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In the number to position task, several studies have shown that typically
developing children shift from a biased (logarithmic) to an accurate (lin-
ear) mapping of symbolic digits onto a spatial position on a line. The ini-
tial pattern of overestimation of small numbers and the underestimation
of larger numbers is compensated by means of age and education. Chil-
dren with mathematical disability seem to show less accuracy in placing
numbers on the line and their mapping tends to be more biased than
linear. Here we evaluate to what extent this hypothesis holds for a sample
of Italian children who have received a formal diagnosis of developmental
dyscalculia (DD). Ten children with DD (M age-months = 123, SD = 25)
and ten typically developing (TD) children (M age-months = 121, SD
= 23), matched for age and gender, completed two number to position
tasks (intervals: 0-100, 0-1000). For the interval 0-100, children with DD
obtained a mapping in an intermediate stage between logarithmic and
linear whereas the TD group reached a linear mapping. For the interval
0-1000, children with DD exhibited a logarithmic mapping whereas TD
children had a linear mapping. These results highlight the presence of
basic numerical deficit in children with DD.

Keywords: Developmental dyscalculia, number line estimation, and
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INTRODUCTION

Successful mathematical achievement can be considered as the by-product
of several cognitive, educational, and motivational factors, which can differently in-
teract across a lifetime. Various reasons could be responsible for weak mathematical
achievement in children who perform at the lower end on standardized mathematical
tests. Beyond educational and motivational aspects, children with math difficulties
may present relatively different cognitive profiles thus composing a rather hetero-
geneous group (Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007). Therefore,
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it is important to identify which cognitive subcomponent is impaired in children
with math learning difficulties and understand at which level the cognitive process
fails. Several studies have highlighted that children with developmental dyscalculia
(DD) have a specific impairment in basic numerical processing (Landerl, Bevan, &
Butterworth, 2004; Mazzocco, Feigenson, & Halberda, 2011; Moeller, Neuburger,
Kaufmann, Landerl, & Nuerk, 2009a; Piazza et al., 2010). Therefore, it is important
to investigate whether children with math disability are able to estimate numerical
quantities relatively to typically developing peers.

Two mechanisms have been individuated as fundamental for fast quantifi-
cation processes: the Object Tracking System (OTS) and the Approximate Number
System (ANS; Feigenson, Dehaene, & Spelke, 2004; Piazza, 2010). The former allows
identifying quickly and accurately the numerical quantity of small sets of objects
(i.e., up to 3-4 items; Mandler & Shebo, 1982) without the use of counting strate-
gies; the second, the Approximate Number System (ANS), allows approximating the
numerical quantity of larger sets. Recent findings have highlighted that both quanti-
fication systems are impaired in children with DD. In the subitizing range, they tend
to adopt serial counting to determine the numerosity of small sets resulting in longer
reaction times (Schleifer & Landerl, 2010; Moeller et al., 2009a; Landerl, Bevan, &
Butterworth, 2004). For larger quantities (beyond 4), children with DD show lower
efficiency and need a larger numerical difference between two sets of items to be able
to precisely identify the one with the larger/smaller numerical quantity (Piazza et
al., 2010; Mazzocco, Feigenson, & Halberda, 2011). In Piazza and colleagues’ study
(2010), performance of 10 year-old children with DD to compare sets based on the
numerical quantity (number acuity) was similar to the performance of 5-year young-
er typically developing children. The low performance shown by children with DD
on non-symbolic numerical tasks suggests that their poor math achievement stems
from an impaired basic numerical representation.

