CHAPTER 4

Over-estimation in numer osity production tasks: morethan an attentional bias?*

Abstract

Over- and underestimation have been observed inerasity estimation and
approximate arithmetic tasks. Two different modedse been proposed to account
for these reverse patterns of performance. In esim tasks, over- and
underestimation have been interpreted as a consegu# a bi-directional mapping
process between symbolic and non-symbolic repragens of numbers (the
symbolic to non-symbolic numerical mapping prodessling to overestimation, and
the non-symbolic to symbolic numerical mapping pisxleading to underestimation)
(Castronovo & Seron, 2007a; Crollen, Castronovo &08, 2011). In approximate
arithmetic tasks, over- and underestimation havenhaterpreted as reflecting an
operational momentum, namely an attentional digptent along the mental number
line (a rightward displacement leading to overeation and a leftward displacement
to underestimation) (McCrink et al., 2007). Ourdstuwas designed to examine
whether the operational momentum could accountter overestimation found in
numerosity production tasks. To this aim, 17 pgréints took part in a numerosity
production task involving displacements along thental number line. The results
clearly demonstrated that overestimation was naelyalue to an attentional bias,
but rather relied on the cognitive operation of piag two differently scaled

numerical representations.

! This section is a modified version of an articiéhvan identical title by Crollen and Seron, whitds
been submitted for publication to Acta Psychologildge introduction section has been shortened in
order to avoid redundancy with previous sections.
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Chapter 4

1. Introduction

Over- and underestimation errors were often obseirv&iumerosity estimation
and approximate arithmetic tasks, with the directad the error depending on the
numerosity estimation task used (i.e., productionperception) or the arithmetic
operation (i.e., addition or subtraction) beingriea out. Two different explanations,
both using the metaphor of the mental number Ima ¢éheoretical background, have
been proposed to account for these reverse patieperformance: the bi-directional
mapping hypothesis and the operational momenturothggis.

On the one hand and in line with the triple-codedeiptwo recent studies
(Castronovo & Seron, 2007a; Crollen et al.,, 201dggested that the over- and
underestimation observed in numerosity estimatsiks were due to a bi-directional
mapping/transcoding process between a non-symhalicerical representation (i.e.
the mental number line which is assumed to be itigaically compressed and
approximate) and a symbolic numerical representatibich is assumed to be linear
and precise.

On the other hand, over- and underestimation wds® a@bserved in
approximate arithmetic tasks. More specifically,arrecent study, McCrink et al.
(2007) showed adults videos of sets of objectschanded or subtracted from one
another and then required their participants toggudvhether or not the final
numerosity was the correct outcome of the operatdverall, participants were able
to confirm that the correct sum/difference of tia® toperands was indeed correct.
More importantly, however, participants’ responseswed a systematic bias (labeled
the operational momentum): the outcomes of addition problems were systezabyi
over-estimated, whereas the outcomes of subtragiioblems were systematically

under-estimated.
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Operational momentum

McCrink et al. (2007) postulated that these opmpgatterns of performance
were due to the numerical equivalent of a percépfpiaenomenon called
representational momentum. In a classic exampleepfesentational momentum,
participants are shown a moving object that suddeiidappears. When they are
asked to report the final position of this targéfest, they tend to displace the
position in the direction of the implied motion: tlee right with a rightward motion,
and to the left with a leftward motion (Ashida, 200Freyd & Finke, 1984).
According to McCrink et al. (2007), the parallelstWween representational and
operational momentums are obvious: in the same agmynoving objects present
physical momentum, approximate arithmetic involgesne displacements along a
particular spatial frame, namely the left-to-righiented mental number line. As
small numbers are represented on the left of tinebew line and large numbers on the
right, addition problems involve a rightward dispganent on the mental number line,
whereas subtraction problems yield a leftward dispinent. So, when participants
have to decide if a particular numerosity is ormnig the correct outcome of an
operation, their responses appear to be dependethtecarithmetic operation which
was being carried out: the outcomes are overestiinfdir addition problems and
underestimated for subtraction problems, indicatifignalogously to the
representational momentum) that participants areimgotoo far on their mental
number line. This operational momentum has beeliceged with children (McCrink
& Wynn, 2009) and, to a lesser extent, with Arabionber symbols (Knops et al.,
2009; Pinhas & Fischer, 2008). Moreover, a rechiRlf study (Knops et al., 2009)
demonstrated that cortical maps for saccadic eyeement were activated during
addition and subtraction, supporting the operatiom@amentum hypothesis according

to which an attentional displacemesievoked during approximate arithmetic.
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Considering that participants realize their numigygsroduction judgments in
an iterative way (e.g., production of successivg geesses; Castronovo & Seron,
2007a; Cordes et al.,, 2001; Whalen et al., 1999e may postulate that the
numerosity production tasks actually involve a -tefright displacement on the
mental number line (the more the participants pcediuccessive responses, the more
they move towards the right of their mental nunibe). Unlike the discrete stimuli
used by McCrink et al. (2007) in their approximatihmetic tasks, the response
mode required in the numerosity production tasksagé exhibited continuous
displacement. However, as representational momentas been observed with
discrete (Freyd & Finke, 1984, 1985) as well ahwibntinuous stimuli (Hubbard &
Bharucha, 1988), it is possible that participant®restimate numerosities in a
numerosity production task because they move tomratheir mental number line
when producing their responses.

The goal of our study was therefore to examine hdretthe operational
momentum hypothesis (McCrink et al., 2007) couldcbasidered as an alternative
interpretation to the overestimation error obsernveaumerosity production tasks. To
this aim, 17 participants were required to prodimenumerosity corresponding to a
target Arabic numeral either by adding or by sutitng the number of dots presented
in a starting display. If participants’ performascare essentially driven by spatial
displacements along the mental number line (theatie@mal momentum hypothesis),
then, participants should overestimate the numigredien they are required to add
dots to the starting display (make a rightward ldispment on their mental number
line) and, on the contrary, they should underesénthe numerosity when they are
required to subtract dots from the starting disglagake a leftward displacement on

their mental number line). Alternatively, if paipants’ performances are driven by
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Operational momentum

the cognitive process of mapping the symbolic aod-symbolic representations of
numbers (the bi-directional mapping hypothesis)enthparticipants should
overestimate the numerosity, irrespective of theeafion of the attentional

displacement to be done on the mental number line.

