
When Time and Numerosity Interfere: The Longer the
More, and the More the Longer
Amir Homayoun Javadi1*, Clarisse Aichelburg2

1 Section of Systems Neuroscience, Technische Universität Dresden, Dresden, Germany, 2 Division of Psychology and Language Sciences, University College London,

London, United Kingdom

Abstract

There is strong evidence that magnitudes in different dimensions can interfere. A majority of previous studies on the
interaction of temporal magnitudes on numerosity showed no interfering effect, while many studies have reported the
interference of numerosity on judgement of temporal magnitudes. We speculated that this one-way interference is
confounded by the magnitudes used in the studies. We used a methodology that allowed us to study this interaction
reciprocally. Moreover, we selected magnitudes for two dimensions that enabled us to detect their interfering effects.
Participants had to either judge which of two successive sets of items was more numerous (numerosity judgement task), or
which set of items was presented longer (duration judgement task). We hypothesised that a longer presentation of a set will
be judged as being more numerous, and vice versa, a more numerous set will be judged as being presented longer. Results
confirmed our hypothesis. A positive correlation between duration of presentation and judged numerosity as well as a
positive correlation between the number of items and judged duration of presentation was found. This observation
supports the idea that duration and numerosity judgements are not completely independent and implies the existence of
(partly) generalised and abstract components in the magnitude representations.
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Introduction

A magnitude is the size or extent of something, such as quantity,

length, duration, speed, brightness, weight and position. Magni-

tudes in different dimensions, such as time or space, are an integral

part of our existence. In some circumstances, these interconnec-

tions interfere and can lead to a misperception of one dimension or

another (see below).

There are many studies on the interaction of numerosity or time

with other dimensions, as well as with each other. The majority of

the developmental research [1–4], as well as research on adults

(see below), have confirmed the existence of such an interaction

showing that magnitude judgements in different dimensions are

sometimes affected by other dimensions. Stavy and Tirosh [1]

suggested an intuitive ‘more A-more B’ mapping between different

dimensions, e.g. the bigger the trains are the faster they are

perceived and etc. In a more comprehensive way, Walsh [5,6]

proposed a theory of magnitude (ATOM), by which he suggested

that commonalities between different dimensions such as time,

space, number, size and other magnitudes are found in a common

brain area (parietal cortex specifically) (for a revision see [7]).

Droit-Volet, Clement and Fayol [8] in a study on children (5

and 8 years old) using time and numerical bisection tasks showed

that while numbers interfered with the 5-year-olds’ temporal

performance, duration did not interfere with numerical discrim-

ination in any age group. Participants were trained to classify the

presented stimuli into one of two sequence types, namely ‘short-

few’ (2 items, 2 s) and ‘long-many’ (8 items, 8 s) types.

Subsequently, the participants were tested with ‘time-varying’

and ‘number-varying’ trials. In time-varying trials, the number of

the items in each sequence was kept constant and the duration

varied, while in number-varying trials, the duration was kept

constant and the number of items varied. In the first experiment

participants were asked to ignore the numerosity of the sequences

and base their decision solely on the duration of the sequence,

while conversely, for the second sequence, they were asked to

ignore the duration of the sequences and base their decision on the

numerosity of the sequences. Their results clearly showed that

different durations did not interfere with the judgement of the

number of items in each sequence.

Dormal, Seron and Pesenti [9] used a stroop task in order to

investigate the possibility of a common mechanism for duration

and numerosity processing. Participants took part in two separate

studies; half of them were assigned to the numerosity judgement

task and the other half to the duration judgement task. They

showed two series of flashing circles with well-controlled on and off

durations. Participants were asked to select the more numerous set

(numerosity judgement task) or the longer one (duration judge-

ment task). Their results convincingly showed that the difficulty of

the two tasks was matched, and the main results were not due to a

difference in overall complexity of the tasks. They, however, did

not reject the possibility of the participants using a counting

strategy in the numerosity judgement task. Similar to Droit-Volet

et al. [8], their results showed a unidirectional interference

between numerical and temporal cues: numerical cues interfered
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with duration judgement, but temporal cues did not interfere with

numerosity judgement.

