duration of a growing line. As previously discussed
elsewhere (see ref. 13), the spatial task could have been performed using the coordinates of the line on the screen
irrespective of the duration it took the line to grow, possibly explaining why duration was irrelevant for the spa-
tial estimate. In other words, the duration in this task was likely the noisiest cue which in turn was affected by
the least noisy cue (i.e. the spatial dimension). Consistent with our current results, a recent study®® showed that
a longer duration yielded an underestimation of length. In this experiment, the environment was dark (fMRI
study) and participants had no access to visual cues to constrain their spatial estimate of the moving dot. In this
context, the results showed that the shorter duration increased the distance of the moving dot, consistent with
the present findings. Hence, and consistent with previous literature, the lack of robust bidirectional interactions
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Figure 6. Accumulation regime influences Bayesian estimates. Our results suggest that the speed or rate

of sensory evidence accumulation early in the trial (shaded region) and the duration of the trial affect the
estimation of surface and numerosity. Additionally, slower rates of sensory evidence are associated with greater
uncertainty; greater uncertainty results in increased reliance on the priors. To accommodate these findings, we
suggest that the rate of sensory evidence is effectively estimated independently of the total duration although the
duration may regulate the noise level in sensory evidence accumulation of quantities.

between magnitude dimensions does not support a literal interpretation of ATOM; however, we do not argue that
time, number and space do not interact under certain constraints, and rather consider our results to favor a more
liberal interpretation of ATOM. Specifically, by considering a Bayesian model relying on multiple priors (one for
each dimension), magnitudes may interact in the context of conflicting sensory cues. Recent hypotheses suggest
that a Bayesian framework can provide a general explanation for the variety of behavioral features observed
in magnitude estimations independently applied to distance, loudness, numerical or temporal judgments®. The
proposed Bayesian framework combines an estimate of the likelihood (sensory input) with a prior representation
(memory). One major goal of our study was thus to determine the degree to which different magnitude dimen-
sions might rely on an amodal global prior representation of magnitude as would be expected using a literal
interpretation of a generalized magnitude system such as ATOM?. To accomplish this, participants took part in
two experiments independently manipulating the congruence across magnitude dimensions (Experiment 1) and
the rate of sensory evidence provided to participants (Experiment 2).

A first prediction was that if different magnitude dimensions rely on a single amodal prior, then magnitude
estimates should exhibit similar levels of central tendency across magnitude dimensions (duration, surface, num-
ber; Fig. 2D). Instead, in Experiment 1, our results demonstrated that surface estimates exhibited greater central
tendency than either duration or number, and surface estimates were not correlated with the degree of central
tendency for either dimension. However, duration and number did exhibit correlated central tendency effects.
This finding suggests that estimates of surface are distinct from estimates of duration and number, but that dura-
tion and number may be more similar to one another. Indeed, neural recording studies in the prefrontal and
parietal cortex of non-human primates have revealed overlapping, yet largely separate, representations of dura-
tion and size’" *2, and number and size’* **. Further, while number, size, and time exhibit common activations of
the right parietal cortex, they each engage larger networks of regions beyond this area® > %, For size estimates,
recent work suggests that comparisons of object size draw on expectations from prior experience in other brain
regions™. Yet, as no strong bidirectional effects were observed between duration and number, it is unlikely that
duration and number share neuronal populations with similar tuning features.

Another possible interpretation of the results obtained in Experiment 1 is to consider multiple priors in mag-
nitude estimations. When participants make temporal judgements, the combination of prior knowledge P() and
noisy sensory inputs P(D|r) (duration of the given trial) enables participants to make an accurate posterior esti-
mate, represented by P(|D) oo P(D|x) @ P(t) (see ref. 4, Box 3 for more details), which explains the regression to
the mean. Neither numerosity nor surface priors are present in this equation, which could explain why duration
estimates are robust to numerosity or surface manipulations. Because numerosity and surface accumulate over
time, one possible strategy for the participants was to estimate numerosity and surface based on both the speed of
presentation of stimuli, and on the duration of the trial. Specifically, a high (low) speed over a long (short) dura-
tion of presentation corresponded to a large (small) value of numerosity or surface. In other words, these results
seemed to indicate that, using dynamic displays, the speed of events influences the estimation of magnitudes
and yield opposite directionality in the interference across magnitudes. If participants used the speed of event
presentation and overestimated (underestimated) D, they also overestimated (underestimated) N or S. As the
computation of speed also relies on the duration, both speed and duration become important cues in the estima-
tion process but may have distinct impacts. In Experiment 1, the central tendency effect showed that the shortest
duration was overestimated, which could explain why participants overestimated N and $ for D, ;; conversely,
the longest duration was underestimated, which may explain why participants underestimated N and S. Under
this hypothesis, the uncertainty related to the temporal dimension may add noise in the decision or the accumu-
lation process, so that the perceived duration of the trial can bias numerosity and surface estimates (Fig. 6). When
numerosity and surface accumulate over a given duration, if that duration is short (long) it will affect the accuracy
of participants’ estimations. This explanation would be compatible with the hypothesized effect of duration as
introducing noise on sensory accumulation, and Experiment 2 was specifically designed to tease out the effect of
speed changes in the accumulation rate on the estimation of the target magnitude.

Indeed, one noteworthy aspect unique to the time dimension is that the objective rate of presentation is
fixed®®. That is, objective time by conventional measurements proceeds at a single mean rate. In contrast, we can
experimentally manipulate the rate at which we present information for number and surface. In Experiment 1,
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in order to keep the values of surface and number fixed when duration was manipulated, we necessarily had to
change the rate of accumulation for these values. For example, between short and long durations with the same
value of number, we had to change the rate of accumulation for number so that the same total value was reached
at the end of the duration. This may explain the incongruent effects of duration on surface and number; shorter
(longer) durations may engender larger (smaller) estimates of surface and number because the rate of accumu-
lation is faster (slower). In this sense, surface and number are not being influenced by the duration magnitude of
the time dimension per se, but rather the time dimension is interfering with the rate of accumulation, and so the
effect of duration may be an epiphenomenon of the experimental design. To test this hypothesis, we modulated
the accumulation rate of the presentation of numerosity and surface in Experiment 2.

In Experiment 2, where the rate of accumulation for number and surface experienced a rate-change a little less
(more) than halfway through the presentation time from fast-to-slow (slow-to-fast), we replicated and extended
our findings of Experiment 1. Specifically, we again found that shorter (longer) durations led to longer (shorter)
estimates of surface and number, regardless of the rate-change in accumulation regime. However, we also found
a difference in accumulation regimes: when the rate of accumulation was slower in the beginning of the session,
estimates of surface and number were smaller than when the rate of accumulation was faster. It is important to
remember that the ultimate value of the presented surface and number was the same, regardless of the accumu-
lation regime. As such, participants were biased in their estimates by the rate of evidence accumulation in the
first-half of the given trial, regardless of how long that trial lasted. This strongly suggests that human observers are
biased by the rate of accumulation at the start of a trial, and are resistant to changes in rate throughout the trial.

This observation is important in the context of ongoing discussions on drift-diffusion processes in which
the accumulation of evidence following the first end-point depends on terminated processes, guess probability
(see ref. 59 case study 1 and Fig. 1; see ref. 60 Figs 2 and 4A) and on the importance of change points during the
accumulation process®" %%, Changes in the accumulation rate performed in Experiment 2 imposed a nonlinearity
in the accumulation process: the observation that an earlier rate change has a larger impact on magnitude esti-
matjon than a later rate change is reminiscent of the ‘primacy effect’ reported in evidence accumulation models,
possibly indicative of suppression of newer information by old information®. Additionally, this finding strength-
ens the hypothesis that the effect of duration on surface and numerosity may occur as a result of the impact on
the implicit timing or accumulation rate, and not as a function of the explicitly perceived duration. This would
be consistent with recent findings suggesting that noise memory - known to scale with duration - was not the
primary factor of errors in decision-making but that noise in sensory evidence was instead a major contributor®.
Qur results suggest that speeding up the rate of evidence and lengthening the duration of a trial may be equivalent
to increasing noise in sensory accumulation of other magnitude dimensions (Fig. 6).

In Experiment 2, we also investigated the effect of accumulation regime on central tendency as participants
again provided continuous magnitude estimates on a vertical sliding scale. Previous magnitude studies using
continuous estimates have demonstrated a central tendency effect, with over(under)-estimations for small (large)
magnitudes, the degree to which depends on the uncertainty inherent in judging the magnitude in question** .
The result of this analysis revealed that, when the rate of accumulation was slow (fast) in the beginning of the
trial, the degree of central tendency was greater (lesser); further, the objective duration of the trial did not impact
central tendency. This finding suggests that slower accumulation regimes engender greater uncertainty in magni-
tude estimates, and that this uncertainty may be present before the ultimate decisional value is reached. Previous
work in decision-making with evidence accumulation has suggested that the objective duration of a trial leads
to greater reliance on prior estimates, as longer presentation times are associated with greater uncertainty®.
Specifically, Hanks and colleagues® found that a drift-diffusion model that incorporated a bias signal to rely on
prior evidence that grows throughout the trial could explain reaction time differences in a dots-motion discrim-
ination task. Notably, the bias signal is incorporated into the drift-diffusion process, such that longer trials push
the accumulation rate towards a particular value, depending on the prior. A critical manipulation in this study
was the emphasis on speed or accuracy for subjects; increased emphasis for accuracy led to longer decision times
and greater reliance on the prior, as explained by the model. Our results suggest otherwise - the duration of the
trial alone cannot determine reliance on the prior. If the effect of duration solely led to greater reliance on the
prior, then we should have seen central tendency effects increase with longer durations, which did not occur in
either Experiments 1 or 2. Instead, the rate of evidence accumulation determined reliance on the prior(s), regard-
less of duration, with slower rates leading to greater reliance.