2. Method

2.1 Participants

The participants were 17 volunteers (11 femalemaes) from the Catholic
University of Louvain (Louvain-la-Neuve, Belgiumhea were paid 10 euros each for
their participation. They were aged between 182h¢M = 19.35 £ 1.17), and were

all right-handed.

2.2 Stimuli and procedure

The participants had to produce a dot pattern spaeding to the magnitude of
a target Arabic numeral presented as input (3038440, 44, 49, 52, 58, 64, 70, 78,
84, 91, 98).

As the use of dots implied the control of low-legehtinuous variables such as
total occupied area, luminance, dot size and defséte Dehaene et al., 2005), two
different sets of stimuli were created using Matldbe Extensive set and the
Intensive set. In the Extensive set, the sum ofatlea of all the dots (the luminance)
and the total occupied area on the screen wereckegtant across numerosities. As a
consequence, the density (i.e., free area arowtdaat, comprising between 2 and 3
times the dot’s radius) of the array increased, taedsize of the dots decreased with
increasing numerosity. In the Intensive set, tze sif the dots and the density of the

pattern were kept constant. As a consequenceuthmance and the total occupied
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area increased with increasing numerosity. In Isetis, six different images of each
numerosity were created.

Each trial began with the presentation of a fixatmoss for 500 ms, after
which the target Arabic numeral appeared on theescifor 1000 ms. Then, a dot
pattern was presented, indicating to the partidgpaimat they could start producing
dots by using a potentiometer on a response Hux.ifitial display contained either
7 (Rightward condition) or 254 (Leftward conditioddts, but no information was

provided to participants about the numerosity ekthdisplays (see Figure 4-1).

&

52 1000 ms

+ 500 ms

Fig. 4-1. lllustration of the numerosity production task’stmod

Previous studies have found that adults are abtiéstriminate between arrays
that differ by a ratio of .87 — .90 (Halberda & §enson, 2008; Pica et al., 2004;
Temple & Posner, 1998; van Oeffelen & Vos, 1982¢rd{ the starting array with

254 dots differed from the largest target numeyo&8) by a ratio of .38, and the

92
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starting array with 7 dots differed from the smstll®arget numerosity (30) by a ratio
of .23. So participants should certainly have eeali that, for each trial in the

Rightward condition they had to increase the nunabetots on the computer screen
(i.,e. make a rightward displacement on their mentanber line) by turning the

potentiometer to the right, and vice versa in tleétward condition. Moreover, the

experimenter emphasized that the biggest display)(2ould always contain too

many dots, and the smallest (7) would always carttzo few dots.

Due to technical constrains, participants wereafnbe to produce more than 254
dots In order to avoid the use of an overt or covertntmg strategy, the dots
appeared quickly on the screen (creation of oneetlety 1.4° of angular rotation)
and participants were explicitly instructed not dount the number of dots they
produced. They were also required to perform ts& &s fast as possible and had to
report their completioby pressing a response button on the response box.

Each target number was presented 24 times intaxpé@rienental blocks of 28
trials. The Arabic numerals in each block were manly presented (2 presentations
of the same number per block — one inducing thdymtion of an Extensive stimulus
and one inducing the production of an Intensiveghiis). The whole session lasted
approximately an hour. In half of the blocks, thghHRward condition was associated
with the Extensive set and the Leftward conditiathwhe Intensive set, and in the
other half, the reverse was true. The order ofolbeks was counterbalanced across
participants, so that half of them worked from Bidcto Block 12, and the other half
in the reverse direction. The blocks were separbyedauses when required by the
participants. Prior to the experiment, the partois were given 8 training trials.
Moreover, participants received no information attbe range of numerosities to be

presented and no feedback regarding their perfarean
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3. Results

Data from trials on which a participant’s responses more than three standard
deviations greater than the participant’s overaktam were excluded from the
analyses (0.9% of the results). Moreover, as preény analyses demonstrated that
the mean estimates and their standard deviatioms m@ normally distributed, the
following analyses were conducted on their loganithtransformations.

LMM with numerosity as a fixed effect and subjest @ random effect were
used to examine whether participants’ patternsesfopmance obeyed Weber's law
by showing scalar variability (i.e., constant caméints of variation). In both
conditions, the log(mean number of dots produce®yeased with the target
magnitude F(13, 224) = 34.16p < .001 for the Rightward conditio(13, 224) =
45.03,p < .001 for the Leftward condition, as did the kighdard deviation); (13,
224) = 11.28p < .001 for the Rightward conditioi®(13, 224) = 5.97p < .001 for
the Leftward condition.

The coefficients of variation, GV were then computed and analyzed using a
LMM. In both conditions, CV were constantF(13, 224) = .72,p > .7 in the
Rightward Conditionf(13, 224) = .91p > .5 in the Leftward Condition, indicating
that the scalar variability principle provided ateguate description of the data.

Finally and more importantly, t-tests with a teatue of zero were conducted
on the response bias, RB ((participant’'s responsearget magnitude)/target
magnitude) to see whether the participants’ respomgere accurate, underestimated
or overestimated. As a preliminary paired-samplest-showed that the RBvere
similar in the ExtensiveM = .72 % .45) and IntensivéM(= .77 £ .34) setsp > .5,
data from the two stimuli sets were merged. TheviRiBild be zero if the estimates

were accurate. A negative RB indicates that madeguwere underestimated,
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whereas a positive RB indicates that magnitudes voeerestimated. Participants
overestimated target magnitude, in the Rightwarddimon (M = .58+ .38),t(16) =
6.21,p <.001, as well as in the Leftward conditidvh € .91+ .34),t(16) = 11.06p <
.001. This response bias was observed on evergttarggnitude (see Figure 4-2), all
ps < .001. However, the responses were more overatgdrin the Leftward condition

than in the Rightward conditiot(16) = —=5.94p < .001.