Beyond the approximate representation, numerical quantities may be rep-
resented in an exact way by means of numerical symbols. Zorzi and Butterworth’s
model (1999) postulates that numerate children and adults are able to linearly map
Arabic digits to the corresponding numerical internal magnitude (also see Verguts,
Fias, & Stevenson, 2005). In a seminal study, Siegler and Opfer (2003) have used the
number to position task (NP-task) to show that children shift from an intuitive to an
exact representation of numbers with age and greater numerical skill. Participants
from grades two and six were required to place Arabic numbers (i.e., 25) onto a black
horizontal bounded line going from 0 to 100. This task entails transcoding a nu-
merical value into a spatial position on a visual line. Performance of younger children
was characterized by an overestimation of small numbers and an underestimation of
larger numbers, yielding a logarithmic pattern. Because smaller numbers are over-
represented on the mental number line, according to the ANS, it suggests that young-
er children facing an unfamiliar numerical range rely on an intuitive and logarithmic
mapping to solve the task. Nevertheless, other theoretical perspectives suggested dif-
ferent interpretations regarding the pattern of biased estimates in younger children.
According to the Familiarity model, the pattern of estimates is more consistent with
a bilinear fit separating familiar and non-familiar numbers (Ebersbach, Luwel, Frick,
Onghena, & Verschaffel, 2008; Moeller, Pixner, Kaufmann, & Nuerk, 2009b). Other
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authors, instead, interpreted the positioning of a number as a consequence of a pro-
portional judgment (Barth & Palladino, 2011).

Despite this theoretical issue, with increasing age and numerical proficiency,
children shift from an immature mapping to a formal and linear one by placing num-
bers in correspondence of the correct position. Interestingly, at a same developmental
time point, a child may use both mappings depending on the scale of the line interval:
Preschoolers show a linear mapping for small intervals such as 1-10, whereas their
mapping is still logarithmic for a larger scale such as 0-100 (Berteletti, Lucangeli, Pi-
azza, Dehaene, & Zorzi, 2010); during the first two years of elementary school, the lin-
ear mapping is progressively acquired for the 0-100 interval (Siegler & Booth, 2004),
whereas linearity is mastered around the 4™ grade for the 0-1000 interval (Booth &
Siegler, 2006) and around the 6" grade for the 0-10000 interval (Thompson & Opfer,
2010). With increasing numeracy, a child will position numbers linearly on progres-
sively larger intervals. It is critical to report that being perfectly able to name and
recite the entire sequence of an interval does not grant linearity (Berteletti, Lucangeli,
& Zorzi, 2012). Thus, children’s logarithmic mapping is not merely an artifact of the
task itself or poor knowledge of the items in the interval presented but it entails a
specific maturation of the understanding of numerical quantities. Finally, supporting
the diagnostic importance of the NP-task, studies have shown that performance cor-
relates with other estimation tasks (Booth & Siegler, 2006), memory for small versus
large numbers (Thompson & Siegler, 2010) and future mathematical achievement
(Booth & Siegler, 2008).

Geary, Hoard, Nugent, and Byrd-Craven (2008), using standardized math-
ematical achievement tests, classified 1* and 2™ grade children into mathematical
learning disability (below the 11™ percentile), low math achievement (between 11%
and 25" percentile), and typical achievement groups. In the number line task with the
interval 0-100, grade 1 pupils with math disability displayed a logarithmic represen-
tation compared to the other groups, who showed a linear mapping. Only by grade
2, children with math disability displayed a representation at an intermediate stage
between the logarithmic and the linear mapping. In a subsequent study, Landerl,
Fussenegger, Moll, and Willburger (2009) analyzed performance in the NP-task of
typically developing, dyscalculic, dyslexic, and dyslexic-dyscalculic children between
8- and 10-years of age. Children categorized as dyslexic had a score below 1 standard
deviation (SD) in a reading fluency test and an adequate score in the arithmetic test.
Conversely, children with dyscalculia had a score below 1 SD in the arithmetic test but
had an adequate score in the reading test. Children with performance below 1 SD in
both, the reading and the arithmetic tests, were categorized as dyslexic-dyscalculics.
In the 0-100 interval, only the control group had a reliable linear positioning and the
dyslexia and dyscalculia groups approximated a linear mapping whereas the dyslexia-
dyscalculia showed no difference in precision between the two fits. In the 0-1000 in-
terval, only the control group was close to a linear fit whereas for all the other groups
the logarithmic model provided a better explanation of the data. The difference in
favor of a logarithmic model was reliable only for the dyslexia-dyscalculia group.

