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The number line estimation task is an often-used measure of
numerical magnitude understanding. The task also correlates sub-
stantially with broader measures of mathematical achievement.
This raises the question of whether the task would be a useful com-
ponent of mathematical achievement tests and instruments to
diagnose dyscalculia or mathematical giftedness and whether a
stand-alone version of the task can serve as a short screener for
mathematical achievement. Previous studies on the relation
between number line estimation accuracy and broader mathemat-
ical achievement were limited in that they used relatively small
nonrepresentative samples and usually did not account for poten-
tially confounding variables. To close this research gap, we report
findings from a population-level study with nearly all
Luxembourgish ninth-graders (N = 6484). We used multilevel
regressions to test how a standardized mathematical achievement
test relates to the accuracy in number line estimation on bounded
number lines with whole numbers and fractions. We also investi-
gated how these relations were moderated by classroom character-
istics, person characteristics, and trial characteristics.
Mathematical achievement and number line estimation accuracy
were associated even after controlling for potentially confounding
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variables. Subpopulations of students showed meaningful differ-
ences in estimation accuracy, which can serve as benchmarks in
future studies. Compared with the number line estimation task
with whole numbers, the number line estimation task with frac-
tions was more strongly related to mathematical achievement in
students across the entire mathematical achievement spectrum.
These results show that the number line estimation task is a valid
and useful tool for diagnosing and monitoring mathematical
achievement.

© 2022 Elsevier Inc. All rights reserved.

Introduction

The number line estimation task has gained much attention as a tool for assessing, monitoring, and
predicting mathematical achievement (e.g., Booth & Siegler, 2006; Siegler & Booth, 2004). In this task,
participants indicate the position of numbers (e.g., whole numbers, fractions) on an empty number
line. Only the start point and end point of the line are usually marked and labeled with the respective
numbers. The accuracy of the answers is often computed as percent absolute error (PAE) with
PAE = 100% * (|correct position — estimated position| | numerical range of the line) (Siegler & Booth,
2004). Number line estimation accuracy correlates substantially with measures of broader mathemat-
ical achievement for different age groups, task versions, and achievement measures (Schneider et al.,
2018).

The number line estimation task has many advantages over other tasks used to assess mathemat-
ical achievement. It is easy to administer, needs only brief instructions, can be easily varied in its
degree of difficulty, and is understood even by participants with low language competence. The task
usually requires less than 5 min because each trial takes only a few seconds and only a few trials suf-
fice to reach substantial correlations with mathematical achievement (e.g., 20 trials; Schneider et al.,
2018). The task difficulty can be adapted to different age groups without altering the task itself simply
by changing the type of number to be estimated (e.g., whole numbers for younger children, fractions
for older children) or the numerical range of the line (e.g., 0-10 for preschool students, 0-1000 for
fourth-graders). The task provides unbiased measures of mathematical achievement in that it requires
only mathematical knowledge and no knowledge about the world or measurement units (Booth &
Siegler, 2006). The task is useful for research because it can be used in multiple settings: the
laboratory, the field (e.g., in schools), and even brain imaging settings, for example, functional mag-
netic resonance imaging (fMRI) scanners (Vogel et al., 2013). The task can be easily presented in a
computer-assisted testing environment, and it is easy to record responses in this task electronically.

These advantages suggest that the number line estimation task should be included, among other
tasks, in mathematical achievement tests. They also suggest that a stand-alone version of the task
could be useful as a brief assessment of mathematical achievement in situations where the time does
not permit complete standardized mathematical achievement tests. Complete achievement tests usu-
ally comprise many tasks and often take 30-90 min. By contrast, a brief assessment of mathematical
competence with the number line task could be useful in large panel studies where many constructs
are measured and little time is available per measure. A brief measure could also be useful for keeping
the logistical effort manageable in screenings of large groups of children in practical contexts (e.g.,
schools) to identify students with mathematical giftedness or mathematical learning disabilities.
Finally, brief assessments of mathematical achievement could be useful in field studies in schools
when practical constraints do not allow for a longer test time. Obviously, a short assessment like
the number line estimation task could never fully replace a standardized mathematical achievement
test. A short assessment will generally have lower reliability and validity than a more comprehensive
test. However, there are many situations in which a full assessment is not possible, and in these sit-
uations using a short quantitative assessment is better than using no quantitative assessment at all.
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The number line estimation task might also be useful for diagnosing mathematical giftedness or
dyscalculia because measuring mathematical achievement is a central component of the diagnostic
process for mathematical giftedness or dyscalculia. Liiftenegger et al. (2015) wrote, “Mathematically
gifted students are often identified with standardized achievement tests (Sheffield, 1994; Ziegler &
Stoeger, 2010). To categorize people as gifted, different cutoff points ranging from the 80th to the
99th percentile have been established” (p. 228). Likewise, to diagnose dyscalculia, researchers usually
show that a student has mathematical achievement far below the average that cannot be explained by
domain-general cognitive impairments (e.g., low intelligence). Previous studies have used cutoff val-
ues ranging from very strict (e.g., below the first percentile; Landerl et al., 2004) to very broad (e.g.,
below the 35th percentile; Jordan et al., 2003). When screening populations for giftedness or dyscal-
culia, short screening instruments need to be used due to the many persons to be tested (Gersten et al.,
2011). The number line estimation task might be useful for this.