Xuan, Zhang, He and Chen [10] in a more comprehensive

study, investigated the one-way interaction of time (duration of

presentation) and magnitudes in nontemporal dimensions, namely

number of dots, size of open squares, luminance of solid squares

and numerical value of digits, using a Stroop-like task. They

showed sets of stimuli comprised of 2 or 3 items in three different

tasks and asked the participants to judge the duration of

presentation of the stimuli (1st task), screens with fixation cross

(2nd task) or masks (3rd task). Confirming previous findings [8,9],

their results showed that stimuli with larger magnitudes were

judged to be presented longer (measured from error rates). They,

however, did not investigate the possible interfering effect of time

on the judgment of nontemporal magnitudes.

Similar results have been achieved using symbolic numerosity.

Roitman, Brannon, Andrews and Platt [11] showed that

numerical sensitivity is finer than temporal sensitivity. They

argued that this difference suggests a differential salience of time

and number. Oliveri, Vicario and Salerno [12] showed that

symbolic numbers can bias a temporal duration judgement. Using

a time estimation task, it was found that low digits (i.e. digit 1) lead

to an underestimation, whereas high digits (i.e. digit 9) lead to an

overestimation of perceived duration, when compared to a fixed

stimulus cued with number 5. Oliveri et al. [12] interpreted their

results in favour of ‘‘a functional interaction between number

magnitude processing and time estimation’’. Cappelletti, Freeman

and Ciplottie [13] compared the performance of a patient with

right hemisphere lesion with the performance of a matched control

group in a series of tasks in order to study the judgement and

interaction of magnitudes in different dimensions (time, numer-

osity and space). Their results showed a unidirectional interaction

between numbers and time in both the patient and the control

group. They showed that time was perceived as shorter when cued

with small numbers and perceived as longer when cued with larger

numbers.

In all previous studies, a unidirectional interaction between

numerosity and duration processing has been found (low and high

numerosity led to shorter and longer perception of duration,

respectively), and it has been shown that the temporal dimension

does not interfere with numerosity. We speculated that these

findings are confounded by the selected magnitudes in the two

numerosity and temporal dimensions.

Furthermore, the numerosity naming capabilities in adults have

been shown to experience a sudden drop (increased response time)

for sets containing more than 4 items [14,15]. The increase in

response time correlated with the number of items in the set,

which suggests counting and estimating strategies. Therefore, two

separate processes are proposed: ‘subitizing’ for small numerosities

[16] and an analogue magnitude system for larger sets [17–19].

Additionally, it has been suggested that ‘‘explicit judgements on

numerosity are frequent, whereas judgements on duration are

generally made implicitly and prospectively rather than retrospec-

tively’’ [9]. Moreover, it has been shown that numerosity

sensitivity is more salient compared to temporal sensitivity [11].

Therefore, numerosities slightly higher than 3–4 items might still

benefit from high accuracy of estimation; thus, they are processed

more explicitly compared to temporal judgements that suffer from

lack of discrete enumeration. All the sets used in previously

mentioned studies on temporal and numerosity interference

contained between 1 and 9 items [9–11]. We speculated that the

interference of the temporal dimension on the processing of

numerosity was not strong enough to shift the psychophysical

curves to achieve a measurable effect, due to imbalance between

magnitudes in the two temporal and numerosity dimensions. In

order to study the interference of two dimensions, it is necessary to

calibrate the quantities of the dimensions. We used short durations

of presentations (53–106 ms) and a high number of items (28–40)

in this study to enable implicit measurements in both temporal and

numerosity dimensions. Furthermore, we used a methodology that

allowed us to investigate this interaction reciprocally rather than

only looking at the unidirectional interaction of two dimensions

commonly employed in previous research.

We aimed to investigate whether a set of items presented for a

longer duration is judged as being more numerous, and vice versa,

i.e. whether a set containing more items is judged as being

presented longer. Participants were presented with two consecu-

tive sets and were asked to select the set with the higher number of

items (numerosity judgement experiment) or to select the set with

the longer duration of presentation (duration judgement experi-

ment). To study the effect of duration of presentation on

numerosity judgement in the numerosity judgement experiment,

in some of the trials the two sets were presented with the same

number of items but with different durations, which was unknown

to the participants. Similarly, to study the effect of numerosity on

time judgement in the duration judgement experiment, in some of

the trials the two sets were presented with the same duration but

differing in the number of items, also unknown to the participants.