In the present study, we replicate and extend results of the previous studies
by investigating the ability to translate numbers into a spatial position in Italian chil-
dren with DD. Because the NP-task has the potential for becoming a diagnostic tool
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for low math achievement, it is important to test its reliability with several groups
from different cultural and educational systems. Moreover, its simplicity makes it a
task administrable to children prior to formal schooling (Berteletti et al., 2010) and
therefore a tool for an early diagnosis of low achievement. To this aim, the estimates
of children with DD in two NP-tasks (intervals: 0-100, 0-1000) were compared to
those of a typical developing (TD) group. We expect children with DD to show a less
accurate mapping as compared to the TD group and to show longer reaction times
(RT) for placing numbers. Lower precision and longer RT confirm a reduced basic
numerical knowledge in children with DD.

METHOD

Participants

Ten children between 8- and 13-years of age with DD (2 boys; M age-months
=123, SD = 25, range: 96 - 163) were recruited from the Regional Center for Research
in Learning Disabilities (Padova, Italy). They all received a formal diagnosis of DD by
an expert clinician with a specific specialization in learning disabilities and scored in
the normal range for IQ (>85), had neither sensory deficits nor comorbidity with At-
tention Deficit Hyperactivity Disorder. Ten TD children from middle-socioeconomic
schools in Northern Italy were matched in age and gender to the DD group (2 boys;
M age-months = 121, SD = 23 months, range 98 - 158). Children in the TD group
were free from learning or attentional disabilities. The DD and TD group did not dif-
fer in terms of age (p = .83).

Task and Procedure

Children were met individually, in a quiet room, and completed the two
computerized versions of the NP-task (Siegler & Opfer, 2003). Tasks were presented
as games, no time limit was given and items or questions could be repeated if neces-
sary but neither feedback nor hints were given to the child. Students were free to stop
at any time. The Number-to-Position task (NP-task) was a computer adaptation from
Siegler and Opfer’s (2003). An approximately 17 cm black line was presented in the
center of the screen with a mild yellow background. In the 0-100 interval, the left end
was labeled 0 and the right end was labeled 100. Children were required to estimate
the position on the line of ten numbers (2, 3, 4, 6, 18, 25, 42, 67, 71, 86; set A and B
from Siegler & Opfer, 2003). In the interval 0-1000, the left end was labeled 0 and the
right end was labeled 1000 and there were twenty-two numbers to estimate (2, 5, 18,
34, 56, 78, 100, 122, 147, 150, 163, 179, 246, 366, 486, 606, 722, 725, 738, 754, 818,
938; sets A and B from Opfer & Siegler, 2007). Answers were given by clicking on the
line using the mouse; however, the range of movement of the cursor was constrained
to the area covering the line as to avoid collecting unreliable responses. For each trial,
the number to position was presented in the upper left corner of the screen. Children
first completed the 0-100 interval task and then the 0-1000 interval task. At the begin-
ning of the experiment, children were asked to place the numbers 0, 100 and 50 in the
interval 0-100 and 0, 1000 and 500 in the interval 0-1000. This ensured that children
understood the task and the interval range, and that they were capable of using the
mouse to respond. Moreover, when a response was given, a small red circle appeared
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in the selected position as visual feedback. After the practice phase, the other num-
bers were presented randomly. Both estimates and reaction times were recorded.