Additional studies using neuroimaging techniques such as M/EEG need to investigate the neural correlates
underpinning accumulation processes in the brain when estimating magnitudes (Centro-Parietal Positivity, for
example, see ref. 67, 68), to fully explain the behavioral results obtained in these two experiments. Further, fMRI
studies must be conducted to elucidate the neural circuits for memory representations of different magnitudes**.
Bayesian approaches may provide interesting perspectives on magnitudes estimations, and additional studies
need to be performed to understand to which extent these models can be applied to explain the variety of results
observed in the literature. One intriguing observation is the finding that duration estimates were not only resilient
to changes in numerosity or surface, but also to the rate of sensory evidence. This finding is unexpected and runs
counter-intuitive to various findings in time perception. In this task, these robust findings suggest that unlike
surface and numerical estimates, duration may not rely on the accumulation of discretized sensory evidence.
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3 | A Theory Of Magnitudes

Here, | introduce several observations on existing literature of interference effects
across magnitudes that motivate the second study of the thesis. First, | argue that there is no
strong evidence for the existence of a common metric across magnitudes. Second, | argue that
the direction of the interference effects is highly task-dependent. Third, | discuss the notion that
numerical magnitude interferes with perceived duration when magnitude is encoded. Finally, |
discuss a possible automaticity in magnitude processing at a non-symbolic level and not at a

symbolic one.

3.1 A Common Metric for Time, Space and Number and the issue of scaling

While ATOM predicts scaling across magnitudes (i.e. a mapping factor across magnitude
dimensions should exist), an alternative and more parsimonious interpretation of existing
number-time interference effects in behavioral data may be a task-driven categorization of
magnitudes. In fact, according to ATOM, perceived duration should increase as a function of the
tested digit (Figure 3.1, panel A), and the difference in perceived duration between two digits
should also increase as a function of the tested duration (Figure 3.1, panel B). However, results
in several studies (Rammsayer and Verner, 2016; Chang et al., 2011) suggested that perceived
duration did not increase as a function of digit value but rather increased along a dichotomical
categorization of numerosity (small or large numerical value). | argue in this section that the

number-time interaction may depend on the instructions given to the participants.
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Figure 3.1: A: For a given tested duration (D1, D2 or D3), the reproduced
duration increases as a function of the magnitude of the interfering non-
temporal dimension (e.g., here, digits from 1 to 9 represented by different
colors). Note that the interference effect increases with duration. B: The
difference in reproduced duration between digits 1 (pink) and 9 (green) is
predicted to increase as a function of the tested duration.

Rammsayer and Verner (2016) recently investigated the effect of the value on reproduced
duration. Participants were instructed to reproduce the duration of presentation of a digit, and
to judge its numerical value. The mean reproduced durations were significantly longer when
large digits (8 and 9) were presented as compared to small digits (1 and 2). However, visual
inspection and additional analysis of their results (see Figure 3.2) did not reveal any significant
increase of the reproduced duration as a function of the numerical value. These findings go
against the previous consideration (see Figure 1A) and do not support the hypothesis of a

general system in which different magnitudes share a common metric.
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Figure 3.2: From Rammsayer and Verner (2016). Mean reproduced
duration as a function of the numerical digit value. Results clearly
indicate the absence of a scaling effect (i.e. the mean reproduced
duration does not increase as a function of digit value). Post hoc
tests only showed that digit 8 (1014 + 174ms) was reproduced longer
than digit 1 (982 + 156ms, p<.05) and 2 (977 + 148ms, p<.01. *p<.05;
**p<.01

Instead, one possible hypothesis would be that the effect of numerical digit on duration
reproduction could be explained by a categorical decision-making imposed by the task, when
classifying the digits in relative low and high digit sets. This is particularly relevant given the task
instructions provided to participants who “were instructed that there was a low value and a
high value digit set consisting of the digits 1 and 2 and the digits 8 and 9, respectively” (see
Rammsayer and Verner (2016), Experiment 2, stimuli and procedure part). One hypothesis is
thus that a linear increase in reproduced duration as a function of numerical value might be
observed if participants were instructed to pay attention to the exact numerical value, instead

of just classifying the digit as low or high. A similar interpretation was also entertained in a line
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bisection task (de Hevia and Spelke, 2009) in which lines were flanked by digits: in their study,
de Hevia and Spelke (2009) found that, on average, participants bisected the lines towards the
large digit. Four possible numerical distances between the small and the large digit were tested
(either a difference of one, two, four or six). No effect of numerical distance was found.
According to the authors, “the null effect of the numerical distance suggests that numerical
flankers exert an influence on the bisection performance mostly in terms of relative magnitude,
i.e., along a dichotomical small/large distinction”. In other words, the hypothesis of a common
metric was not supported in the bisection task and rather, the relative magnitude was deemed
to be important. In a similar fashion, using a time reproduction task, Yamamoto et al. (2016)
found that the effect of numerical value on reproduced duration depended on the relative
numerical distance, not on the absolute distance. Participants were presented with single-digit
numerals (1, 3, 5, 7 and 9) and double-digit numerals (10, 30, 50, 70 and 90). For each tested
pair (1-10, 3-30, 5-50, 7-70 and 9-90), the relative numerical distance was kept constant (the
large number was always ten times larger than the small one) while the absolute distance
varied. With the literal read of a generalized magnitude system with a common metric, one
prediction would be that the larger the difference between two numbers, the larger the
difference in the reproduced durations (absolute differences between pairs in this study were 9,
27, 45, 63 and 81. i.e. the absolute difference increased by step of 18 from the first pair (1-10)
to the last one (9-90). Yet in the Yamamoto et al (2016) study, results showed no significant
increase of the reproduced duration as a function of the absolute numerical distance (Figure
3.3) and results could again be simply explained by considering a small/large categorization of

the numerical values.
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Figure 3.3: From Yamamoto et al. (2016). This figure
shows the mean reproduced duration for single and
double digits numerals. Results indicate that the
reproduced duration does not readily increase as a
function of the absolute numerical distance.

Altogether, the pattern of results in number-time interference is not clearly consistent
with the hypothesis of a common metric across magnitudes. However, challenging this
conclusion, Cai and Wang (2014), found that perceived duration linearly increased as a function
of the digit when participants had to reproduce its exact numerical value (see Lu et al. 2009 for
similar findings). The absence of a linear increase in reproduced duration as a function of the
tested numerosity will thus be investigated in Chapter 4 which will specifically test two possible
factors that may intervene in time-number interferences, namely: (1) the numerical format that
is used (symbolic, non-symbolic numerosity) and (2) the amount of attentional resources when

judging the numerical magnitude (as proposed by Rammsayer and Verner 2016).

3.2 Static vs. Dynamic displays and the direction of interference effects

The directionality of the interactions between non-temporal and temporal magnitude

dimensions reported in the literature may largely depend on the experimental paradigm being



39

used. There is a growing body of evidence showing that the numerical value of a digit interferes
with temporal judgments (Rammsayer and Verner 2016; Oliveri et al. 2008; Chang et al. 2011),
and similar effects are reported when numerical information is presented in non-symbolic form:
the larger the number of items in a set, the longer the perceived the duration (Dormal, Seron,
and Pesenti, 2006; Mo, 1971, 1974, 1975; Xuan et al., 2007; Javadi and Aichelburg 2012). Yet,
while duration necessarily accumulates over time, numerical information does not. Indeed,
numerical information can be statically provided to the participants (all the items of a set are
presented at the same time, during the entire trial) or dynamically (the number of items
increases in time, to reach its maximum value at the end of the trial). Investigating the number-
time interaction with a static or a dynamic design provide opposite results: whereas it is often
reported that large numerosities lengthen the perceived duration when a static design is used
(Dormal, Seron, and Pesenti, 2006; Mo, 1971; Javadi and Aichelburg 2012), perceived duration is
resilient to non-temporal manipulation when using a dynamic design (Lambrechts, Walsh, and
van Wassenhove, 2013; Martin, Wiener, and van Wassenhove, 2017). The present section

investigates this specific point.

Javadi and Aichelburg (2012) instructed participants to judge which of two successive
sets of items was presented longer (duration task) or which was more numerous (number task).
Their results revealed a positive correlation between time and number, with more numerous
sets being judged to last longer. These results are in line with a seminal series of experiments
showing that temporal estimation increased as a function of numerosity. Mo (1971) initially
reported that the proportion of “long” judgments in a duration task significantly increased as a
function of the number of dots presented to the participants; in a second study (Mo, 1974),
participants were instructed to judge the duration of the second stimuli in a pair, and the
proportion of “longer” responses was shown to decrease when the number of dots of the first
stimulus increased. These observations indicate that participants perceived the first stimulus as
being longer than its actual physical duration; when the numerosity of the second stimulus was
manipulated, the proportion of “longer” responses increased as a function of the number
magnitude. In a third study (Mo, 1975), participants were presented with sets of dots that

varied in numerosity and were instructed to reproduce the duration. Once again, results
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showed a general tendency for temporal reproduction to increase as numerosity increased.
More recently, Dormal and colleagues (2006) used a Stroop task in which participants were
presented with visually flashing dots and had to compare either the numerosity or the duration
of each trial. In the duration task, results showed that neutral and congruent conditions (in
which larger (smaller) numerosity were matched with larger (shorter) durations) were answered
faster than the incongruent ones. Overall, these findings suggest an asymmetry in the number-
time interaction, with numerical magnitude interfering with duration judgments. The same is
also true in the case of space-time interactions: most studies using a static design revealed that
the larger the physical size of a stimulus, the longer the perceived duration (Xuan et al., 2007;
Rammsayer and Verner, 2014, 2015). For instance, in a reproduction task, Casasanto and
Boroditsky (2008) showed that participants (under-) over- estimated the duration when a line
covered a (short) long distance. In another experiment (Xuan et al., 2007), manipulating the size
of stimuli interfered with temporal estimations such that reaction times and error rates
increased in incongruent conditions compared to congruent ones. Altogether, the pattern of
results supports the general idea of a generalized magnitude system with perceived duration
increasing as a function of non-temporal (i.e. spatial and numerical) magnitude in dynamic
designs. However, duration seems to be resilient to numerical and spatial manipulations when
sensory evidence accumulates over time (Lambrechts, Walsh, and van Wassenhove, 2013;

Martin, Wiener, and van Wassenhove, 2017). The next paragraph investigates this specific point.