Additionally, we ran a control experiment to investigate the

contribution of total occupied area by the items in each set to the

interference of numerosity and duration judgement.

Based on previous findings, intuitive ‘more A-more B’ mapping

[1] and ATOM [5,6], we expected to see a positive correlation

between duration of presentation and judged numerosity (in

numerosity judgement experiment) and a positive correlation

between the number of items and judged duration of presentation

(in duration judgement experiment).

Methods

Participants
Thirty-nine (25 females, 18–24 years old) participants took part

in three experiments: numerosity judgement experiment (n = 12),

duration judgement experiment (n = 12) and control experiment

(n = 15). All the participants were healthy with no history of

neurological or psychiatric disorder, had normal or corrected-to-

normal vision and remained naive to the purpose of the study.

They were right-handed yielding a laterality quotient of at least

+50 on the Edinburgh Handedness Inventor [20]. All participants

gave their written informed consent in accordance with the

Declaration of Helsinki and the guidelines approved by the ethical

committee of University College London (UCL).

Apparatus
Experiments were run on desktop computers with a 17-inch

CRT monitor and 75 Hz refresh rate with the resolution

10246768 pixels. The monitor was 53 cm from participants’

eyes. Stimuli presentation and the recording of response time were

achieved using MATLAB (v7.5; MathWorks Company) and the

Psychtoolbox v3 [21,22]. Data analyses were performed using

SPSS (v17.0; LEAD Technologies, Inc.). Responses were made on

a conventional computer keyboard using index and middle fingers

of the right hand.

Stimuli
Stimuli were sets of items composed of the image of a synthetic

ball copied in random locations within a 25.32619.12 visual

degrees virtual rectangle at the centre of the monitor on a black

Reciprocal Interference of Time and Numerosity

PLoS ONE | www.plosone.org 2 July 2012 | Volume 7 | Issue 7 | e41496



background. The items were a solid yellow sphere with a mild

shading created by 3DS Max (Autodesk). The size of the items was

1.6161.61 visual degrees (standard item) in the numerosity and

duration judgement experiment, but varied in the control

experiment (see below). The centre of no two items could be

allocated closer than 5/2 of their radius (0.8 visual degrees).

Design
The study adopted a within subject design with each subject

participating in one experiment: numerosity or duration judge-

ment experiment or control experiment. In the numerosity judgement

experiment, subjects had to judge which one of the two successive

sets is more numerous, whereas in the duration judgement experiment

participants had to decide which set was presented longer. Within

each session, two independent variables, namely the duration of

presentation of each set (t1 and t2) and the number of items in each

set (n1 and n2), were modified. Trials in each session were either

‘veridical’ or ‘phantom’. Veridical trials were the trials in which

judgement was done based on the varying independent variable

known to the participants, i.e. t1 = t2 and n1?n2 for numerosity

judgement experiment and t1?t2 and n1 = n2 for duration

judgement experiment. Phantom trials, on the other hand, were

the trials in which unknown to the participants the values of the

judged independent variable was identical for the two sets and

variation happened in the interfering dimension, i.e. t1?t2 and

n1 = n2 for numerosity judgement experiment and t1 = t2 and n1?n2

for duration judgement experiment. Figure 1(a, b) show different

combinations of n and t in the two experiments (n M {28, 31, 34,

37, 40}, t M {53 ms, 66 ms, 80 ms, 93 ms, 106 ms}).