Relations between number line estimation and mathematical achievement

Previous studies have concluded that the number line estimation task might be useful for measur-
ing aspects of mathematical achievement. A meta-analysis of 263 effect sizes from studies with 10,576
children found an average correlation of r* = .443 between number line estimation accuracy and mea-
sures of mathematical achievement (Schneider et al., 2018). The correlation was moderate
(.351 < r* < .536) and statistically significant for paper-and-pencil versions and computerized ver-
sions of the number line estimation task and for different mathematical competence measures, includ-
ing assessments of counting, mental arithmetic, written arithmetic, school grades for mathematics,
and standardized mathematical achievement tests. Moderator analyses showed that the average cor-
relation between number line estimation accuracy and mathematical competence was highest in stu-
dents older than 9 years (r* = .491) and lowest in students younger than 6 years (r* = .296). In addition,
the correlation was higher for number line estimation with fractions (r* = .523) than for number line
estimation with whole numbers (r* = .409).

Several studies have investigated longitudinal relations between number line estimation accuracy
and mathematical competence (e.g., Bailey et al., 2014; Jordan et al., 2013). Meta-analytic aggregation
of these findings showed that the correlation is high when the two constructs were measured simul-
taneously (191 effect sizes, r* = .427), when the number line estimation task was used to predict math-
ematical achievement over time (33 effect sizes, r" = .496), or when mathematical achievement was
used to predict number line estimation accuracy over time (39 effect sizes, r* = .538) (Schneider
et al., 2018).

Broad agreement exists that the number line estimation task is closely related to mathematical
achievement because it assesses a central component of mathematical competence. However, there
is an ongoing debate about what this component is. According to one view (Siegler & Opfer, 2003),
number line estimation accuracy reflects how well learners mentally represent numerical magnitudes
in the approximate number system (i.e., the so-called mental number line), which has been shown to
support the acquisition of mathematical achievement (Dehaene et al., 2008; Yuan et al., 2020). An
alternative view assumes that number line estimation mainly requires proportional reasoning to
relate the start point of the line, the end point of the line, and the position of the number to be esti-
mated (Barth & Paladino, 2011; Zax et al., 2019). Proportional reasoning is a form of relational reason-
ing that is relevant in a wide range of mathematical tasks and might also facilitate the further
acquisition of mathematical achievement (Gouet et al., 2020). The number line estimation task might
also assess visuospatial skills (Gunderson et al., 2012), counting competence (Petitto, 1990), intelli-
gence (Schneider et al., 2009), and socioeconomic status (SES) (Ramani & Siegler, 2008) to some
extent. None of these views excludes the others. Proportional reasoning operates on numerical mag-
nitude representations and requires reasoning (i.e., fluid intelligence). Visuospatial skills and counting
of segments on the line might help in mapping proportion estimates onto the number lines. In our
view, it is likely that the number line estimation task assesses a mix of interrelated mathematical
and nonmathematical competencies, all of which contribute to mathematical thinking and problem
solving. Therefore, in the current study, we analyzed how number line estimation accuracy relates
to a broad range of trial, person, and classroom characteristics.
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The need for large-scale studies controlling for potentially confounding variables