Several studies also investigated the number-time and space-time interactions when
numerical and spatial information accumulates in time, namely using dynamic displays. In such
cases, reported results were quite different: numerical (spatial) magnitude did not interfere
anymore with temporal estimates, whereas manipulating the duration of stimuli altered
numerical (spatial) judgments. Furthermore, while with static designs, increasing non-temporal
magnitudes increase perceived duration, in dynamic designs, increasing the duration diminished
perceived numerosity or size. In Agrillo et al. (2010), participants were presented with
successive tones and were asked to either judge the duration of the trial or the total number of
tones presented in each trial. The results revealed that the number of tones which accumulated

over time did not interfere with the duration task. Lambrechts et al. (2013) and Martin et al.
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(2017) used an experiment in which sensory evidence accumulated over time. Experimental
trials consisted of clouds of dynamic dots. Participants were asked to judge the duration of the
trial, the total number of dots or the cumulative surface filled by the dots while the two non-
target dimensions were manipulated. Results showed that duration estimations were resilient
to spatial and numerical changes when perceptual evidence accumulated over time.
Surprisingly, varying the duration of presentation interfered with spatial estimations, in a
counter-intuitive way. When the duration of presentation decreased (increased) participants

over- (under-) estimated the number and surface filled by the dots (see Chapter 2).

To account for differences between static and dynamic designs, Casasanto and
Boroditsky (2008) presented to the participants a static line or a growing line. Both conditions
revealed that the larger the distance, the longer the perceived duration. Such findings are not
consistent with the previous hypothesis according to which, in dynamic designs, numerical or
spatial manipulations should not interfere with duration estimates. To explain this discrepancy,
it has been argued (Lambrechts, Walsh, and van Wassenhove, 2013) that the spatial task could
be performed by computing the coordinates of the line on the screen, no matter the time it
took for the line to grow. In other words, participants could have used visual cues, such as the
edges of the screen to perform the spatial task, preventing the temporal dimension to interfere
with spatial judgments. Supporting this possible explanation, in Coull and colleagues’ (2015)
experiment, the environment was dark (fMRI study) and participants had no access to visual
cues to estimate the distance traveled by a moving dot. In this context, the results showed that
the shorter duration increased the perceived distance of the moving dot, consistent with
previous findings. Hence, in dynamic (and more ecological) designs, the observation that the
longer the duration, the smaller the perceived numerosity (or distance) is inconsistent with a

generalized magnitude system.

Indeed, in the previous section, we argued that the effect of a non-target magnitude
dimension on the dimension of interest should increase as a function of the magnitude of the
non-target dimension. In other words, increasing the duration should lead to an increase of the
perceived number or surface, not a decrease. In a dynamic design, for a given magnitude,

decreasing the duration of presentation implies increasing the rate of stimuli being displayed:
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for example, the speed will be higher if 10 dots are sequentially presented in 1 second than if
they are in 2 seconds. In order to perform numerical judgments, increasing the rate of
accumulation implies that the number of items to be processed per unit of time will necessarily
increase. It is reasonable to think that such increase will add uncertainty in the accumulation
process (larger magnitudes are associated to larger standard deviation, which is called the scalar
variability), which implies that perceived numerical magnitude will be noisier. On the other
hand, decreasing the rate of accumulation of evidence will decrease the uncertainty in the
accumulation process (we can imagine that at a given point, if the rate is slow, participants will
have an accurate estimation of the numerical magnitude). In Agrillo et al. (2010), participants
were presented with successive tones. On average, 15 tones were presented in 9 seconds
(~1.67 tones/s), giving them enough time to count, which can explain why manipulating
duration did not interfere with numerical estimation, supporting the idea of an accumulation
process more or less noisy. In their recent paper, Ratcliff and colleagues (2016) argue that
“Sequential-sampling models like the diffusion model [...] view decision making as a process of
noisy accumulation of evidence from a stimulus”. Supporting this statement, our results (see
Chapter 2) suggest that speeding up the rate of presentation of sensory evidence may be
equivalent to increasing noise in sensory accumulation of other magnitude dimensions. In this
sense, surface and number are not being influenced by the duration per se, but rather the time
dimension is interfering with the rate of accumulation. This may explain the incongruent effects
of duration on surface and numerosity with shorter (longer) durations that engender larger

(smaller) estimates of surface and number, because the rate of accumulation is faster (slower).

To summarize, when sensory accumulation of numerical or spatial information is driven
by the external rate of information (e.g. dots sequentially presented), manipulating the duration
adds noise in the accumulation process. As such, shorter durations become associated with
larger estimations of non-temporal magnitude dimensions. On the other hand, when the
numerical (or spatial) information is statically presented, accumulation is likely driven by an
internal sampling rate of sensory evidence, yielding no effect of duration on numerical

estimation. All empirical predictions are synthesized in Figure 3.4.
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Figure 3.4: Summary of the interactions between temporal and non-temporal dimensions.
Static: The larger the magnitude of the non-target dimension, the longer the perceived
duration (positive interaction), no effect of duration on non-temporal dimensions. Dynamic:
the longer the duration the smaller the perceived magnitude of non-temporal dimension
(negative interaction), no effect of numerical or spatial information on perceived duration.
Input: information presented to the participant. Output: response provided by the
participant.
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3.3 Numerical magnitude affects temporal encoding, not temporal
reproduction

In Chang et al. experiment (2011), participants were instructed to reproduce the duration of a
stimulus. In the first experiment, participants reproduced a standard duration during which a
digit was presented; in the second experiment, the digit was only presented during the
reproduction phase. In their design, if participants reproduced longer durations for large digits
than for small digits in the two conditions, an implicit or automatic association of non-temporal
and temporal magnitudes was predicted; if a difference in mean reproduced durations between
the two experiments was found, this would rule out the existence of such association. In
Experiment 1, large digits were reproduced longer than small ones and such difference was not
found in the Experiment 2, when the digit was presented during the reproduction phase. In line
with the literature (Xuan et al., 2007; Dehaene and Akhavein, 1995; de Hevia and Spelke, 2009;
Dormal and Pesenti, 2007), Chang and colleagues (2011) concluded on the existence of “the
automatic effect of numerical magnitude on temporal reproduction”. However, this automaticity
in the number-time interactions seems to only occur at the encoding or memory stages (Figure
3.5). The idea of an automatic effect of numerical magnitude on duration estimates is
challenged in the next section of this chapter (section 3.4) and in the next chapter (Chapter 4).
While it seems that the number-time interaction does not occur at the reproduction step, it
would be interesting in the future to understand exactly when the presentation of a digit
interferes with temporal estimation, either at the encoding phase or when the duration to be

reproduced is stored in memory, using for example M/EEG techniques .
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Figure 4: lllustration of a trial sequence. Numerical magnitude interferes with
duration estimates either during encoding (1) or memory (2) phase. Future
work on this topic should be done using neuroimaging techniques with good
temporal resolution such as EEG and/or MEG, to clearly understand when
this interaction takes place in temporal reproduction tasks.

3.4 Non symbolic magnitude is automatically processed, not the symbolic
one

A large number of studies report that the perceived duration of a stimulus is related to
various aspects of non-temporal stimulus properties such as stimulus size and numerosity (Mo,
1971; Xuan et al., 2007; Rammsayer and Verner, 2015; Dormal, Seron, and Pesenti, 2006; Oliveri
et al., 2008). While it has often been argued that participants did not have to pay attention to
non-temporal magnitude to observe an interference on perceived duration (Dormal and
Pesenti, 2007; de Hevia and Spelke, 2009), a recent study suggests that it may be more
complicated. Rammsayer and Verner (2016) instructed the participants to reproduce the
duration of presentation of Arabic digits that varied in numerical value and physical size. After
having reproduced the duration, participants had to judge the numerical value or the physical
size as small or large. As expected, larger stimuli and larger digits were reproduced longer on
average. However, the effect of numerical value seemed to require attentional resources to be
effective. Indeed, large digits were reproduced longer only when participants’ attention was
directed to digit value, not when they paid attention to stimulus size. The estimation of the size

of a stimulus is made at a lower level of representation than the numerical value of a digit,
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suggesting that non symbolic magnitudes are automatically extracted and processed whereas

symbolic ones are not.

To further elucidate the role of attention in the number-time interaction, the authors
designed a second experiment in which participants had to pay attention to the numerical value
of a digit or to its parity. Interestingly, the results showed that large digits were reproduced
longer only when participants paid attention to the digit value. No significant differences in
reproduced duration were observed when participants had to judge the parity. Overall, these
results indicate that the physical size of a stimulus is automatically processed while the
numerical value of a digit is not. Additional work needs to be done to better understand to
which extent a magnitude is more automatically processed at a non-symbolic level than at a
symbolic level. In a recent study (see Chapter 4) we designed an experiment in which
participants were presented with Arabic digits or sets of items (dots or squares). When
participants had to pay attention to the number of items, we found that the reproduced
duration increased as a function of the numerosity. Interestingly, when participants had to
judge the shape of the stimuli, a similar effect was found, with large number of items
reproduced longer than small sets of items. When participants were presented with Arabic
digits, they had to either pay attention to the numerical value of the digits or to the font in
which the digit was written. Supporting Rammsayer and Verner’s results (2016), the reproduced
duration increased as a function of the digit value only when participants paid attention to the

numerical magnitude.