Control experiment composed of two phases with random order:

numerosity and occupancy judgement phases. In the numerosity

judgement phase participants were asked to judge which one of the

two sets contained more items, whereas in the occupancy

judgement phase they were asked to judge items in which set

occupied more area. In the numerosity judgement phase the

number of items changed (n M {28, 31, 34, 37, 40}) while the total

occupied area by the items was kept constant

(atotal,1 = atotal,2 =
Pn

i~1 ai = 34, ai M [0.70..1.42], in which ai is the

scaling factor for item ith). The size of each of the items was

pseudo-randomly selected (ai) to remove the possibility of judging

the numerosity based on the size of one single item. In the

occupancy judgement phase the total occupied area by the items

varied (atotal =
Pn

i~1 ai M {28, 31, 34, 37, 40}) while the number of

items was kept constant (n1 = n2 = 34), Figure 1(c, d) shows the

combination of n and atotal for the two phases of the control

experiment.

Test Procedure
Numerosity and duration judgement experiments; Participants were

randomly assigned to either experiment. Each session was

composed of eight blocks of 80 trials (8 repetitions per absolute

value of difference level |n22n1| and |t22t1|, see below), resulting

in 320 veridical and 320 phantom trials in total. Although the trials

in which both n22n1 = 0 and t22t1 = 0 were similar in between

veridical and phantom trials, we included separate trials for the

two types of trials to keep the number of samples in all conditions

equal.

The procedure of one trial is shown in Figure 2. The

presentation variables (n1, n2, t1 and t2) were randomly selected

from combinations shown in Figure 1(a, b).

After each block feedback was given based on the participant’s

performance on the veridical trials. Participants were instructed to

response as accurately and as quickly as possible within the

response period. Participants were also asked to keep their gazing

point at the centre of the monitor at all times.

Control experiment; The control experiment was ran after the

numerosity and duration judgement experiments. It was composed

of two phases of eight blocks of 40 trials (8 repetitions per absolute

value of difference level |n22n1| and |atotal,22atotal,1|, see below),

resulting in 320 veridical trails in total for each phase. The

Figure 1. Combination of the numerosity and duration of presentation in each experiment. The number of items of a set and duration of
the presentation of a set in (a) numerosity judgement experiment, (b) duration judgement experiment, (c) numerosity judgement phase and (d)
occupancy judgement phase in the control experiment. atotal~

Pn
i~1 ai represents total occupied area scaled to the area of one standard item.

Symbols in the solid and dashed bars refer to ‘veridical’ and ‘phantom’ conditions, respectively (refer to the text).
doi:10.1371/journal.pone.0041496.g001
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presentation variables (n1, n2, atotal,1 and atotal,2) were randomly

selected from combinations shown in Figure 1(c, d). The duration

of presentation of each set was 80 ms. The rest of the procedure

was identical to that of the numerosity and duration judgement

experiments (above).

Statistical Analysis
Trials with response time lower than 100 ms were excluded. For

the numerosity and duration judgement experiments separate one-

way repeated measures of analysis of variances (ANOVA) were

run for each condition (veridical/phantom) with the percentage of

response towards the first set as the dependent variable. For the

veridical condition, the independent variable was the difference

level of the judged dimension between the two sets, i.e. k = n22n1

for the numerosity judgement task and k = t22t1 for the duration

judgement task. For the phantom condition, on the other hand,

the independent variable was the difference level of the interfering

dimension between the two sets, i.e. k = t22t1 for the numerosity

judgement task and k = n22n1 for the duration judgement task. For

the control experiment, separate one-way repeated measure

ANOVAs were run for each phase (numerosity/occupancy

judgement phases) with the percentage of response towards the

first set as the dependent variable and difference level (k = n22n1 in

numerosity judgement phase and k = atotal,22atotal,1 in occupancy

judgment phase) as the independent factor. Consequently the

independent variable had nine levels, k = [24 .. +4]. Negative

values show the first set contained more items, was presented

longer or occupied more area. Post-hoc two-tailed one sample t-

tests were run to compare the ultimate levels (k = 24 and k = +4)

with the zero level (k = 0). In order to correct for multiple

comparisons, we considered p values less than 0.025 as significant.

The response time was also analysed using a 269 repeated

measures ANOVA with condition (veridical/phantom in numer-

osity and duration judgement experiments and numerosity/

occupancy in control experiment) and different levels of presen-

tation (nine levels) as independent factors.

Two-tailed Pearson correlation analysis was used to study the

relation between nine levels of independent factors and dependent

factors (percentage of response towards the first set and response

time).