1,20+ Condition
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. B am e Leftward
1.00= " " ..

0,80 ,. "
0,40
0.20-

0,00

T 1T T T T T T T T T T T 1
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Numerosities

Fig. 4-2. Response bias (RB) in the production task: pasitis overestimated every
target numerosity, in the Rightward as well ashim teftward condition.

4. General discussion

The present results confirmed that the participdrgbavior followed the well-
established psychophysical Weber's law. Indeed, tieans and the standard
deviations of the numerical judgments increased he target magnitudes and in

direct proportion. This resulted in constant camdints of variation across target size
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(Castronovo & Seron, 2007a; Cordes et al., 2001aMrhet al., 1999), and indicated
that the scalar variability principle well describeur data.

Moreover and more importantly for our purposes, a@ata also showed that the
general tendency to overestimate numerosities nnraerosity production task may
not be merely due to attentional processes thaierdmplacements along the mental
number line (i.e., operational momentum). Indedtthoagh the production task used
involved a leftward as well as a rightward displaeat on the mental number line,
overestimation occurred in both conditions (not regémation in the rightward
condition and underestimation in the leftward ctindi as predicted by the
operational momentum hypothesis). Therefore, autysgave further support to the
idea that overestimation originates from the nuo@rmapping process that takes
place between the symbolic and non-symbolic reptasiens of numbers.

Participants’ estimates were nevertheless influétgethe numerosity supplied
as a starting point for the estimation process (7254). However, while the
operational momentum hypothesis would have predidéeger responses in the
Rightward condition than in the Leftward conditiomyr data showed exactly the
opposite: target magnitudes were more overestimenetie Leftward than in the
Rightward condition. This difference between the tonditions might be explained
by an anchoring effect, which is the tendency tly @n specific information or
specific value (i.e., the anchor) during normal isien making (Tversky &
Kahneman, 1974). This cognitive bias has alreadgnbghown to influence the
estimation of weights (DiLollo, 1964), emotionalpegssions (Manis & Armstrong,
1971), percentages (Tversky & Kahneman, 1974) astbrical dates (Strack &
Mussweiler, 1997). In all cases, the influenceowdrds the anchor. In the present

study, the participants had to produce dot pattbynstarting from an initial display
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which contained either 7 or 254 dots. It is possiblat participants took this starting
display as an anchor, and then adjusted their ptomu judgements upward or
downward from this anchor until they reached atplhle” answer (see, for example,
Tversky & Kahneman, 1974). Numerosities which wieréher away from the anchor
might also be plausible, but participants stoppsttheting at the first answer they
felt was satisfactory, so inducing a larger ovenestion error in the Leftward than in
the Rightward condition.

One might wonder whether the response mode usedritask is sufficient to
induce attentional displacements on an internallbrarrine. Indeed, the fact that our
task involves a displacement in the way participdratve to produce their “external”
response does not necessarily mean that our taskévé a displacement on an
internal representation. However, it is worth nothithat all the primary studies
examining representational momentum in the visigt factually focused on the
parallels between the external implied motion o€ ttarget and the internal
representation of this target. Finke & Freyd (198&¢ also Finke, Freyd, & Shyi,
1986), for example, suggested that shifts in visnamory occur because there is a
natural tendency to mentally extrapolate the motbm target stimulus. Just like a
moving physical object, this extrapolation procpsssents a kind of inertia and, as a
consequence, the mental extrapolation cannot bppetb immediately but will
continue to coast some distance after a force éas hpplied to stop it. Similarly, in
our production task, it is possible that particiggado not immediately stop the
numerosity estimation process because the impledmdics of the required response
mode possess its own momentum and therefore leédipants to coarse some more

distance on their internal representation of nusiber
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To sum up, our study clearly demonstrated thatawerestimation found in
numerosity production tasks cannot be attributddlgdo spatial displacements on
the non-symbolic representation of numbers. Instead findings strengthen the bi-
directional mapping hypothesis’s postulate accgdio which overestimation
depends on the mapping process that takes placeed®t two numerical
representations which are scaled in different ways pre-exposing participants to
two different stimuli (7 and 254), our experimentisign nevertheless influenced
participants’ patterns of performance. Importantigywever, this observation can not

be interpreted as reflecting any kind of operationementum.
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CHAPTERS

Calibrating the numer osity estimation processr eflects the differential coding of

symbolic and non-symbolic r epresentations of numbers”.

Abstract

A recent computational model suggested that smpaibslic and non-symbolic
guantities were processed by distinct represemtatisystems before activating a
shared numerical representation, the symbolic nusnbedergoing a place-coding
process and the non-symbolic quantities underga@ngummation-coding step
(Roggeman et al., 2007; Verguts & Fias, 2004). Wsimerosity perception and
production tasks, the present study aimed to tdstthver the calibration of the
estimation process could reflect these representdtidifferences in the range of
large numerical values. Feedback trial and paditip response format were
manipulated (Arabic digits in the perception taskd ecollection of dots in the
production task) as well as the distance betweenfeékedback trial and the target
magnitude to estimate. The results of our experimezvealed that the shape of the
calibration pattern was dependent on the formad tsg@resent the feedback trial and
the participants’ responses. When both were predeimt the symbolic code (i.e.,
Arabic digits), the calibration effect reflecteceticharacteristics of the place-coded
representation. Conversely, when both were predentaon-symbolic notation (i.e.,
collection of dots), the calibration effect refledt the characteristics of the

summation-coded representation. These results ftneredemonstrated, at a

% This section is a modified version of an articiéhvan identical title by Crollen and Seron, whitds
been submitted for publication to Acta Psychologild@e introduction was shortened in order to avoid
redundancy with the previous sections.
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behavioural level, that the processing of large atical values was supported by

different underlying representations.