Overall, these findings indicate that non symbolic quantities (and stimulus size) are
automatically processed while attentional resources are needed to extract and process the
numerical value of a digit. This suggests that different mechanisms are involved in the number-

time interaction, depending on the level at which the numerical information is represented.
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4‘ | The larger the longer, but not all the time

4.1 Summary

In this experiment we investigated to which extent the numerical magnitude of a stimulus was
automatically processed, when numerosity was symbolically or non-symbolically presented to
the participants. We also investigated to which extent the number-time interaction was task
instructions dependent when numerical information was symbolically conveyed. In their study,
Rammsayer and Verner (2016) argue that numerical magnitude is not automatically processed
and that only relative (not absolute) numerical magnitude interferes with perceived duration.
We hypothesize that perceived duration did not increase as a function of the digit value in their
experiment because participants were instructed to categorize the digit value as “small” or
“large”. Our first prediction is that perceived duration should linearly increase as a function of
the digit when participants have to pay attention to its exact value. Contrary to the digit value,
Rammsayer and Verner (2016) found that the size of the stimulus was automatically processed
and interfered with perceived duration. Our second prediction is that, if numerical magnitude is
non-symbolically conveyed, it should be automatically processed and perceived duration should

increase as a function of the tested numerosity.

The main task we used was a temporal reproduction task. Participants were instructed
to reproduce the duration of presentation of a visual stimulus and to make judgements
regarding the numerical magnitude of the stimulus, its shape or its font. We used 6 different
experimental conditions: (1) Symbolic 2-AFC: participants had to reproduce the duration of
presentation of a digit and report its magnitude (small or large). (2) Non-Symbolic 2-AFC: same
as (1) but numerical magnitude consisted in sets of dots or squares instead of digits. (3)
Symbolic 4-AFC: after the temporal reproduction task, participants had to report the exact value

of the digit (4 possible propositions). (4) Non-symbolic 4-AFC: same as (3) but participants were
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presented with sets of dots or squares instead of digits. (5) Font: participants were instructed to
pay attention to the font in which the digits were written (2-AFC). (6) Shape: participants were

instructed to pay attention to the shape of the stimuli (dots or squares, 2-AFC).

Results showed that at a non-symbolic level (Non-symbolic 2-AFC, 4-AFC and Shape
conditions), larger numerosities were always reproduced longer. We also found that the
reproduced duration increased linearly as a function of the numerosity, which is consistent with
the hypothesis of a common metric (ATOM), and with our second prediction. However, at a
symbolic level, the number-time interaction depended on task instructions. In the Symbolic 2-
AFC condition, large digits were reproduced longer than small digits, but the reproduced
duration did not increase as a function of the digit value. Results revealed a categorical response
profile, as previously observed by Rammsayer & Verner (2016) and Cai and Wang (2014).
Interestingly, the reproduced duration increased linearly as a function of the digit value in the
Symbolic 4-AFC condition, when participants paid attention to the exact numerical magnitude,
which is consistent with our first prediction. Finally, when participants paid attention to the
font, numerical magnitude did not interfere with perceived duration, suggesting that the

numerical magnitude was not processed.

In this study we found that the numerical magnitude was automatically processed at a non-
symbolic level of representation and interfered with perceived duration beyond any attentional
control. However, at a symbolic level, the numerical value of a digit was not automatically
processed and the number-time interaction depended on the task instructions (2-AFC, 4-AFC)

and on the amount of attentional resources dedicated to the processing of the digit value.

4.2 Materials & Methods

Participants. A total of 21 participants (9 males, 12 females, mean age 24.7 + 4.3 y.0.) were
tested. Three participants were removed from the study: 1 participant decided to stop the
experiment after the first half (approximately 1 hour). 1 participant was removed due to poor

performance (mean reproduced duration (MRD) for this participant was above 2 standard
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deviation away from the mean of the group, in 4 of the 7 experimental conditions). 1 participant
was removed due to technical problems (data were not saved in Shape and Font conditions).
Hence, a total of 18 participants were effectively analyzed (7 males, 11 females, 24.6 £ 4.3 y.0.).
All had normal or corrected-to-normal vision. Prior to the experiment, participants signed a
written informed consent. The study was conducted in agreement with the Declaration of
Helsinki (2008) and was approved by the Ethics Committee on Human Research at Neurospin

(Gif-sur-Yvette, France). Participants were compensated for their participation.

Stimuli. The experiment was coded using Matlab 8.4 with Psychtoolbox (v 3.0.12). In the
Symbolic conditions, visual stimuli were black Arabic digits; in the Non-symbolic condition, we
used static clouds of non-overlapping dots or squares. The computer screen displayed a grey
background ([128 128 128] in the RGB-code; 1024 x 768 pixels; 60 Hz refresh rate) and visual
stimuli appeared within a black circle of 15.3° visual angle centered on the display. Stimuli were
characterized by their duration (450, 750 or 1500 ms), their numerosity (1, 2, 8 or 9), their font
(in the Symbolic conditions) or their shape (in the Non-symbolic conditions). In the control
condition the number of items was kept constant, and participants were presented with a
square made of four “#” (Figure 4.1). In Symbolic conditions, Arabic digits were presented at the
center of the screen in two possible fonts, which were pseudo-randomized in each trial and for

each participant (Font 1 was Helvetica, e.g. “1289”; Font 2 was Lucida Handwriting “1289”;

both of them in their 40 pt format). In Non-symbolic conditions, visual stimuli consisted of dots
or squares, and on a given trial participants were presented with one of the two possible shapes
in a pseudo-randomized manner. To avoid any possible confound between numerosity and size,

the cumulative surface filled by 1, 2, 8 or 9 dots (or squares) was kept constant (1.2 cm?).

Procedure. Participants were seated in a quiet room approximately 60 cm away from the
computer screen. In all experimental conditions, the main task (Figure 4.1) consisted in (i)
duration encoding phase, during which participants were presented with a visual stimulus
specifying a given duration, (ii) a duration reproduction phase, during which participants
reproduced the duration of the time interval they perceived during duration encoding, and (iii)

an identification phase, in which participants reported the perceived numerical magnitude, the
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font or the shape of the stimuli. Figure 4.1 illustrates the training followed by the seven
experimental conditions and the temporal sequence in a given trial. The experimental session
started with a short training (Figure 4.1) in which the time interval was provided by the duration
of letters (A, M or Z). Following the presentation of the letter, participants were prompted with
a green circle indicating they could initiate their temporal reproduction by pressing the spacebar
and terminate it by releasing the bar when they considered that the elapsed time was identical
to the letter duration presented during the encoding phase. Following their temporal
reproduction, participants were asked to report which letter was presented during the time
interval by pressing one of the three possible response keys (“V”, “B” or “N”; Figure 4.1). During
training, participants performed a total of 18 trials (3 letters x 3 durations x 2 repetitions).
Results were visually inspected and if the participants could clearly distinguish that different
durations were used, the experiment proper took place. 5 participants required a second
training block. The main experiment was a within-participant pseudo-randomized block design.
Participants were provided with the instructions and experimental condition before the start of
each block. For a given experimental condition, trials were equally distributed in the first and
second part of the experiment to prevent any confound with fatigue or attentional lapses (~ 50
minutes each). There were thus 2 blocks for each experimental condition, yielding a total of 14
blocks (+ training) distributed over a 2 hours experimental session. Each experimental block
included 2 breaks after which participants were free to press the spacebar to continue the
experiment anytime; a 2 minutes break was also provided between two consecutive blocks and

a longer break half-way in the experiment.

Experimental conditions. Following the short training, there were a total of 7 experimental
conditions including one control and six dual-task conditions (Figure 1). In the encoding phase of
the control condition (CONTROL), participants were presented with four symbols “#” forming a
square lasting for one of each possible experimental duration (450, 750 or 1050ms). 12
repetitions of each duration were tested yielding a total of 36 trials for the CONTROL. In the six
dual-task conditions, following their temporal reproduction, participants had to perform an n-
Alternative-Forced-Choice (AFC) regarding the stimuli presented during the encoding phase.

Specifically, in the Symbolic and Non-symbolic Magnitude 2-AFC conditions, participants
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reported the numerical magnitude of the symbolic or non-symbolic stimulus presented during
the encoding phase by classifying their responses as “small” or “large” (“V” and “B” on the
keyboard, respectively). In the Symbolic and Non-symbolic Magnitude 4-AFC conditions:
participants reported the numerical magnitude of the symbolic or non-symbolic stimuli
presented during the encoding phase by classifying their responses as an exact numeral 1, 2, 8
or 9 (“C”, “V, “B” and “N” on the keyboard, respectively). In the Symbolic Magnitude Font (2-
AFC), participants were presented with two strings of digits in the identification phase, written
in the two possible fonts: “1289” or “1289”. They had to select in which font the digit was
written in the duration encoding phase, using “V” and “B” keys, corresponding to “1289” and
“1289", respectively. In the Non-Symbolic Magnitude Shape (2-AFC), participants reported the
shape of the non-symbolic magnitude presented during the encoding phase by classifying their
responses as “point(s)” or “carré(s)” (dot(s) and square(s) in English, respectively) (“V” and “B”
on the keyboard, respectively). In all symbolic and non-symbolic conditions, 4 numerosities
were thus tested (1, 2, 8 and 9) combined with each of the 3 possible durations (450, 750 or
1050ms). 12 repetitions of each possible combination were tested yielding a total of 144 trials

for each of the six main experimental conditions.