Results

Numerosity Judgement Task
To investigate the effect of numerosity (veridical trials, t1 = t2),

we ran a one-way repeated measures ANOVA on the numerosity

difference of the two sets (nine levels) as independent factor and

percentage response towards the first set as dependent factor. This

test showed a significant main effect of difference level (F(8,

88) = 105.43, p,0.001). Bonferroni corrected post-hoc one sample

t-tests were conducted to look at difference between extreme levels

with level zero. These comparisons showed a highly significant

difference between level 24 and 0, t(11) = 7.75, p,0.001, and

between level +4 and 0, t(11) = 8.57, p,0.001.

Numerosity judgement in phantom trials (n1 = n2) was also

subjected to a one-way repeated measures ANOVA, with

presentation duration difference (nine levels) as independent factor

and percentage response towards the first set as dependent factor.

This test showed a significant main effect of difference level (F(8,

88) = 11.651, p,0.001). Post-hoc one sample t-tests were conduct-

ed to look at difference between extreme levels with level zero.

These comparisons showed a significant difference between level

24 and 0, t(11) = 4.19, p = 0.001, and between level +4 and 0,

t(11) = 4.43, p = 0.001. Figure 3(a) shows the percentage response

towards the first set for veridical and phantom conditions for

different levels of comparisons.

Pearson correlation analysis showed a significant relation

between the nine levels of the independent factor of numerosity

and percentage of response towards the first set for veridical trials

(r(106) = 0.925, p,0.001), as well as a significant relation between

the nine levels of the independent factor of duration and

percentage of response towards the first set for phantom trials

(r(106) = 0.538, p,0.001).

Response times were also subjected to a 269 repeated measures

ANOVA with condition (veridical/phantom) and nine levels of

difference of number of presented items (for veridical trials) or

difference of duration of presentation (for phantom trials) as

independent factors. This test showed a non-significant main effect

of condition (F(1, 11) = 0.080, p = 0.782), non-significant main

effect of difference level (F(8, 88) = 1.711, p = 0.107) and non-

significant effect of interaction (F(8, 88) = 1.165, p = 0.329).

Figure 3(b) shows the response times for veridical and phantom

conditions for different levels of comparisons.

Pearson correlation analysis showed a non-significant relation

between reaction times and the nine levels of the independent

factor of numerosity and duration of presentation (r(106) = 0.130,

p = 0.184).

Duration Judgement Task
To investigate the effect of duration of presentation of the two

sets in duration judgement (veridical trials, n1 = n2), we ran a one-

way ANOVA on the presentation duration difference of the two

sets (nine levels) as independent factor and percentage response

towards the first set as dependent factor. This test showed a

significant main effect of difference level (F(8, 88) = 77.036,

p,0.001). Post-hoc one sample t-tests were conducted to look at

difference between extreme levels with level zero. These compar-

isons showed a significant difference between level 24 and 0,

t(11) = 7.39, p,0.001, and between level +4 and 0, t(11) = 7.01,

p,0.001.

Duration judgement in the phantom trials (t1 = t2) was also

subjected to a one-way ANOVA, with difference of number of

Figure 2. Procedure of a trial. The number of items in this figure is only for illustration, see Figure 1 for details of magnitudes used.
doi:10.1371/journal.pone.0041496.g002
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items in the two sets (nine levels) as independent factor and

percentage response towards the first set as dependent factor. This

test showed a significant main effect of difference level (F(8,

88) = 39.433, p,0.001). Bonferroni corrected post-hoc one sample

t-tests were conducted to look at difference between extreme levels

with level zero. These comparisons showed highly significant

difference between level -4 and 0, t(11) = 4.20, p = 0.001, and

between level +4 and 0, t(11) = 4.39, p,0.001. Figure 4(a) shows

the percentage response towards the first set for veridical and

phantom conditions for different levels of comparisons.

Pearson correlation analysis showed a significant relation

between the nine levels of the independent factor of numerosity

and percentage of response towards the first set for veridical trials

(r(106) = 0.862, p,0.001), as well as a significant relation between

the nine levels of the independent factor of duration and

percentage of response towards the first set for phantom trials

(r(106) = 0.707, p,0.001).