1. Introduction

Recent studies supported the idea that a sharecrioain representation is
reached through different pathways, depending erstimlus format: whereas non-
symbolic quantities reach the representation oflmensithrough a summation coding-
step, the processing of symbolic quantities actdat pathway that does not rely on
this intermediate stage (Roggeman et al., 2007te8aret al., 2010; Verguts & Fias,
2004).

Besides their differential coding, symbolic and +symbolic representations of
number also present hemispheric asymmetry (e.gsavhret al., 2005; Holloway et
al.,, 2010; Piazza et al., 2007) and a differentkih scaling (Dehaene, 2009), the
symbolic representation being linearly scaled (Mé&sget al., 2005) and the non-
symbolic representation logarithmically compresdeehaene, 1992; Verguts & Fias,
2004). A linear scaling means that the distancevéeh numbers on the number line
is equal for all the numbers with a fixed distarfolerguts et al., 2005; Booth &
Siegler, 2006). A logarithmic scaling, on the ottemnd, means that the distance
between numbers on the number line is smallerdigelr numbers (Brysbaert, 1995;
Dehaene, 1992; Verguts & Fias, 2004). Thereforeeniese two differently scaled
representations are mapped to each other, the tudgnieached on the symbolic
representation of numbers is always smaller thamthgnitude reached on the non-
symbolic representation. Crollen and colleagued120ecently demonstrated how
this mapping mechanism could be the origin of thdew- and overestimation error

observed in numerosity estimation tasks (see adstr@ovo & Seron, 2007a).
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Calibration of estimation

It is important to note that the general tendemcyriderestimate numerosity in
a numerosity perception task can be calibrategnib®lic feedback is provided to
participants (Izard & Dehaene, 2008; Minturn & Reek951).

To date, however, we do not know whether it is fmssto calibrate the
numerosity production process by giving a non-sylimbi@edback to participants.
The first aim of the present study is thereforexamine this issue. By doing this, we
will also be able to determine whether the feedtmul response format could have
an impact on the the calibration process. It i@dipossible that calibration occurs at
every numerosity but with a different strength depieg on the feedback and
response format and on the distance separatingfabdback and the target
magnitudes. If both the feedback trial and theipi@dnts’ response are presented as
Arabic digits, as in the two previous studies (tz& Dehaene, 2008; Minturn &
Reese, 1951), the calibration effect could refldet place-coded feature of the
symbolic representation of numbers. Indeed, byattig a delineated segment of the
symbolic representation of numbers around the faellvalue, symbolic feedback
trial could improve the non-symbolic to symbolicnmerical mapping by more when
the target quantity falls within this segment thamen it does not. Therefore, in the
same way as a symbolic prime facilitated the preiogsof symbolic targets smaller
and larger than but close to the prime value (Roggeet al., 2007), a symbolic
feedback could induce a distance-related calibmagifect on the symbolic responses
smaller and larger than the feedback value. Coelerg both the feedback and the
response are presented as collections of dotgdlieration effect could reflect the
summation coded characteristic of the non-symbalionerical representation.

Indeed, as the non-symbolic feedback will activade only the feedback value but
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also all smaller numerosities, it is possible thatcalibration effect will be larger for
this numerical range than for the numerositiesdatian the feedback value.

To our knowledge, however, two non-symbolic primstgdies did not reveal
priming at the summation-coding stage (Di Luca let 2010; Herrera, & Macizo,
2008). Herrera and Macizo (2008), on the one hardmined the semantic priming
between sets of dots (random or canonical sets)Aaabic digits in a numerical
comparison task and found cross-notational semgniiming: when dots were
presented in canonical patterns, semantic primiag feund in both cross-notational
conditions, altough it was weaker for digit-dicendmnations. When dots were
presented in random configuations, semantic prinonty occurred from dots to
digits. Di luca et al. (2010), on the other harelelaled that non-symbolic canonical
finger configurations could induce priming effedttbe place-coding type. Contrary
to what was observed by Roggeman et al. (20073ets&udies did not find specific
curves related to prime notation; and thereforggesgthat a summation coding is not
all that evident for non-symbolic quantities. Aatioig to us, these apparent diverging
results could nevertheless be explained by twecenfit factors. The first factor is
related to the ease of relating the non symbolimenosity to an exact cardinal
meaning. Because canonical configurations of dderrera & Macizo, 2008) and
canonical configurations of fingers (Di Luca et,aR010) are familiar and
conventional signs, this kind of non-symbolic stimghould be directly associated
with an exact value and hence entail a magnitugeesentation similar to that
produced by symbolic notation (i.e., V-shaped). Beeond factor is related to the
mapping process that is required to attach a syimkedbel to a particular quantity.
While this process might be absent in comparissk {blerrera & Macizo, 2008), it

is essential in naming task (Roggeman et al., 2007)
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As the perception and production tasks usually liezoandom sets of dots and
a numerical mapping process, the study of the realdn effect could be a good way
to examine wether the place-coding and summatiaimgosteps characterize the
processing of large numerical values, as well aspitocessing of small numerical
values (Roggeman et al., 2007).

In this paper, two groups of 18 adults took themefpart in a numerosity
perception task or in a numerosity production tadke numerosity perception task
required the estimation of the number of dots preskwithin a display. In the first
half of the experiment, participants had to giveithresponses without having any
information about the numerical range tested. | sbcond half, participants were
explicitly told that a given pattern contained Gftsdland were then required to take
this feedback trial into account to produce theaubsequent responses. If the
calibration effect reflects the place-coding prplej then the performance
improvement should peak at the feedback value bould also be observed at
smaller and larger neighboring values, with gralguadecreasing strength.
Conversely, if the calibration effect is not rethtt® the particular coding of the
symbolic numerical representation, then the peréoree improvement should be the
same, irrespective of the distance separating éeelblack value and the target
magnitude.