Statistical Analyses. The MRD was calculated for each numerical value (1, 2, 8 and 9) and each
duration (450, 750 and 1050ms) on a per participant and condition basis. A total of 12
MRD/participant/condition were thus obtained in the main experimental conditions, and 3
MRD/participant were computed in the CONTROL (one per duration). For a given participant, a
reproduced duration 2 standard deviations away from its MRD was disregarded and replaced by
its MRD. This procedure affected 7.2 + 4.1% of the total number of trials across all conditions
and individuals. At the group level, if the MRD of a participant was 2 standard deviations away
from the group MRD, it was disregarded and replaced by the group MRD. This procedure
affected 3.1 + 0.9% of the values, across all conditions. Additionally, only MRD for which the
correct numerical magnitude, font or shape was reported were considered in the analysis in
order to insure that participants effectively paid attention to both temporal and non-temporal

magnitudes. The percentage of errors was on average 5 *+ 4.8% across all conditions. Repeated-
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measures ANOVA and paired t-tests (Holm correction applied to all paired t-tests) were run
using R (Version 3.2.2). For each tested numerosity (see Results section) MRD were plotted for
each tested duration and were fitted with a linear regression. Y-intercept and slope values of
the best fitting line (using Matlab “Isline” function) were extracted for each participant. Slope
values closer to 1 indicated that participants reproduced the duration with perfect accuracy,

whereas values closer to 0 indicated that participants’ MRD were the same for each tested

duration.
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Figure 4.1: Experimental design. A trial started with the appearance of a fixation cross staying
on the screen for 1000 £ 200ms. Following the disappearance of the fixation cross, the interval
stimulus was presented for 450, 750 or 1050ms. After a delay of 1000 + 200ms, the circle
turned green indicated the go-signal for temporal reproduction. Participants initiated their
temporal reproduction with a button press and terminated it with a release. In the CONTROL,
participants only performed the temporal reproduction task. In all other dual-task conditions,
participants reported the numerical magnitude, the shape, or the font (or the letter during
training) following their temporal reproduction.
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Control. Repeated-measures ANOVA with the MRD as dependent variable and Duration as
within-subject factor (3: 450, 750, 1050ms) showed, as expected, a main effect of Duration on
MRD (F(2,38) = 132.6, p < 2e-16) with MRD equal to 445 +/- 100, 696 +/- 100 and 835 +/-
155ms, respectively (Figure 4.2). Results showed that participants could differentiate and
reproduce the three different durations. Additionally, separate paired t-tests revealed a
significant underestimation of the long duration compared to the ideal obersver’s performance
(p = 1.9e-6), but no significant difference for the short duration. Typical regression to the mean
profile was only observed for the long duration (Figure 4.2). Participants also significantly

underestimated the 750ms duration (p = .035).
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Figure 4.5: MRD in Control. Violin plots of the MRD as a function of the
stimulus duration. For each tested duration, dashed lines represent the
ideal observer’s performance; horizontal black lines of each violin plot
represent the mean; shaded gray represent the population distribution.
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Large numerosities are reproduced longer than small numerosities.

To investigate the effect of numerical magnitude on perceived duration, we performed a
4 x 3 x 2 x 2 repeated-measures ANOVA with MRD as dependent variable and Numerosity (4: 1,
2, 8 and 9), Duration (3: 450, 750 and 1050ms), Format (2: Symbolic and Non-symbolic) and
Decision (2: 2-AFC and 4-AFC) as within-subjects factors. Results revealed a main effect of
Duration (F[2,34] = 305.5, p < 2e-16), Numerosity (F[3,51] = 23.35, p = 1.19e-9) and Format
(F[1,17] = 9.026, p = 0.008). Results also revealed significant interaction between Duration and
Decision (F[2,34] = 7.52, p = .002) and a significant interaction between Duration, Numerosity
and Decision (F[6,102] = 4.289, p = .0007): On average, MRD were longer (shorter) in 2-AFC
conditions compared to 4-AFC conditions for the 1050ms (450ms) duration. Paired t-tests
revealed a significant difference only for the 1050ms duration (p = 5.35e-6), MRD were 842 +
109ms and 808 + 111ms for 2-AFC and 4-AFC decisions, respectively. Difference tended to be
significant for the 450ms duration (p = .06), MRD were 463 + 99ms and 478 + 117ms for 2-AFC
and 4-AFC decisions, respectively. Visual inspection of the interaction plot indicates that MRD
were shorter in the 4-AFC conditions than in the 2-AFC conditions for numerosities 1, 2 and 8.
On the other hand, MRD were longer for the numerosity 9 in the 4-AFC than in the 2-AFC
conditions. However, separate paired t-tests performed on MRD for each numerosity as a
function of the decision (2-AFC or 4-AFC) did not reveal any significant difference. MRD for
numerosities 1, 2, 8 and 9 were: (1) 646 + 188ms and 639 + 177ms, (2) 650 + 180ms and 642 +
175ms, (8) 680 + 198ms and 673 + 180ms, (9) 680 £ 186ms and 684 + 170ms, for 2-AFC and 4-
AFC decisions, respectively. MRD for the numerosities 1, 2, 8 and 9 were 642 + 158ms, 647 +
152ms, 676 + 150ms and 682 *+ 154ms, respectively. Paired t-test were then performed
between the four numerical values and results revealed significant different MRD for
numerosities 1 vs. 8 (p = 8.3e-10), 1 vs. 9 (p = 5.7e-13),2vs. 8 (p = 2.2e-7) and 2 vs. 9 (p =2.2e-
12 ) (Figure 4.3 A). MRD for numerosities 1, 2, 8 and 9 were then compared to the CONTROL:
paired t-tests revealed that the MRD for the control (652 ms + 98 ms) was significantly different
than for experimental conditions displaying symbolic and non-symbolic numerosity 9 (682 +

154ms) only (p = .026).
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Figure 4.3: MRD (A) and Intercept values (B) averaged across
all participants, as a function of the four tested symbolic and
non-symbolic numerosities when participants paid attention
to the numerical magnitude (2-AFC and 4-AFC tasks
combined).*p<.05, **p<.01,***p<.001, bars are 2 s.e.m.

To further investigate the effect of numerical value on MRD, for each participant and for

each stimulus duration, we plotted the MRD of the four tested numerosities (MRD average
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across the four experimental conditions where participants paid attention to the numerical
magnitude) duration. The slope and y-intercept values of the best fitting lines (four lines, one
per numerosity) were extracted for each participant. A repeated-measures ANOVA with
Intercept values as independent variable and Numerosity (4: 1, 2, 8 and 9) as within subject
factor revealed a main effect of Numerosity on Intercept values (F[3,51] = 17.76, p = 5.04e-8).
Post-hoc paired t-tests revealed that intercept value for the numerosity 1 was significantly
lower than intercept value of numerosity 8 (p = 4.2e-7), 9 (p = 1.6e-5) and tended to be
significantly lower than intercept value of numerosity 2 (p = .052). Intercept value for the
numerosity 2 was significantly lower than for 8 (p = 0.0132) and 9 (p = 0.0025) (Figure 4.3B).
Intercept values for numerosities 1, 2, 8 and 9 were 428 + 87ms, 448 + 98ms, 482 + 119ms and
480 *+ 114ms, respectively. Slope analysis revealed no significant differences in slope between
the different numerosities, indicating a similar regression to the mean. This result suggests that
the differences in intercept values cannot be explained by slope variations and are only due to
the magnitude of the tested numerosity. Slopes of the best fitting lines for numerosities 1, 2, 8

and 9 were 0.61 +0.18,0.59+0.17, 0.57 £ 0.19 and 0.59 + 0.21.

Longer MRD in Non-symbolic conditions than in Symbolic conditions

Previous repeated-measures ANOVA revealed a main effect of Format (Symbolic and
Non-symbolic) on MRD. Paired t-tests revealed a significant difference in MRD between Non-
Symbolic and Symbolic conditions (NS and S, respectively, in Figure 4.4) for the 450 and 750ms
stimulus duration (p = .0007 and p = .01, respectively). Difference for the 1050ms duration
tended to be significant (p = .0509). MRD were 484 + 115ms and 457 + 99ms (450ms stimulus
duration), 697 + 110ms and 680 + 102ms (750ms stimulus duration), 832 + 108ms and 818 +

114ms (1050ms stimulus duration), in the Non symbolic and Symbolic conditions, respectively.

To further investigate the difference in MRD between Non-symbolic and Symbolic
conditions, we performed post-hoc paired t-tests to compare MRD of the 4 tested numerosities,
as a function of the Format. The numerosities 2, 8 and 9 were significantly reproduced longer

(Figure 4.4 B) in the Non-symbolic conditions than in the Symbolic ones (p = .013, p =.009 and p
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= .0011, respectively). MRD for numerosities 1, 2, 8 and 9 were (1) 645 + 184ms and 639 +

182ms, (2) 655 + 175ms and 637 + 179ms, (8) 687 + 181ms and 665 * 184ms, (9) 697 + 183ms

and 667 = 18ms, in the Non-symbolic and Symbolic conditions, respectively.
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Figure 4.4: A: Violin plots of the MRD as a function of the
stimulus duration, for Non-symbolic (NS) and Symbolic (S)
conditions. For each tested duration, dashed lines represent
the ideal observer’s performance; horizontal black lines of
each violin plot represent the mean; shaded gray represent
the population distribution. B: MRD as a function of the tested
numerosity in Non-symbolic (black) and Symbolic (grey)
conditions. *p<.05, **p<.01, ***p<.001, bars are 2 s.e.m.
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Visual inspection of Figure 4.4 indicates that MRD increases as a function of the tested
numerosity only in the Non-symbolic conditions, whereas a categorical response profile is
observed in the Symbolic conditions. This latter point is inspected in the next section of the

results.

MRD linearly increases as a function of the numerosity in Non-symbolic conditions only.

In Figure 4.5 A and B, MRD as a function of the 4 tested numerosities in the Non-
Symbolic (left panel) and Symbolic (right) conditions are represented, for the 2 possible
decisions (4-AFC, upper panels; 2-AFC, lower panels). MRD seems to increase linearly as a
function of the tested numerosity in the Non-symbolic conditions (2-AFC and 4-AFC) and in the
Symbolic 4-AFC condition only. In the Symbolic 2-AFC condition, a categorical response profile is
observed. To further investigate possible different response profiles, we performed a linear
regression in the four conditions using Matlab “fitlm” function, which creates a linear regression
model. For each linear regression, the coefficient of determination R? is provided by the model
(the better the linear regression fits the data, the closer the value R? is to 1). Results revealed
that the linear regression did not fit to the data in the Symbolic 2-AFC condition (R?agjusted =
0.485), whereas it fitted to the data in the 3 other conditions (Symbolic 4-AFC: R?,gjysted = 0.907;
Non-Symbolic 2-AFC: R%gjusted = 0.98; Non-Symbolic 4-AFC: R%,gjustes = 0.828). Overall, these
findings indicate that the MRD in Symbolic conditions was task instructions dependent. When
participants were instructed to categorize the magnitude of the digit as small or large, a
categorical response profile in MRD was observed. However, when participants had to report
the exact value of the digit, the MRD increased linearly as a function of the numerosity. In Non-
symbolic conditions, similar response profiles were observed for both 2-AFC decision and 4-AFC
decision. MRD increased as a function of the tested numerosity in the two cases, suggesting that
the exact numerical magnitude was automatically processed and was not task instructions
dependent. The next section investigates a possible automaticity in numerical processing in

Non-symbolic conditions, compared to Symbolic conditions.
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Figure 4.5: A: Violin plots of the MRD as a function of the 4 tested numerosities, for
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and shaded gray represent the population distribution. B: MRD as a function of the
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clarity reasons, see panel “A” if needed). Horizontal black line corresponds to the
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Numerical magnitude is automatically processed in Non-symbolic conditions only

To further investigate to which extent the numerical magnitude was automatically
processed we instructed the participants to pay attention to the shape (Non-symbolic condition)
or to the font (Symbolic condition). If the numerical magnitude is automatically processed, the
numerosity should interfere with MRD even if participants do not explicitly pay attention to it.
We compared the effect of numerical magnitude when participants paid attention to it or not,

in the Non-symbolic and Symbolic conditions, with two separated analyses.