Response times were also subjected to a 269 repeated measures

ANOVA with condition (veridical/phantom) and nine levels of

difference of duration of presentation (for veridical trials) or

difference of number of presented items (for phantom trials) as

independent factors. This test showed a non-significant main effect

of condition (F(1, 11) = 0.600, p = 0.455), significant main effect of

difference level (F(8, 88) = 1.381, p = 0.216) and non-significant

effect of interaction (F(8, 88) = 1.132, p = 0.350). Figure 4(b) shows

the response times for veridical and phantom conditions for

different levels of comparisons.

Figure 3. Psychometric function for the numerosity judgement task. (a) Percentage response towards the first set and (b) response time for
veridical (n1?n2, t1 = t2) and phantom (n1 = n2, t1?t2) conditions. Horizontal axis shows different levels of comparison (n22n1 for veridical and t22t1 for
phantom trials). *** p,0.001, ** p,0.005. Error bars reflect one standard deviation.
doi:10.1371/journal.pone.0041496.g003

Figure 4. Psychometric function for the duration judgement task. (a) Percentage response towards the first set and (b) response time for
veridical (t1?t2, n1 = n2) and phantom (t1 = t2, n1?n2) conditions. Horizontal axis shows different levels of comparison (t22t1 for veridical and n22n1 for
phantom trials). *** p,0.001, ** p,0.005. Error bars reflect one standard deviation.
doi:10.1371/journal.pone.0041496.g004
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Pearson correlation analysis showed a non-significant relation

between reaction times and the nine levels of the independent

factor of numerosity and duration of presentation (r(106) = 0.101,

p = 0.303).

Post-study interviews showed that none of the participants

noticed the variation of the other dimension throughout the

experiment.

Control Experiment
To investigate the effect of duration of presentation of the two

sets in duration judgement (veridical trials, n1 = n2).

Numerosity judgement phase; we ran a one-way ANOVA on the

numerosity difference of the two sets (nine levels) as independent

factor and percentage response towards the first set as dependent

factor. This test showed a significant main effect of difference level

(F(8, 112) = 3.61, p,0.001). Post-hoc one sample t-tests were

conducted to look at the difference between extreme levels with

level zero. These comparisons showed a significant difference

between level 24 and 0, t(14) = 3.78, p = 0.003, and between level

+4 and 0, t(14) = 3.89, p = 0.002.

Pearson correlation analysis showed a significant relation

between the nine levels of the independent factor of numerosity

and percentage of response towards the first set (r(133) = 0.30,

p,0.001).

Occupancy judgement phase; similarly, we ran a one-way ANOVA

on the occupancy difference of the two sets (nine levels) as

independent factor and percentage response towards the first set as

dependent factor. This test also showed a significant main effect of

difference level (F(8, 112) = 2.36, p = 0.02). Post-hoc one sample t-

tests were conducted to look at difference between extreme levels

with level zero. These comparisons showed a non-significant

difference between level 24 and 0, t(14) = 2.31, p = 0.03, but a

significant difference between level +4 and 0, t(14) = 2.55, p = 0.02.

Pearson correlation analysis showed a significant relation

between the nine levels of the independent factor of numerosity

and percentage of response towards the first set (r(133) = 0.20,

p = 0.02).

Figure 5(a) shows the percentage response towards the first set

for veridical and phantom conditions for different levels of

comparisons.

Response times were also subjected to a 269 repeated measures

ANOVA with condition (numerosity/occupancy judgement

phase) and nine levels of difference of duration of presentation

as independent factors. This test showed a non-significant main

effect of condition (F(1, 14) = 0.82, p = 0.38), significant main effect

of difference level (F(8, 112) = 1.22, p = 0.29) and non-significant

effect of interaction (F(8, 112) = 0.83, p = 0.57). Figure 5(b) shows

the response times for numerosity and occupancy phases for

different levels of comparisons.

Pearson correlation analysis showed a non-significant relation

between reaction times and the nine levels of the independent

factor of numerosity and duration of presentation (r(133) = 0.11,

p = 0.18).