In the numerosity production task, participants evexquired to produce a dot
pattern corresponding to a target Arabic numerglonfaneous responses were
recorded in the first half of the experiment. Ire teecond half, responses were
recorded after a pattern of 60 dots were expligtipwn to the participants. If the
calibration effect reflects the summation-codingngiple, then the feedback trial

should improve the estimation of the numerositieslier or equal to the feedback
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value by more than the estimation of the numeessitirger than the feedback value.
Conversely, if the calibration effect does noteeflthe summation-coding feature of
the non-symbolic numerical representation, thendhiération measure should be

the same, irrespective of the value of the targegmiude.

2. Experiment 1: numerosity perception task

2.1 Participants

The participants were 18 volunteers (16 femalanaks) from the “Université
Catholique de Louvain” (Louvain-la-Neuve, Belgiumfo received course credit for
their participation. The average age was 20.8 ¢at§-30 yearsSD = 2.96). Two

participants were left-handed.

2.2 Stimuli and procedure

In this task, fifteen numerosities ranging fromt@35 were used (i.e., 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90t@%yeate dot patterns. The numerical
range started at 25, as previous studies showedtimerical estimates are usually
accurate for numerosities smaller than 20 (Indowd& 1977; Krueger, 1982, 1984).
Participants had to estimate the numerosity ofdieplay, by using Arabic numerals.
To prevent participants from basing their respommse®w-level continuous variables
such as total occupied area, luminance, dot sizkdamsity (see Dehaene et al.,
2005), two different sets of stimuli were creatgausing Matlab. In the first set (i.e.,
the Extensive Set), the sum of the area of alldbes (the luminance) and the total
occupied area on the screen were kept constargsaatbnumerosities. Thus, in this
set, the density of the array increased with irgirggnumerosity and the size of the

dots decreased with increasing numerosity. In dworsd set (i.e., the Intensive Set),
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in contrast, the size of the dots as well as thesitle of the pattern were kept
constant. As a consequence, the luminance andthleoccupied area increased with
increasing numerosities. In both sets, six diffeierages of each numerosity were
created. The stimuli were black on a white backgdou

Each trial began with the presentation of a fixatiwoss (500 ms) after which a
dot pattern was flashed on the screen for a duraifol50 ms. Participants typed
their responses in Arabic format on the computenitmer pad, and then pressed the
space bar to validate their answer. The experirnensisted of two sessions, each
containing 6 blocks of 30 trials. In the first &ibocks (i.e., the pre-feedback session),
participants estimated the numerosity of the dottepas without having any
indication of the numerical range tested. In trs¢ fax blocks (i.e., the post-feedback
session), participants received feedback on theifopmance: for the first item of
each block, the expected Arabic number was prededntparticipants following the
production of their responses. The feedback todbéved either the presentation of
an Extensive dot pattern (three blocks) or the garegion of an Intensive stimulus
(three blocks). The feedback value was, in all safiged at 60 because this value is
in the middle of the numerical range tested. Theefthis allowed us to calculate the
calibration effect similarly for the numerositiemaller and larger than the feedback
value.

Each target numerosity was presented 24 times €2eptations of the same
numerosity in each block — one from the Extensieé &d one from the Intensive
Set), in a random order. The order of the blocks waunterbalanced across
participants. Half the participants undertook Bldcko Block 12, and the other half

Block 12 to Block 1. The blocks were separated buyses when required by the
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participants. Prior to the experimental trials, tigggants were given six training

trials.

2.3 Results

Data for the trials in which a participant’s respenwas three standard
deviations greater than the participant’'s overadlam response were excluded from
the analysisMoreover,as the mean estimates and their standard deviatiers not
normally distributed, the following analyses werenducted on their logarithmic
transformation.

LMM with numerosity as a fixed effect and subjeatsa random effect were
conducted to determine whether participants’ pasteof performance obeyed
Weber’s law by showing scalar variability (i.e.,nstant CVs). In both sessions, the
log of the mean estimates increased linearly withtarget magnitudé;(14, 255) =
23.07,p < .001 in the pre-feedback sessibf14, 255) = 26.03p < .001 in the post-
feedback session, as did the log of the standandtiten, F(14, 255) = 6.57p < .001
in the pre-feedback sessidr(14, 255) = 3.43p < .001 in the post-feedback session.
The coefficients of variation were then computed (€ standard deviation/mean)
and analyzed using LMM. The results were not dte#idy significant suggesting
that C\; did not vary with numerosity and were constanbsasrtarget size; (14,
255) = 1.03p > .4 in the pre-feedback sessi¢i{14,255) = 0.61p > .8 in the post-
feedback session.

To see whether the participants’ responses werarate; underestimated or
overestimated, t-tests with a test value of O wemeducted on the error rate (i.e.,
(participant’s response — target magnitude)/targagnitude) of each session. The

error rate (ER) should be zero if estimates arerate. A negative ER would indicate
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that magnitudes were underestimated, whereas diveo&R would indicate that
magnitudes were overestimatethe results indicated that participants’ responses
were underestimated in the pre-feedback sesslon-.42 £ .18f(17) = -10.20p <
.001, as well as in the post-feedback ses®br,-.16 + .194(17) = -3.60p < .01

(see Fig. 5-1).

A Pre-feedback session

— Extensive set

20—
0204 Intensive set
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B Post-feedback session
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0,20+ .
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Fig. 5-1. ER for each stimulus set of the numerosity peioapiask in(A) the pre-
feedback session aif@) the post-feedback session.
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A Session (Pre-Feedback, Post-Feedback) x Stineti Extensive, Intensive)
repeated measuresiovA was then performed on the ER in order to examime th
effects of these two factors on participants’ perfance. This analysis showdd) a
main effect of the Sessiof(1, 17) = 41.10p < .001, reflecting that ER was more
important in the pre-feedback sessidh £ —.42 + .18) than in the post-feedback
sessionM = -.16 + .19) (see Fig. 5-1(2) a main effect of the Stimuli Sets(1, 17)
= 35.24,p < .001, showing that responses were, overall, moderestimated in the
Extensive setN] = —-.33 £ .29) than in the Intensive st € — .25 + .29). The
Session x Stimuli Sets interaction was also sigaift, F(1, 17) = 5.14p < .05,
indicating that the difference between the two gtirsets was more pronounced in
the post-feedback sessioM & —.09 £ .07) than in the pre-feedback sessin=(
-.06 £ .05) (see Fig 5-1).