Because 2 different shapes and 2 different fonts were used (2-AFC), we only included in the two
analyses the conditions where participants had to categorize the numerical magnitude as small
or large (2-AFC). In other words, we compared the results of the Font (or Shape) condition with
the results of the Symbolic (Non-symbolic) Magnitude 2-AFC condition. For the Non-symbolic
conditions (Attention on Shape vs. attention on Numerical magnitude): a 3 x 4 x 2 repeated-
measures ANOVA with MRD as independent variable and Duration (3: 450, 750 and 1050ms),
Numerosity (4: 1, 2, 8 and 9) and Attention (2: Shape, Numerical magnitude) as within-subject
factors revealed a main effect of Duration (F[2,34] = 358.4, p < 2e-16) and Numerosity (F[3,51] =
9.39, p = 4.8e-5) on MRD. No significant effect of Attention was found. A significant interaction
between Duration and Numerosity was found (F[6,102] = 3.679, p = .0024). MRD increased for
large numerosities only for 750 and 1050ms stimulus duration. 3 separate paired t-tests (one
per stimulus duration) were performed to compare MRD as a function of the 4 tested
numerosities. 450ms duration: paired t-tests revealed no significant difference in MRD between
the 4 tested numerosities. 750ms duration: paired t-tests revealed significant differences in
MRD between numerosities 1 vs. 8 (666 + 120ms and 711 + 99ms, respectively, p =.00017), 1 vs.
9 (666 + 120ms and 711 + 120ms, p = .00576), 2 vs. 8 (670 + 106ms and 711 + 99ms,
respectively, p = .016) and 2 vs. 9 (670 £+ 106ms and 711 + 120ms, respectively, p = .029).
1050ms duration: paired t-tests revealed significant differences in MRD between numerosities 1
vs. 8 (MRD =808 + 124ms and 838 + 111ms, respectively, p =.030), 1 vs. 9 (MRD = 808 + 124ms
and 876 + 118ms, respectively, p = .00035), 2 vs. 9 (MRD = 821 + 101ms and 838 + 111ms,
respectively, p = 1.3e-5) and 8 vs. 9 (MRD = 838 + 111ms and 876 + 118ms, respectively, p =
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.014). MRD for the 4 different numerosities when participants paid attention to the numerical
magnitude (Non-symbolic condition) or to the shape were respectively: (1) 645 £ 192ms and
639 + 182ms, (2) 661 + 180ms and 657 + 169ms, (8) 678 + 188ms and 673 + 185ms, (9) 687
207ms and 688 + 199ms (Figure 4.6, left panels).

Similar analysis has been performed in the Symbolic conditions (Font vs. Numerical magnitude)
and the 3 x 4 x 2 repeated-measures ANOVA revealed a significant effect of Duration (F[2,34] =
327.5, p < 2e-16), Numerosity (F[3,51] = 11.1, p = 1.02e-5) and Attention (F[1,17] = 12.73, p =
.0024). Significant interactions were found between Duration and Attention (F[2,34] = 4.137,p =
.025) and between Numerosity and Attention (F[3,51] = 2.997, p = .039). MRD were longer
when participants paid attention to the numerical value compared to the font and were longer
for large digits than for small digits. Paired t-tests revealed that MRD for numerosities 1 and 8
were significantly higher when participants paid attention to the numerical value (1) 647
187ms and 621 + 170ms, p = .03; (8) 681 + 186ms and 627 + 182ms, p = 3.01e-6). Numerosity 9
also tended to be significantly reproduced longer when participant paid attention to the
numerical value (671 £ 190 and 646 + 181ms, p = .053). No significant differences between MRD
were found for numerosity 2 (639 £ 180ms and 626 + 177ms, when participants paid attention

to the numerical magnitude and the font, respectively (Figure 4.6, right panels).

Finally, to ensure that the difficulty to discriminate the two fonts and the two shapes
was the same, we calculated the percentage of errors. Paired t-test revealed no significant
difference in percentage of errors between the two conditions (p = .68). On average,
participants made 4.82% and 4.09% of errors in the Font and Shape conditions, respectively. We
previously observed that manipulating attention only interfered with MRD in the Symbolic
conditions (Font vs. Numerical Magnitude), not in the Non-symbolic ones (Shape vs. Numerical
magnitude). Because percentages of errors were similar, this asymmetry in the results when
manipulating attention cannot be explained by different difficulties to differentiate the two

shapes and the two fonts.
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Figure 4.6: Upper panels: Violin plots of the MRD as a function of the 4 tested
numerosities, when participants paid attention to the numerical magnitude or to
the font/shape in Non-symbolic (left panels) and Symbolic (right panels)
conditions. Horizontal black lines of each violin plot represent the mean; white
and shaded gray represent the population distribution. Lower panels: MRD as a
function of the 4 numerosities in Non-symbolic and Symbolic conditions, when
participants paid attention to the numerical magnitude or to the font/shape.
Error bars are not displayed for better clarity on the figure; see the population
distribution in the violin plots if needed.

4.4 Discussion & Conclusion

The main goal of this experiment was to investigate to which extent numerical
information was automatically processed when it was symbolically or non-symbolically
presented, to better understand the number-time interaction. To account for behavioral and

psychophysical interactions between different dimensions such as time and number, Walsh



63

(2003) suggested that temporal and non-temporal stimulus magnitude were part of a

generalized magnitude system and share a common metric (Bueti and Walsh, 2009).

A growing body of studies (Dormal, Seron, and Pesenti, 2006; Dormal and Pesenti, 2007;
Mo, 1971, 1974, 1975; Oliveri et al. 2008; Javadi and Aichelburg, 2012; Bottini and Casasanto,
2010; Casasanto and Boroditsky, 2008; Cai and Wang, 2014; Cai and Connell, 2015) that report
behavioral interactions in the perception of temporal, numerical and spatial magnitudes
support the hypothesis of a common magnitude system. However, the existence of such system
has been challenged in recent studies (Lambrechts et al., Martin et al., Coull et al.) which
revealed that perceived duration was resilient to numerical and spatial manipulations when
sensory evidence accumulated over time. Moreover, it has been hypothesized that such
magnitude system would be controlled by parietal cortex (Walsh, 2003; Bueti and Walsh, 2009;
Winter, Marghetis, and Matlock, 2015). However, several studies showed that time, space and
number engaged larger networks of regions beyond the parietal cortex, such as prefrontal
cortex and SMA (Coull et al., 2015; Dormal, Andres, and Pesenti, 2008; Dormal et al., 2012).
Recent studies (Marcos, Tsujimoto, and Genovesio, 2016; Genovesio, Tsujimoto, and Wise,
2012) suggest that different magnitudes are independently encoded before the decision
process, and that interactions between magnitudes do not occur at the perceptual level but
rather at the level of goal coding (decision). Such findings, and specifically the fact that
magnitudes are independently encoded is not consistent with a theory of magnitude which

argues that time, space and number should be encoded with the same common metric.

Several studies (Javadi and Aichelburg, 2012; Dormal, Seron, and Pesenti, 2006; Agrillo,
Ranpura, and Butterworth, 2010; Lambrechts, Walsh, and van Wassenhove, 2013; Martin,
Wiener, and van Wassenhove, 2017; Coull et al., 2015; see also Chapter 3) revealed that
perceived duration was biased by numerical and spatial magnitude, only when stimuli were
statically (and not dynamically) presented. Recently, Rammsayer and Verner (2016) revealed
that the number-time interaction seemed to be under attentional control, when participants
had to pay attention to the numerical value of digits. However, the size of items interfered with

perceived duration beyond attentional control, suggesting the existence of two different
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mechanisms involved in the processing of numerical and spatial magnitudes. These authors also
found that the perceived duration increased as a function of the relative numerical magnitude,

I “"

i.e., along a dichotomical “small/large” distinction. However, we argued that the categorical
response profile observed in this experiment was driven by task instructions (participants had to
categorize the numerical value as “small” or “large”). Thereby, we hypothesized that perceived
duration should linearly increase as a function of the digit value if participants have to report
the exact digit value. We used Arabic digits and sets of items (dots or squares) to investigate
possible differences in the automaticity of numerical processing, when numerical magnitude is
symbolically or non-symbolically conveyed.

In our task, participants were instructed to pay attention to the numerical magnitude of
the stimulus larger numerosities were found to be reproduced longer than numerosities of
smaller magnitude, as expected. However, the pattern of results obtained in the different
conditions tested here provided evidence against one only magnitude system underlying the
effect of numerical magnitude on perceived duration. Whereas the processing of Non-symbolic
numerical magnitude seemed to be automatic, the processing of Symbolic numerical magnitude
seemed to require some attentional resources. Rammsayer and Verner (2016) showed that the
size of a visual stimulus was automatically processed and interfered with perceived duration. To
ensure that participants could not use the size as a cue to perform the numerosity task, we kept
the cumulative surface constant. It is also known that perception of numerosity and density
involves different mechanisms (Anobile, Cicchini, and Burr, 2014). However we used a small
number of dot and the density was too low to consider that participants could have used the
density as a cue to perform the numerical task. Thereby, the effects observed in Non-symbolic

conditions were only due to the processing of numerical magnitude.