REesurrs

We removed responses under 200 ms (less than 0.002% of all trials) and
above 2 standard deviations (less than 0.01% of all trials) across groups. Analyses
followed the method recommended by Siegler and colleagues (Siegler & Booth, 2004;
Siegler & Opfer, 2003) and Bonferroni’s correction was applied to all post-hoc com-
parisons. Estimation accuracy was assessed using the percentage of absolute error of
estimation (PAE = lestimate - target numberl/ interval*100) for each participant in
each condition. We analyzed the PAE in a mixed ANOVA with Group as the between-
subject factor (TD and DD) and Interval size as the within-subject factor (0-100 and
0-1000). Mean PAEs in the 0-100 interval were 7% for TD children and 11% for chil-
dren with DD. In the 0-1000 interval, the mean PAEs were 12% for TD children and
25% for children with DD (see Figure 1). Both main effects were significant (F(1, 18)
=51.28, p<.001 and F(1, 18) = 11.12, p = .004, for Interval and Group, respectively).
Because the interaction was also significant (F(1, 18) = 11.2, p = .003), we performed
separate t-tests to compare groups’ performance in each interval. In the 0-100 inter-
val, the two groups did not differ significantly (#(18) = 2.1, p = .05); whereas in the
0-1000 interval, DD showed lower accuracy in placing the number compared to the
TD control group (#(18) = 3.58, p = 0.002). Mean RT were also analyzed in a mixed
ANOVA with Group as the between-subject factor (TD and DD) and Interval as the
within-subject factor (0-100 and 0-1000). Mean RTs in the 0-100 interval were 5.9 s
(SD=2.45)and 4.7 s (SD= 1.8 s) for TD and children with DD, respectively. In the
0-1000 interval, mean RTs were 5.3 s (SD=2.55s) and 5.3 s (SD = 2.8 s) for TD and
children with DD, respectively. The main effects of the Group and of the Interval as
well as the interaction Group x Interval did not reach significance (p = .58, p = .98,
and p = .13, respectively).

In order to understand the pattern of estimates, we fitted the linear and the
logarithmic functions first on group medians and subsequently individually for each
child (Siegler & Opfer, 2003).

Median estimates and the best fitting models are reported separately for
each group in Figure 3. The difference between linear and logarithmic models was
tested with paired-sample t-tests on absolute distances between children’s median
estimate for each number and the predicted values according to the linear model and
the logarithmic model. If the t-test was significant, the best fitting model was attrib-
uted to the group (Figure 2). In the 0-100 interval, the linear model had the highest
R? for both groups and was significantly different from the logarithmic model for
the TD group (#9) = 4.34, p = .002, R? lin = 99%, vs. R? log = 87%) but not for the
DD group (#9) < 1, R?lin = 97% vs. R?log = 93%). In the 0-1000 interval, the linear
model had the highest R* and was significantly different from the logarithmic model
only for the TD group (#21) =7.18, p<.001, R?lin = 97% vs. R’ log = 73%) whereas
for the DD group the logarithmic model had the highest R? and was significantly dif-
ferent from the linear model (#21) = 3.13, p =.005, R?lin = 67% vs. R?log = 96%).
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Figure 1. Percentage of absolute error (PAE) in TD and children with DD for the two
NP-tasks. Children with DD showed lower accuracy in placing numbers in the 0-1000
interval as compared to the TD group. Error bars correspond to 95% CI. ** p < .01
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Figure 2. Children estimates and best fitting models for the DD and TD group
separately in (a) the 0-100 interval and (b) the 0-1000 interval. The TD group obtained
a linear representation in both NP tasks, whereas the DD group showed an intermediate
stage, between logarithmic and linear mapping, in the 0-100 interval and a logarithmic
mapping in the 0-1000 interval.
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We ran linear and logarithmic regression analyses also on individual data,
the child was assigned to a linear or logarithmic category based on the highest R
Whenever both models were not significant, the child was considered unable to per-
form the task properly and classified as not having a numerical mapping (Table 1).