Finally, and most importantly for our purposesaéilration measure (i.eI,ER
pre-feedback—- | ER post-feedback) was calculated in order to examine the effect
of the feedback trial. In order to examine the ghapthe calibration curve, we fitted
regression equations with two predictors that coftada step-function and an
inverted V-function, respectively (see Roggemanralet 2007). The step-function
predictor had a coefficient of -1 if target valu@asvsmaller or equal to feedback
value and a coefficient of +1 if target value wasger than feedback value. A
negative regression coefficient for the step fuorcpredictor indicates that the shape
of the calibration curve can be described by a-&taption in which target values
smaller or equal to the feedback value lead toelaoglibration effect. In contrast, a
negative coefficient for the inverted V-functioregictor indicates that the shape of
the calibration curve can be described by an iedei-function in which smaller

| target value - feedback valpedistances lead to larger calibration effect. The
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regression was run for each participant separdtedych & Myers, 1990) and the
coefficients then obtained were submitted to a samaple t-test with a test value of O:
the inverted V-function predictor was differentfi® M = -.34),t(17) = -3.88, p =
.001, while the step-function predictor was ndt £ —.03),t(17) = —.22,p > .8 (see
Fig. 5-2). These results therefore indicated thatinverted V-function was the best
predictor for the calibration effect of the perdepttask.

As a mere dichotomic categorization between targataller and larger than
primes values may be insufficient to correctly agtdor the data (see Di Luca et al.,
2010), the calibration measure was submitted toMMLwith participants as a
random factor, the valence of the regression distafmegative for the target
numerosities smaller than the feedback value asdip® for the target numerosities
larger than the feedback value) as a fixed faatdrte absolute distance between the
feedback and the target numerosity (5, 10, 15,2%0,30, 35) as a covariate. The
calibration measure should be zero if the feedbhak no effect. A negative
calibration measure would indicate that the feelkbampaired participants’
performances, whereas a positive calibration measuould indicate that the
feedback improved participants’ performances. Thalysis demonstrated that the
calibration effect was shaped as an inverted Veéddd the distance effect was
significant, F(6, 238) = 2.49p < .05, whereas the valence and the interaction
between the distance and the valence were Fdt, 238) = 1.69p > .1 for the
valence factor;F(6, 238) = 0.42,p > .8 for the distance x valence interaction.
Therefore, and as shown in Figure 5-3, the symbfdedback provided in the
perception task appeared to improve participantsifgpmance (i.e., positive
calibration measure). This improvement was invgrgebportional to the distance

separating the feedback and the target numerosgy (listance effect: the more
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distant from the feedback was the target numerosity less important was the
calibration) and occurred with numerosities sma#ded larger than the feedback

value (i.e., no valence effect).
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Fig. 5-2. Regression coefficients for the predictors desuglstep-like and inverted
V-shape calibration functions of the perceptioktas
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Fig. 5-3. Inverted V-shaped calibration effect observed m plerception task (with a
symbolic feedback trial and symbolic responsesjorEbars were computed using
Cousineau’s method (2005Cousineau’s method allows the data of a repeated
measures design to be represented without maskifmymation such as the
heterogeneity of variances across conditions. isrtiethod, each participant’s score
is adjusted so that its relative position is nag@npresent.

11C



Calibration of estimation

2.4 Conclusions

Altogether, these first results replicated patteofisperformance previously
found in studies on numerical estimatiofl) both the means and the standard
deviations of the numerical judgments increased he target magnitudes and in
direct proportion, resulting in constant coeffiderof variation across target size
(Castronovo & Seron, 2007a; Cordes et al., 2001aldet al., 1999), and indicating
that the scalar variability principle well describeour data;(2) participants
underestimated magnitudes in a numerosity peraepéisk (e.g., Izard & Dehaene,
2008);(3) providing participants with some information abthg numerosities tested
improves the accuracy of the responses (Izard &bBeé, 2008; Minturn & Reese,
1951);(4) estimates are modulated by non-numerical parameélée finding that the
Intensive dot arrays appeared to be more numetarsthe Extensive dot arrays is
consistent with Ginsburg’s observation (1978, 198@} arrays are judged to contain
more dots when the dots are regularly spaced.

More importantly for our purposes, this first expeent also showed that the
feedback effect was in line with what would be etpd from a place-coded
representation of numbers: the feedback trial iwm@do numerosity perception
judgments. This improvement peaked at the feedbadlie but also extended to
neighbouring numerosities (smaller and larger thiae feedback value), with a
decreasing strength.

In order to examine whether non-symbolic feedbamkid improve numerosity
production judgments in a way reflecting the sumamatoding feature of the non-
symbolic numerical representation, a second exmsrimwas run in which

participants were required to produce a dot pattemesponding to a target Arabic
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numeral. The production judgments were evaluatédréeand after the presentation

of a non-symbolic feedback trial.

3. Experiment 2: numerosity production task

3.1 Participants

The participants were 18 volunteers (14 femalasades) from the “Université
Catholique de Louvain” (Louvain-la-Neuve, Belgiumfo received course credit for
their participation. The average age was 21.16ggath9-28 yearssD = 2.68). One

participant was left-handed.

3.2 Stimuli and procedure

In the numerosity production task, the numericage(i.e., 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95) and mdse(isee., Extensive and Intensive
patterns of dots) used were the same as in the nositye perception task of
Experiment 1.