Discussion

The interaction of duration and numerosity judgement was

investigated in the present study. The research question concerned

whether a set of items presented for a longer duration would be

judged as being more numerous, and whether a set containing

more items would be judged as being presented longer. We

hypothesised that judgement of duration and number correlates,

the more numerous a set, the longer it is judged and vice versa. In

two experiments, we investigated the interference of numerosity

and duration judgement.

The hypotheses were confirmed by the results. Confirming

previous literature, a significant positive correlation between the

number of items and judged duration of presentation (in the

duration judgement experiment) was found. Moreover, contrary to

previous literature, a significant positive correlation between

duration of presentation and judged numerosity (in the numerosity

judgement experiment) was found.

The size of items was kept constant in the numerosity and

duration judgement experiments, resulting in higher occupancy of

the sets with higher numerosity and less occupancy with lower

numerosity. Therefore, the results could be confounded by the

total occupancy of the sets. In a control experiment we

investigated whether participants were able to correctly judge

the difference between total occupied areas of the two sets of items

and compare it with their ability to judge the numerosity of the

two sets. The results of this experiment showed that although

participants were partly capable of differentiating between

occupancy of the two sets (non-significant in one extreme and

significant in another), judgement of numerosity was much easier,

Figure 5. Hence, we argue that although occupancy might also

contribute in the reported interference between numerosity and

duration judgement, it is the numerosity that plays the major role

in this interference.

There is an ongoing debate on the mechanisms underlying

processing magnitudes in different dimensions. Brain imaging,

brain stimulation and lesion studies as well as behavioural studies

have been undertaken to find brain regions involved in this

process. Several brain regions are suggested to be involved in

numerosity and temporal processing. There is strong evidence of

bilateral activation of intraparietal sulci (IPS) and fronto-parietal in

numerical cognition [23–33]. Studies on duration perception

showed a contribution of a more diverse network of brain areas. It

has been shown that the basal ganglia, cerebellum and more

importantly the parietal and frontal cortices and supplementary

motor areas play a key role in duration perception [13,34–44] (for

a review see [45] and meta-analysis see [46]).

As a result of these studies and others concerning the perception

of space, Walsh [5,6] proposed in a theory of magnitude (ATOM)

the parietal cortex to be the common brain area involved in

perception of time, space, number, size, speed and other

magnitudes (for a revision see [7]). ATOM revolves primarily

around the role of parietal cortex (as the major area for sensory

integration and object manipulations), needed for active interac-

tions with the environment in order to acquire knowledge. This

theorem, however, does not fully explain how this area contributes

in the cognition of magnitude in different dimensions.

It is speculated that if there is a shared brain area for perception

of magnitudes in different dimensions, then they should interact

with each other on the behavioural level. There are a few

behavioural studies looking at the interference of these two

dimensions. Xuan et al. [10] and Oliveri et al. [12] showed a

temporal duration judgement can be biased by a number’s

magnitude. Droit-Volet et al [8] and Dormal [9] also showed the

same effect. Importantly, they showed that duration judgement

does not interfere with numerosity judgement.

We speculated that finding no interference of the temporal

dimension on numerosity judgement reported in previous studies

was confounded by the combination of the magnitudes used in the

two dimensions. Numerosities used were all between 4 and 10, and

durations used were between 1 and 8 seconds. We speculated that

the combination of these magnitudes does not allow investigating

the reciprocal interaction of numerosity and duration. Although it
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is known that quantities greater than 4 are processed using an

analogue magnitude system (rather than subitizing), the discrete

nature of numerosities (especially numerosities less than 10)

prevents temporal processing to have any measurable interfering

effect. By using increased numerosities and reduced durations,

participants were forced to rely exclusively on the approximate

magnitude system for both dimensions and subsequently the two-

sided interaction of numerosity and duration became apparent,

allowing us to investigate this interference reciprocally.

The results showed a bidirectional interference of numerosity

and duration judgement: the more numerous a set was, the longer

it was perceived and vice versa. Thus, our results show that

numerosity and temporal magnitudes can interfere reciprocally.