In the Non-symbolic conditions, larger numerosities were always reproduced longer than
smaller numerosities indicating that the number-time interaction takes place automatically and
does not depend on the amount of attentional resources dedicated to the non-temporal
attributes of the stimulus. This finding supports the assumption of Xuan et al. (2007) suggesting
that the magnitude of a non-temporal stimulus does not need to be intentionally processed to

interfere with duration perception. When sets of items (dots/squares) were presented to the
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participants, the numerical information was automatically processed, which is consistent with a
recent study from Rammsayer and Verner (2016) who suggested that stimulus size is processed
“beyond attentional control but still influences perceived duration”. The same authors also
indicated that the effect of numerical digit value on reproduced duration became effective only
when participants had to explicitly pay attention to the numerical value. Our present findings
also support this latter point. In the Symbolic conditions, when participants were required to
make a 2-AFC judgement to classify the numerical magnitude, we observed a categorical
response profile in the reproduced duration. Large digits (8 and 9) were reproduced longer than
small digits (1 and 2). However, MRD for digits 1 and 2 were similar, as well as for MRD for digits
8 and 9. No linear increase of MRD as a function of digit value was observed. Other previous
studies also reported the same profile of response. For example Chang et al., (2011) reported
that large digits (8 and 9) were reproduced longer than small digits (1 and 2). In these studies,
low and high digits value were merged to small and large magnitude sets to perform the
statistical analyses. To investigate a possible increase of MRD as a function of the digit value,
Rammsayer and Verner (2016) also looked at the MRD for each single digit value. The results
only revealed significant difference in MRD between digits 1-8 and 2-8. Visual inspection of
Figure 2 (see Chapter 3) there results indicate than MRD did not increase as a function of the
digit value. The authors concluded that the effect of numerical value on reproduced duration

did not increase continuously as a function of digit value.

However, we previously hypothesized that the lack of linear increase of MRD as a
function of digit value was due to the instructions given to the participants, in these two
experiments (Chang et al. 2011; Rammsayer and Verner, 2016). The participants were
instructed to report the magnitude of the digit as small or large, in other words they had to

III

categorize the value of the digit as “small” or “large”, which can explain why the MRD did not
increase continuously as a function of the digit value. To test this hypothesis, we designed a
condition in which participants were instructed to make a 4-AFC judgment and report the exact
numerical value of the digit. Firstly, we predicted that MRD should increase as a function of the
digit when participants pay attention to its exact value. Secondly, we predicted that MRD will

not increase linearly as a function of the digit when participants have to categorize the
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III

numerical magnitude as “small” or “large”. Results confirmed our hypothesis. Whereas a
categorical response profile was observed in the Symbolic 2-AFC condition, a linear regression
better explained the data in the Symbolic 4-AFC condition. We argue that reproduced duration
increases as a function of digit value, only when participants pay attention to the exact

numerical value, in the Symbolic conditions only.

Interestingly, results revealed similar MRD in Non-symbolic conditions, when
participants had to make 2-AFC or 4-AFC judgments, suggesting that numerical magnitude was
automatically processed. On the other hand, the processing of Symbolic numerical information
seems to be governed, at least partly, by an attentional control. To further investigate this
possibility, we instructed the participants to pay attention to the font instead of paying
attention to the numerical value, in Symbolic conditions. Whereas no differences were observed
in the Non-symbolic conditions when manipulating attention (participants paid attention to the
shape or the numerical magnitude), significant differences in MRD were observed in the
Symbolic conditions. Interestingly, the effect of digit value on MRD was weak and almost non-
existent when participants paid attention to the font, suggesting that the numerical magnitude
was not processed, or not enough efficiently processed to interfere with perceived duration.
Overall these results indicate that numerical information is automatically processed at a non-
symbolic level, but is governed by attentional control at a symbolic level. The fact that
manipulating attention only modulated MRD in the Symbolic conditions also suggest the
existence of separated, at least partly, mechanisms underlying the interaction of numerical
magnitude on perceived duration. The existence of different mechanisms is not compatible with
a strong interpretation of ATOM. In their study, Rammsayer and Verner (2016) also concluded
that two different mechanisms may underlie the influence of spatial and numerical magnitude
on perceived duration. The existence of partly independent and different mechanisms for the
processing of non-temporal magnitude is consistent with the results of a study from Agrillo and
colleagues (2010), in which participants had to perform numerical or temporal judgments.
Results showed that varying the number of tones (or the duration) did not influence duration
(number) judgments, indicating that temporal and numerical estimations were independent.

Additional evidence against the existence of a common magnitude system comes from studies
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showing the absence of interference of non-temporal magnitude on temporal estimations

(Lambrechts, Walsh, and van Wassenhove, 2013; Martin, Wiener, and van Wassenhove, 2017).

General conclusion

In this study, we investigated to which extent the numerical magnitude of a stimulus was
automatically processed when performing a temporal reproduction task. At a non-symbolic
level, results revealed that the reproduced duration increased as a function of the numerosity
when: (1) participants had to categorize the numerical magnitude as small or large; (2)
participants had to pay attention to the exact numerosity; and (3) when they paid attention to
the shape of the stimulus. Overall, this indicates that the numerical magnitude of the stimulus
was automatically processed when participants performed a temporal reproduction task. At a
symbolic level, the number-time interaction highly depends on the amount of attentional
resources and on the instructions provided to the participants. (1) When participants were
instructed to categorize the value of the digit as small or large, a categorical response profile
was observed in the reproduced duration; (2) when participants paid attention to the exact
value of the digit, the reproduced duration increased continuously as a function of the digit
value; and (3) when participants paid attention to the font, numerical value did not (or very

weakly) interfere with the temporal reproduction task.

Future work is needed to better understand how numerical magnitude interferes with
temporal estimations, and should specially focus on the different mechanisms underlying such
interactions. Specifically, we found that non-symbolic numerical magnitude interfered more
efficiently with the temporal reproduction task than the symbolic numerical magnitude did.
Whereas the processing of non-symbolic numerical magnitude and duration seems to be more
closely related than the processing of digit value and duration, future work should be done to
clarify to which extent temporal and numerical magnitudes share common resources,

depending on the numerical format (symbolic or non-symbolic) that is used.



68

5 | Discussion and Conclusion

5.1 A common neural code for Time, Space and Number?

One major prediction made by Walsh in his theory of magnitude was that time, space,
number and, more generally, magnitudes were commonly processed in a general magnitude
system which should be located in the parietal cortex. This claim was supported by several
neuroimaging studies that reported that the IPS and surrounding areas were commonly
activated when participants processed numerical or spatial magnitudes (Pinel et al., 2004;
Hubbard et al., 2005). Coull and Nobre (1998) also found an increase of BOLD signal in the left
IPS when performing a task which required paying attention to temporal cues. However, while
number, size, and time exhibit common activations of the right parietal cortex, some studies
have also shown that they engaged larger networks of regions, such as prefrontal cortex and
supplementary motor areas (Coull et al., 2015; Dormal, Andres, and Pesenti, 2008; Dormal and
Pesenti, 2009). Several neuroimaging studies have suggested the existence of a domain-general
representation of magnitude in a parieto-frontal network (Fias et al., 2003; Pinel et al., 2004;
Walsh, 2003). It is possible to hypothesize that, because of the shared engagement of parietal
and prefrontal cortices in temporal judgments and in magnitude processing, these regions may
play an important role in magnitude interference effects (larger digits are reproduced longer
than small ones). However, Dormal et al. (2008) found that numerosity and duration were
processed independently. Supporting these findings, recent studies (Genovesio, Tsujimoto, and
Wise, 2012; Marcos, Tsujimoto, and Genovesio, 2016) suggested that duration and relative
distance were independently processed by different populations of neurons and that the
common activations were due to the coding of the goal rather than a common representation
of magnitude. These findings suggest that the interactions between magnitudes occur at the

decision stage (i.e. decision about the magnitude of the stimulus) and not at a perceptual level



69

(i.e. encoding of the magnitude). This hypothesis does not support the existence of a
generalized magnitude system in which different magnitudes will be processed and coded with
the same neural code. To conclude, even if some neural populations are commonly activated for
the processing of different magnitude dimensions, the network of activations is too broad to
consider that only one brain area and only one mechanism underlie the representation of all
magnitude dimensions. As there is no clear evidence from neuroimaging and clinical studies that
Time, Space and Number may share neuronal populations with similar tuning features, it does

not support a strong interpretation of ATOM.

5.2 From a Bayesian perspective, time, space and number do not share the
same priors

As previously mentioned in the Introduction (Chapter 1) and in Chapter 2, recent
discussions in the field suggest that in a common representational system, magnitude
estimations would be realized on the basis of Bayesian computations. Regardless of whether
participants are instructed to perform temporal, numerical or spatial judgements, some
behavioral phenomena are systematically observed. One of these phenomena is the regression
effect, also called regression to the mean, in which participants’ estimates are biased towards
the center of the distribution (Petzschner, Glasauer, and Stephan, 2015). From a Bayesian
perspective, participants’ estimates are made by taking into account at least 2 different
variables: the prior and the likelihood. The prior corresponds to a priori information and is
acquired over the course of the experiment; the likelihood corresponds to the noisy sensory
input. A prior which encodes the mean of previously encountered stimuli (mean duration of a
trial for example) will bias participants’ estimates towards the center of the distribution and
cause a regression to the mean. The strength of the bias is highly correlated to the noise of the
prior and the likelihood. In Chapter 2, we found an increase in central tendency effect when
participants performed spatial judgments, compared to temporal and numerical judgments, and

suggested that a larger regression effect was linked to an increased reliance on the prior.
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Figure 5.1: From a Bayesian perspective: A: if the
priors of two magnitude dimensions are totally
uncorrelated, the processing of one magnitude will
be made independently from the processing of the
second magnitude. B, C: increased correlation
between priors predicts stronger interaction
between magnitude dimensions

We concluded that a common magnitude system based on Bayesian computations
would necessitate multiple priors that are more or less correlated. Pinel et al. (2004) found that
the amount of overlap in brain regions could predict the amount of interference between
dimensions. To extend this conclusion to a Bayesian perspective, a larger correlation between
two priors may predict the amount of interaction between these two dimensions. If the priors
of two distinct dimensions are totally uncorrelated, it is reasonable to think that these two

dimensions are totally independent and will not interfere. However, two dimensions with highly
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correlated priors will interact together, and the strength of the interaction will be linked to the
degree of similarities between the different priors. In other words, each magnitude dimension
has its own prior which is more or less correlated to other priors, with higher correlations

associated to stronger interactions (Figure 5.1).