Table 1. Cell values represent number of children (no children were classified as showing
a non-numerical mapping)

Type of Mapping

Interval Logarithmic Linear
0-100 Interval

D -y, 2 8

DD .y 5 5
0-1000 Interval

D 2 8

DD ., 8 2

Individual analysis confirmed the group analysis results. In the 0-100 in-
terval, TD children mostly displayed a linear mapping, whereas half of children with
DD were classified as linear and the other half as logarithmic. In the 0-1000 interval,
the individual analysis confirmed a predominant linear mapping for the TD group,
whereas most of the children with DD displayed a logarithmic mapping. These re-
sults therefore reinforce the developmental delay of children with DD to properly
estimate the position of numbers on the NP-task. Finally, no child, in both intervals,
was categorized as having a non-numerical mapping, thus suggesting that all partici-
pants possessed sufficient knowledge of numbers to properly accomplish the tasks.

Discussion

Several studies have demonstrated that children, from as early as preschool,
progressively shift from a logarithmic to linear mapping in the NP-task (Berteletti
et al., 2010; Siegler & Opfer, 2003). The logarithmic mapping is considered a direct
evidence that children assign more space on the mental number line to small nu-
merosities than to larger numerosities, following a logarithmically compression that
is a signature of the ANS (Siegler & Booth, 2003; for different accounts, see Barth &
Palladino, 2011; Eberbasch et al., 2008; Moeller et al., 2009b). With education, chil-
dren learn to linearly translate numbers into the correct spatial position. Such fine
mapping correlates both with other numerical tasks and more importantly also with
math achievement as measured by standardized tests (Booth & Siegler, 2006; Booth
& Siegler, 2008). Accordingly, children with math disability have lower estimation
accuracy positioning numbers onto the physical line, thereby displaying an intuitive
logarithmic representation instead of a formal linear representation (Geary et al.,
2008; Landerl et al., 2009). In the present study, we tested the mapping between num-
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bers and the spatial position onto the line in a selected sample of primary school
Italian children with formal diagnosis of DD as compared to a group of TD children
matched for gender and age. It is worth noting that children with DD displayed a time
response that was similar to TD children. This result excludes that children with DD
were more impulsive and that lower performance was the consequence of a speed-
accuracy trade-off. Furthermore, all children were able to map numbers confirming
the easiness in understanding task instructions. Poor accuracy in children with DD
can be reliably ascribed to a specific deficit in representing numbers formally.

In line with previous studies, group and individual results indicate that chil-
dren with DD mainly relied on an immature and biased-logarithmic mapping com-
pared to TD controls. Half of the children with DD showed a logarithmic and less
accurate mapping on both interval sizes. Compared to the group tested by Landerl
and colleagues (2009), our sample of children with DD included a larger age range in
which children were approximately one-year older. This might suggest that the deficit
in the spatial mapping of numbers is still present in one-year-older children and not
normalize for the 0-1000 interval. This supports the delayed development of an accu-
rate numerical representation in children with DD. Indeed, 3- to 4- year younger TD
children tested by Opfer and Siegler (2007) were able to perform the 0-1000 interval
task linearly. The finding that children with DD have a performance that is delayed
compared to TD peers is also in agreement with a previous study showing a basic
deficit of the non-symbolic numerical representation (Piazza et al., 2010).

In contrast to more sophisticated mathematical tests to diagnose children
with DD, the number line task only requires a core knowledge of numerical magni-
tudes and excludes possible deficits in more general or higher-order cognitive pro-
cess such as working memory, attention or procedural knowledge. Furthermore, the
task instructions are easy to understand and the materials (i.e., paper and pencil) are
minimal, making it easy for teachers and clinicians to apply. The possibility of using
different interval ranges makes it a potential tool for early diagnosis. Indeed, it has
been shown that children prior to formal education already show linearity on the
1-10 interval (Berteletti et al., 2010), therefore making it possible to highlight at-risk
children prior to the start of formal teaching. The NP-task has the potential for being
a tool to assess early numerical skill in both TD and children with DD.

In summary, the present study highlights the specific delay in basic numeri-
cal processing in Italian children with DD: they display an immature representation
of numbers compared to TD children with performances comparable to 3- to 4- year
younger peers, and confirms the reliability of the NP-task to assess a delay in the rep-
resentation of numerical symbols.
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