This might be because of common brain area(s). However, this

does not fully reject the possibility of having some brain areas that

are responsible for processing of magnitudes only in a few

dimensions.

In a more contradictory study, Agrillo, Ranpura and Butter-

worth [47], using auditory stimuli, showed that time and

numerosity estimation are independent. Participants were asked

to estimate the duration of the stimulus in one task, and the

number of tones in another. They used durations between 5 and

13 seconds and numerosities between 11 and 19 tones. They did

not find any interference effect of numerosity on duration or vice

versa. Having the same task performed using visual stimuli, one

expects to see at least interference of numerosity on duration

estimation. We argue that perhaps the saliency of information and

sensitivity to temporal and numerosity magnitudes in different

modalities are different [11], Figure 6.

Judgement of the trials with k#2 was difficult, as the ambiguity

of the judgement was very high. As we expected, the performance

of the participants for these trials was very poor. Therefore, major

part of the analysis relies on trials with |k|.2. Although exclusion

of trials with k#2 could highly reduce the duration of the task, due

to various reasons we did not remove these trials: (a) to have a

clear s-shape psychometric function to better illustrate the effect,

(b) to give participants the impression that the task consists of a

continuum of easy and difficult trials, so that they wouldn’t

consider the inclusion of trials in which there is absolutely no

difference between the two sets and (c) for the condition k = 0, we

expected to achieve percentage response towards either of the sets

at the chance level. Inclusion of this condition was necessary (i) to

have a common baseline to be able to compare conditions k = 64

with and (ii) to study bias towards either of the sets, and the results

revealed that there was no bias.

Dimensions other than the total number of items could also

affect the numerosity judgment, e.g. inter-item distances [48],

overall luminance of the screen or a combination of these [49].

Therefore, it is not fully clear if the presented effect is an

interference effect of total occupied area, or any other dimension,

Figure 5. Psychometric function for the control experiment. (a) Percentage response towards the first set and (b) response time for
numerosity (n1?n2, atotal,1 = atotal,2) and occupancy (n1 = n2, atotal,1?atotal,2) judgement phases. Horizontal axis shows different levels of comparison
(n22n1 for numerosity and atotal,22atotal,1 for occupancy judgement phase). ** p,0.005, * p,0.025, ns not significant. Error bars reflect one standard
deviation.
doi:10.1371/journal.pone.0041496.g005

Figure 6. Mechanism of magnitude processing. This image
highlights two points: different initial coding of information throughout
the modalities and sharing of some brain areas among processing of
magnitudes in two or more different dimensions (shown as circles).
doi:10.1371/journal.pone.0041496.g006
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or a combination of these on duration processing in duration

judgement task. Nevertheless, the main focus of this study was to

investigate the interference of the temporal dimension on

numerosity, which could not be confounded by any of possible

confounding visual factors such as total occupied area.

Another limitation of the study is the possible contribution of

iconic memory in judgement of numerosities due to no backward

masking. This possibility, however, is highly unlikely as (a) the

mean response times did not significantly change across different

conditions, and (b) mean response times were too short to allow

explicit counting from iconic memory. It should also be mentioned

that this possibility could not interfere with the main focus of the

experiment: interference of duration on numerosity.

In sum, the results of this study showed that, contrary to

previous findings, the temporal dimension can interfere with

numerosity. Although, the implications of the study might be

limited to the durations and number of items that were used, it

highlights the importance of correct selection of magnitudes in

different dimensions in studies looking at processing of multiple

dimensions in one study. Indeed, the mechanisms underlying the

interference of different magnitudes continue to be poorly

researched. A recent study by Matthews, Stewart and Wearden

[50] on interaction of intensity and perception of duration suggests

that it is the relative magnitude rather than absolute intensity that

contributes in the interference of the two dimensions. In other

words, it is the change in magnitudes that affects the target

dimension, rather than the size of the magnitudes per se. Further

research is necessary to gain a deeper understanding of these

interactions.

To conclude, this study was able to identify a two-way

interaction between time and numerosity judgement. These

findings are in support of the vast body of literature suggesting

magnitudes to be linked and interacting with each other, which

might be due to their (partly-) shared location within the brain.
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