5.3 The rate of accumulation of sensory evidence interferes with Numerical
and Spatial estimates

Whereas temporal information necessarily accumulates over time, numerical and spatial
information do not. In Chapter 2 we used an experimental design in which task difficulty was
equated across dimensions and we manipulated the rate of dot presentation to control
numerical and spatial magnitude dimensions. It is important to remember that the ultimate
value of the presented surface and number was the same, regardless of the accumulation
regime. Participants were biased in their estimates by the rate of evidence accumulation in the
first-half of the given trial, regardless of how long that trial lasted. Our main conclusion was that
surface and number estimates were not influenced by the duration of the trial, but rather the
duration interfered with the rate of accumulation, with shorter durations associated to a faster
rate of accumulation which lead to an overestimation of numerical and spatial magnitudes. We
also found that human observers are biased by the rate of accumulation at the start of a trial,
and are resistant to changes in rate throughout the trial. This last observation is important in
the context of drift-diffusion models in which the rate of evidence accumulation can change
during the time course of the experiment. In such models, a second diffusion process with a
new value of drift is considered when the rate of accumulation changes at a given time point

(Ratcliff et al., 2016; Ratcliff, 1980).
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5.4 Perceived duration does not always increase as a function of the tested
numerosity: no scaling effect

The hypothesis of a common metric implies that perceived duration should increase as a
function of the tested numerosity. In other words, the larger the numerical magnitude, the
larger the perceived duration should be, and the longer the duration, the larger the effect of
numerosity (Figure 3.1, Chapter 3). However, such predictions are not always supported in the
literature. For example, Yamamoto et al. (2016) found that the effect of numerical value on
reproduced duration depended on the relative numerical distance, not on the absolute
distance. Large digits were reproduced longer than small digits, but the difference in perceived
duration did not increase as a function of the numerical distance between digits (Figure 3.3,
Chapter 3). Similarly, Rammsayer and Verner (2016) reported that large digits were reproduced
longer than digits of a smaller magnitude but did not observe a linear increase of reproduced
duration as a function of the digit value. However, in the previous chapter, we saw that the
effect of digit value on perceived duration was highly correlated to the task instructions. When
participants were instructed to report the relative magnitude of a digit (small or large), we
observed a categorical profile in the reproduced duration: larger digits were reproduced longer,
but the effect of numerosity did not increase as a function of the digit value. Interestingly, we
found a linear increase in the reproduced duration when participants had to pay attention to
the exact numerical value of the digit. Supporting our results, Cai and Wang (2014) instructed
the participants to reproduce the duration of presentation of a digit. Results showed that when
the numerical magnitude was manipulated as a continuous variable using five digits: 1, 3, 5, 7

and 9, the reproduced duration increased linearly as a function of the digit value (Figure 5.2).

In Chapter 4, we also found that the numerical magnitude was automatically processed
at a non-symbolic level of representation. To summarize, the perceived duration seems to
increase as a function of the numerical value (scaling effect) when numerical magnitude is non-
symbolically conveyed, or when participants pay attention to the exact value of the digit, at a
symbolic level. Finally, Rammsayer and Verner (2016) found that the effect of stimulus size on

reproduced duration was modulated by target duration, with larger differences in perceived
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duration for long durations than fort short ones, supporting the hypothesis of a scaling effect on
perceived duration when the non-temporal magnitude is processed at a low level of

representation.
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Figure 5.2: From Cai and Wang, 2014: the reproduced duration
increases as a function of the numerical magnitude

5.5 Non-temporal magnitudes do not interfere with duration at a perceptual
level

Several studies (Cai and Wang, 2014; Chang et al. 2011) revealed that the value of a digit
interfered with reproduced duration when presented at the encoding stage, not during the
reproduction stage. This finding suggests that the number-time interaction does not occur at a
perceptual level, but at a higher level of representation. Some authors (Xuan et al., 2007,
Dehaene and Akhavein, 1995; de Hevia and Spelke, 2009; Dormal and Pesenti, 2007) suggested
that the effect of numerical magnitude on temporal reproduction was automatic. However, we

challenged the idea of an automatic processing of numerical magnitude in Chapter 4 (see also
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Rammsayer and Verner, 2016). This indicates that the effect of numerosity on duration may not
be as automatic as previously suggested, and may be mediated by different factors, such as

numerical format and attention (see Chapter 4; Rammsayer and Verner, 2016).

Duration Numerosity
Symbolic Arabic digit
(high level) 1-2-8-9

Non-symbolic i:_ Set of items

(low level) o

v Interference beyond attentional control
v Interference under attentional control

Figure 5.3: lllustration of the number-time interaction. At a
symbolic level (red arrow) the number-time interaction is
under attentional control, whereas it occurs automatically at a
non-symbolic level (blue arrow)

5.6 The number-time interaction is modulated by attention and numerical
format

As previously mentioned in Chapter 4, the effect of numerical magnitude on perceived
duration depends (at least) on two distinct factors: (1) the numerical format that is used and (2)
attentional resources. We saw that the number of items in a set (number of dots) was

automatically processed, beyond attentional control, and interfered with reproduced duration.
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However, the numerical value of a digit did not always interfere with perceived duration. The
number-time interaction in this case depended on the amount of attentional resources

allocated to the processing of the magnitude of the digit (Figure 5.3).

5.7 Conclusions

The main aim of this thesis was to investigate the possible existence of a generalized
magnitude system, in which time, space and number may share common neural resources. One
additional implication for the hypothesis of a common representational system for magnitudes
is that the estimation of magnitude in a target dimension (e.g. the duration of the event) should
be affected by the manipulation of the magnitude in another non-target dimension (e.g. the
number of items or their size), such that the larger the magnitude of the non-target dimension,
the larger the perceived target magnitude dimension. We first designed an experiment in which
participants had to perform temporal, numerical or spatial judgments while we independently
manipulated the magnitude of the non-target dimensions. This design allowed us to test all
possible combinations and investigate possible interactions between magnitudes. The results
revealed a lack of bi-directionality in the interactions, which do not support the theory of a
common magnitude system. Furthermore, we found that numerical and spatial judgments were
biased by the rate of accumulation of sensory evidence in dynamic designs.

In a second experiment, we found that numerical magnitude was automatically
processed at a non-symbolic level, but not at a symbolic level. These findings suggest that at
least two different mechanisms may underlie the influence of numerical magnitude on
perceived duration, which is not consistent with the predictions made by ATOM. Additionally,
the parietal cortex and specifically the IPS (Bueti and Walsh, 2009) has been suggested to be the
main locus were time, space and number may share common populations of neurons. However,
neural recording studies in the prefrontal and parietal cortex of non-human primates have
revealed overlapping, yet largely separate, representations of duration, number and size (Coull

et al., 2015; Dormal et al., 2012). The processing of these different magnitude dimensions may
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share some neural resources but it is unlikely that only one specific and well localized brain area
is responsible of the processing of time, space and number.

Whereas several authors previously suggested that numerical or spatial magnitude
interfered automatically with perceived duration (Xuan et al., 2007; Dormal and Pesenti, 2007),
our recent findings (Chapter 4) suggest that the interaction between numerical and temporal
magnitudes depends on the numerical format that is used (either non-symbolic or symbolic). On
the one hand, numerical magnitude seems to be processed automatically at a non-symbolic
level; on the other hand the processing of numerical digit value (symbolic level) seems to be
under attentional control.

We know that humans rely on two different systems of numerical quantification. The
first one is the non-symbolic system; it allows us to have approximate representations of
number and is called the approximate number system (ANS) (Piazza et al., 2013). The second
one is the symbolic system that allows us to precisely manipulate quantities and perform exact
calculations. Whereas the ANS is evolutionarily ancient and observed in adults, children and
other animal species, the symbolic representation of quantities such as digits is specific to
humans and has to be learnt (Feigenson, Dehaene, and Spelke, 2004; Piazza et al., 2013). When
children learn to count, they acquire a symbolic system to represent and manipulate digits. This
system involves precise representation of quantities and allows precise comparisons. However,
this new learnt system does not seem to replace the non-symbolic system, but they rather seem
to be jointly mapped onto one another (Wong, Ho, and Tang, 2016).

It is possible to think that because this symbolic system is learnt, some attentional
resources are needed for the numerical magnitude to interfere with perceived duration at a
symbolic level. On the contrary, the non-symbolic system is deeply rooted and the number-time
interaction can occur automatically in that case. Such hypothesis implies that time and number
may share more similarities and neural resources when numerical information is non-
symbolically conveyed, than when it is symbolically conveyed. Future lines of research, using
neuroimaging techniques such as fMRI or M/EEG should focus on the neural correlates
underpinning the number-time interaction, depending on the numerical format that is used, to

further understand the nature and the locus / loci of this interference, as well as the temporal
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dynamics of these number-time interactions. Furthermore, the use of M/EEG techniques, with a
good temporal resolution could allow us to precisely identify at which moment in the process of
magnitude estimation the interaction takes place (either at the encoding or at the decision
stage). According to previous studies (Genovesio, Tsujimoto, and Wise, 2012; Marcos,
Tsujimoto, and Genovesio, 2016; Chang et al., 2011; Rammsayer and Verner, 2015), my guess
would be that such interaction will not occur at the perceptual / encoding stage but rather at

the decision stage.
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