Findings on the relation of number line estimation accuracy with mathematical achievement are
limited in at least three ways. One limitation is that most previous studies have used relatively small
convenience samples, so the generalizability of the findings to various subpopulations is unclear. For
example, it is unclear whether the relation between number line estimation accuracy and mathemat-
ical achievement differs between genders, between immigrant and nonimmigrant students, or
between students on different educational tracks. In addition, thus far, a representative large-scale
sample is missing that allows deriving benchmarks for the average number line estimation accuracy
in different subpopulations. These benchmarks could subsequently help to interpret study results and
to identify students with special education needs (cf. Geary et al., 2008). For example, when a ninth-
grade student has a PAE of 6% when estimating a whole number on a number line from 0 - 1000, is this
performance low or high compared with the population? Is this person in the highest or lowest quar-
tile of the accuracy distribution? Is the error score of 6% so low that it indicates near-perfect estima-
tion performance? If this person is a boy with a migration background who was not tested in his native
language, how did he perform compared with other boys with a migration background? Benchmark-
ing data could help to answer such questions.

A second limitation of previous work using the number line estimation task is that different task
versions might be differentially suited for assessing mathematical achievement across the
mathematical achievement spectrum. For example, number line estimation with whole numbers
might be well-suited to identify dyscalculic students, but this task version might produce ceiling
effects in high-ability students. Conversely, number line estimation with fractions might have sizable
discriminative power in the upper mathematical achievement spectrum but might be unsuitable for
identifying dyscalculic students due to floor effects in below-average mathematics students.

Third, thus far, most studies and the meta-analysis (Schneider et al., 2018) have focused on bivari-
ate relations. However, number line estimation accuracy and mathematical achievement may be influ-
enced by confounding variables such as test anxiety and motivation that might cause a partly spurious
correlation between the two variables. Three studies investigating unique relations of number line
estimation accuracy and mathematical achievement found robust relations after controlling for cog-
nitive and demographic variables (e.g., Bailey et al., 2014; Geary, 2011; Jordan et al., 2013). For exam-
ple, accuracy in the whole-numbers number line estimation task predicted later fraction magnitude
understanding after controlling for whole number arithmetic proficiency, domain-general cognitive
abilities, parental income, education, race, and gender (Bailey et al., 2014). However, thus far, no study
has investigated the relation of mathematical achievement after simultaneously controlling for
classroom-level characteristics, person-level characteristics, and trial-level characteristics. It is cur-
rently unclear to what degree the correlation between number line estimation accuracy and mathe-
matical achievement decreases when controlled for a wide range of potentially confounding
variables in a nationally representative sample.

Source of individual differences in number line estimation accuracy

In our study, we also investigated predictors of number line estimation performance. These predic-
tors indicate possible sources of individual differences in number line estimation performance and are
relevant when the task is used for diagnostic purposes. The dataset used in the current study allowed
us to investigate predictors on the trial-level characteristics, person-level characteristics, and
classroom-level characteristics. We introduce these potential predictors in the following sections.

Classroom characteristics

Educational tracks are used in many countries to group students based on their (actual or per-
ceived) aptitude. The tracks tend to differ in their average achievement. If students on the highest
achieving track also receive more or better instruction on solving number line estimation tasks, this
would create a spurious correlation between number line estimation and mathematical achievement.
We know of no study investigating this question.

4



S. Nuraydin, J. Stricker, S. Ugen et al. Journal of Experimental Child Psychology 225 (2023) 105521

Person characteristics

Mathematical anxiety (i.e., feeling of tension, worry, and fear in situations involving math-related
activities; Wang et al., 2015) is negatively related to mathematical achievement (for a meta-analysis,
see Namkung et al., 2019). Number line estimation tasks constitute testing situations involving
numerical values in which mathematical anxiety may impair performance. Thus far, empirical findings
on the relation of number line estimation accuracy with mathematical anxiety are mixed. Some find-
ings found a negative relation between mathematics anxiety and number line estimation accuracy
(e.g., Hart et al., 2016), whereas other studies found no relation (e.g., Kucian et al., 2018).

Mathematical self-concept (i.e., the perception of one’s capacity and performance level in mathe-
matics) is related to mathematical achievement (Parker et al., 2014). Thus far, it is unclear whether
the mathematical self-concept is also related to the number line estimation accuracy as an indicator
of basic numerical competencies.

Test motivation (i.e., the willingness to invest effort and persistence into a test) is related to per-
formance in various tests of mathematical competence and cognitive ability (e.g., Penk & Richter,
2017). Whereas robust evidence shows that motivational factors are related to academic achievement
(Kriegbaum et al., 2018), to date the relation between test motivation and number line estimation
accuracy is unclear.