Each trial began with the presentation of a fixatiooss (1000 ms) after which
the target Arabic numeral appeared on the screea fituration of 1000 ms. After
showing the target number, a single dot was presgeimdicating to the participants
that they could start production of the dots byitg a potentiometer on a response
box (to the right to increase the number of dofzeaping on the screen and to the left
to decrease the number of dots). The responselloovea participants to produce all
the numerosities ranging from 1 to 254. Howeverfigpants were encouraged to
use as few back and forth movements as possilgiettto their final response. Half of
the pattern of dots produced by participants wégmiad from the Extensive set and

the other half from the Intensive set. In orderntwid the use of an overt or covert
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counting strategy, the dots appeared quickly onsttreen (creation of one dot for
every 1.4° of angular rotation) and participantsevexplicitly instructed not to count
the number of dots they produced. They were algoired to perform the task as fast
as possible and had to report their completion il®gging a response button on the
response box.

The experiment consisted of two sessions, eaclaicong 6 blocks of 30 trials.
In the first six blocks (i.e., the pre-feedbacksses), participants produced the dot
patterns without having any information about theusacy of their responses. In the
last six blocks (i.e., the post-feedback sessipajticipants received feedback on
their performance: for the first item of each blptke expected dot pattern was
presented to participants following the productioh their responses. In this
experiment, the feedback trial consisted in thesgméation of a collection of 60 dots
and followed either the production of an Extengile pattern (three blocks) or the
production of an Intensive stimulus (three blocks).

The presentation and number of practice and exje@tah trials were identical

to those in Experiment 1.

3.3 Results

Data for the trials in which a participant’'s respenwas three standard
deviations greater than the participant’s overatlam response were excluded from
the analysisMoreover, as the mean estimates and their startdasidtions were not
normally distributed, the following analyses werenducted on their logarithmic
transformation.

Linear mixed models (LMM) with numerosity as a fikeffect and participants

as a random effect were then performed to determirether participants’ patterns of
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performance obeyed Weber's law by showing scalaabdity (i.e., constant CVs).

In this task, the log of the mean estimates in@@dmearly with target magnitude,
F(14, 255) = 30.35p < .001 in the pre-feedback sessiéiti4, 255) = 125.38p <
.001 in the post-feedback session, as did the fitlgeostandard deviatiofr(14, 255)

= 14.76,p < .001 in the pre-feedback sessi6ifi4, 255) = 31.75p < .001 in the
post-feedback session. The OMere then computed and analyzed using LMM. The
results were not significant, suggesting that;@M not vary with numerosity neither
in the pre-feedback sessioR(14, 255) = 1.54p = .1, nor in the post-feedback
sessionfF(14, 255) =0.71p > .7.

To see whether the participants’ responses werarate; underestimated or
overestimated, t-tests with a test value of 0 wawaducted on the ER of both
sessions. As predicted, participants’ responsese weserestimated in the pre-
feedback sessioryl = .79 + .55,t(17) = 6.06,p < .001, as well as in the post-

feedback sessioM = .31 +.204(17) = 6.67p < .001 (see Fig. 5-4).
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Fig. 5-4. ER of the numerosity production task in the pred post-feedback session.
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Subsequently, a Session (Pre-feedback vs. Podtdekd x Stimuli Sets
(Extensive vs. Intensive) repeated measuares/A was run on the ER. This analysis
showed a significant main effect of the Sessioriofad=(1, 17) = 16.92p < .01,
revealing that the ER was larger in the pre-feekils@ssion 1 = .79 + .55) than in
the post feedback sessidd € .31 = .20) (see Fig. 5-4). The stimuli sets @ffén
contrast, was not significang(1, 17) = 0.59,p > .4, nor was the Stimuli Sets x
Session interactior(1, 17) = 0.25p > .6.

More importantly for our purposes, regression eignatwere calculated on the
calibration measure fore each participant separafed in the previous task, these
regressions were fitted with two predictors (oneéling the step-function and one
coding the inverted V-function) and then submittech one-sample t-test with a test
value of 0. In this production task, the step-fumcipredictor was different from 0
=-.30),t(17) = -3.32, p = .01, while the inverted V-function predictor wast (M =
-.09),t(17) = -.22,p > .2 (see Fig. 5-5). These results therefore atdit that the

step-function was the best predictor for the catibn effect of the production task.
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Fig. 5-5. Regression coefficients for the predictors deseglstep-like and inverted
V-shape calibration functions of the productiorktas
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A LMM (with participants as a random factor, abgeldistance as a covariate
and valence as a fixed factor) was run on the i@ldn measure in order to further
examine whether the calibration effect reflects shenmation-coding feature of the
non-symbolic numerical representation. As numeessi5 and 65 were not easily
distinguishable from the feedback value (becausg thffered by a ratio of 0.9), the
analysis was run without the distance of 5. Thelteslemonstrated that the valence
effect was significant=(1, 204) = 4.77p < .05, whereas the distance effect and the
distance x valence interaction were niet5, 204) = 0.34p > .8 for the distance
effect; F(5, 204) = 0.37p > .8 for the distance x valence interaction. Tremeffect
of valence indicated that the improvement in penfance was more pronounced with
numerosities smaller than the feedback vaMe=(.53 £ .52) than with numerosities
larger than the feedback valud € .40 £ .47). The calibration effect thus appeaced

be shaped like a step-like function (see Figuré.5-6
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Fig. 5-6. Step-like calibration effect observed in the prctthn task (with a non-
symbolic feedback trial and non-symbolic respons&sjor bars were computed
using Cousineau’s method (2005).
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Moreover, it is interesting to note that the nombyplic feedback of the
numerosity production task leads to a greater alin effect M = .48 = .49) than
the symbolic feedback provided in the numerositsception task ¢ = .23 + .12),
t(34) = —-2.15p < .05. This probably results from the fact thattiggrants’ absolute
error rate was originally larger in the productimsk M = .79 £ .54) than in the
perception taskM = .43 + .17){(34) = -2.71p < .05. Therefore, as participants were
less accurate in the production task than in tlegmtion task, the calibration margin

was basically more important in Experiment 2 thaixperiment 1.

3.4 Conclusions

The results of the numerosity production task aleplicated patterns of
performance previously found in studies on numérgstimation. Firstly, as in
Experiment 1, the scalar variability principle weléscribed our data. Secondly,
participants overestimated target magnitudes (Emgllen et al., 2011).

Our data also extended lzard and Dehaene’s obgerv@irard & Dehaene,
2008), according to which symbolic feedback canrowp numerosity perception
judgments. In this second experiment, we showetrbia-symbolic feedback could
improve participants’ performances in a numerogityduction task. However,
whereas the feedback effect in Experiment 1 redbthe place-coding feature of the
symbolic numerical representation, the feedbac&cefin Experiment 2 appeared to
reflect the summation-coding feature of the nonisgiic numerical representation.
Indeed, in the same way as a dot pattern primes@ét values that are smaller or
equal to the prime value (Roggeman et al., 2001)results demonstrated that non-

symbolic feedback calibrates numerosity produciissgments by more when the
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target numerosity is smaller than the feedbackevéthan when it is larger than the

feedback value.

4, General discussion

Previous research on numerical cognition has hgbhdid the fact that the
symbolic and non-symbolic notations could produddifferent pattern of activation
on a common magnitude representation: a place-cpatern on the one hand, and a
summation-coded pattern on the other (Roggeman.ef@07; Verguts & Fias,
2004). The present work showed that numerositymegibon performances could
reflect these differential codings. More particlyait appeared that the format used
to present the feedback trial and the participar@sponses influenced the shape of
the calibration effect: when a symbolic feedbacks waovided to participants in a
numerosity perception task (i.e., symbolic respsyshe calibration effect appeared
to be of the place-coding type (i.e., inverted &s&d pattern of calibration).
Conversely, when a non-symbolic feedback was pealitb participants in the
numerosity production task (i.e., non-symbolic mses), the calibration effect
appeared to be of the summation-coded type (tep;lée pattern of calibration).

These findings extended the results demonstrateRidgggeman et al. (2007) in
that they showed, with a different behavioural tablat the representation of large
numerical values depends on two processing systexastly like the representation
of small numerical values. While the summation-ogdsystem has been observed
with numerosities ranging from 1 to 5 in a primparadigm (Roggeman et al., 2007)
and in a simulation study (Verguts & Fias, 2004)has not been observed with
canonical configurations of dots (Herrera et Magci2008) and fingers (Di Luca et

al., 2010). In this paper, the summation-codingesypswas found in an experimental
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paradigm involving the calibration of the numerpséistimation process and large
numerical values ranging from 25 to 95. In ordeatoount for these discrepancies,
we will refer to Peirce’s theory of signs. For Reil(1931-1935), the symbol is a sign
which is connected to its object thanks to a cotiwanand through an instinct or
intellectual act that takes the symbol as reprasgnts object, without the need of
any action to occur. While canonical configuratimisdots and fingers are close to
the meaning that Peirce gave to a symbol, the ranciinfigurations of dots used in
our study are far from this meaning. The differebeéween conventional and non-
conventional physical numerosity seems thereforebéoan important factor in
determining the activation of magnitude informatiomwhile conventional
configurations of numerosity have a symbolic megrémd thus activate a place
coding-representation of numbers, non-conventi@oalfigurations are not directly
associated with a symbolic meaning and thus aetivat summation-coding
representation of numbers.

The possibility of calibrating participants’ estitim performances was
previously studied by Minturn and Reese (1951) &atd and Dehaene (2008).
However, in these two studies, the authors onlyalestrated that it was possible to
calibrate the numerosity perception performancegitiyg symbolic feedback to the
participants. The data of our two experiments edenthis result by showing that
non-symbolic feedback could also improve numerogitgduction performances.
Until now, however, we do not know the extent of ttalibration process: does the
calibration on one kind of stimuli (e.g., configtioms of dots) also calibrate the
numerosity estimation of another kind of stimulig(e sequences of sounds)?

The presence of a larger estimation error in tleelyetion task by comparison

to the perception task might stem from the prenid each representation: in the
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perception task, responses are given following dahgvation of a linear precise
representation, while in the production task, resps are given following the
activation of a logarithmic approximate represeatat A similar conclusion was
reached by Mundy and Gilmore (2009) in a study erarg the mapping abilities of
6- and 8-year old children in which children wemstructed to map a target quantity
to one of two alternative choices. In half the Isjiaa target Arabic number was
presented followed by two sets of dots (symbolic non-symbolic numerical
mapping). In the other half, a target set of dotsspresented, followed by two
alternative Arabic digits (non-symbolic to symbolimimerical mapping). While
children were unable to map a symbol to a non-syimlogoiantity when the ratio was
.67, they were able to do the mapping in the oppadirection at the same ratio.
According to the authors, this asymmetry origindtesn the level of precision of
each representation: whereas the symbolic to notbslc version of the mapping
task involved one activation of the accurate symcbdpresentation (for the target
Arabic digit) and two activations of the approximaipn-symbolic representation (for
the two alternative sets of dots), the non-symbtdicymbolic version of the task
involved one activation of the approximate représton and two activations of the
accurate numerical representation. Children weseefbre more accurate in the non-
symbolic to symbolic numerical mapping because thimdition involves less
approximation than the symbolic to non-symbolic euical version of the task.

To sum up, our study extended three major obsenatin the field of
numerical cognition:(1) the processing of large numerical values seem®eto
supported by two representational systems, exdity the processing of small
numerical values(2) the differences between these two representatgysa¢ms are

reflected, at a behavioural level, in numerosityneation tasks|3) it is possible to

12C



Calibration of estimation

calibrate not only non-symbolic to symbolic numatimapping but also symbolic to
non-symbolic numerical mapping. A question to beradsed in future research is
whether symbolic feedback could improve numerosgityduction judgments and,
inversely, whether non-symbolic feedback could iower numerosity perception
judgments. If calibration is found in such casespuld be particularly interesting to
examine how this effect is related to the place sunimation-coded representations

of numbers.
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