Conscientiousness (i.e., the tendency to be reliable, organized, and self-disciplined; Costa & McCrae,
1992) is related to mathematical achievement (Alcock et al., 2014). The relation of conscientiousness
with number line estimation accuracy thus far has not been investigated. On the one hand, it seems
plausible that conscientiousness is positively related to number line estimation accuracy because
number line estimation accuracy substantially overlaps with mathematical achievement. On the other
hand, the number line estimation task assesses relatively basal mathematical competencies, which
might be less strongly influenced by personality than more complex competencies.

Higher SES is associated with higher mathematical achievement (Agirdag et al., 2012). Students
from low-income households often start school with lower mathematical competence levels and show
slower growth in mathematical competencies than students from high-income households (Jordan &
Levine, 2009). There is some evidence that students with low socioeconomic backgrounds also have
larger difficulties with numerical magnitude understanding (Ramani & Siegler, 2008). However, to
date, an empirical test of the SES-number line estimation accuracy relation in a large and representa-
tive sample is missing.

Some empirical studies found no or negligible gender differences in number line estimation accu-
racy (e.g., Reinert et al., 2017), leading to the conclusion that “sex differences in mathematical ability
are unlikely to be related to number line estimation” (Tosto et al., 2018, p. 797). Other studies found
evidence for gender differences in number line estimation (e.g., Gunderson et al., 2012). To date, it is
unclear to what extent differences in motivational variables (e.g., mathematical self-concept) account
for these gender differences.

Higher proportions of migrant students in a classroom are associated with lower levels of mathe-
matical achievement, although control variables mitigate this relation (Agirdag et al., 2012). It is
unclear whether migration status is also related to number line estimation accuracy, for example,
due to language problems during classroom instruction or language effects on number magnitude rep-
resentations (e.g., Helmreich et al., 2011).

In previous studies, participants completed the number line estimation task on screens with vary-
ing resolutions, for example, ranging from 1024 x 768 pixels (Torbeyns et al., 2015) to 1920 x 1200
pixels (Reinert et al., 2017). On screens with a higher resolution, it might be easier to indicate the cor-
rect position of a number (Cohen & Ray, 2020). Thus, the screen resolution might partly account for
individual differences in number line estimation accuracy when using computer-based presentations.

Trial characteristics

A better understanding of how trial characteristics influence number line estimation accuracy can
inform the design of standardized assessments using this task. Previous studies found relatively large
differences in number line estimation accuracy between trials and identified several characteristics of
the presented numbers that explain part of this variance (Kodosh et al., 2008; Schneider et al., 2008;
Siegler et al., 2011). We included these number characteristics as predictors in our model to compare
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how much variance of number line estimation accuracy is explained by classroom-level characteris-
tics, person-level characteristics, and trial-level characteristics, respectively. In previous studies, num-
ber line estimation accuracy tended to be lower for fractions than for whole numbers due to the
greater complexity of fractions (Siegler et al., 2011). The accuracy was higher around orientation
points (i.e., the start point, the midpoint, and the end point of the line; Schneider et al., 2008;
Sullivan et al., 2011). It decreased with increasing number size, which could indicate that larger num-
bers are more difficult to process than smaller numbers (size effect; Kodosh et al., 2008).

The current study

We aimed to contribute to the validation of the number line estimation task as a tool for diagnosing
and monitoring mathematical achievement. To this end, we examined the correlation between num-
ber line estimation accuracy before and after controlling for potential confounds as well as sources of
individual differences in number line estimation accuracy. We included the number line estimation
task in the Luxembourgish Epreuves Standardisées (EpStan) large-scale study for monitoring students’
school achievement in the 2012-2013 school year (Martin et al., 2015). EpStan aims at evaluating the
Luxembourgish national educational system by testing to what extent primary and secondary school
students reached educational standards defined by the Luxembourg Ministry of Education and Voca-
tional Training. The study included standardized achievement tests for the school subjects of mathe-
matics, French, and German as well as questionnaires about further person characteristics. We were
given the opportunity to also present about 19 trials of the number line estimation task to the
ninth-graders participating in this study.

This design allowed us to investigate three research questions. First, how high is the PAE for whole-
number estimation and fraction estimation in the overall population of Luxemburgish ninth-graders
and in relevant subpopulations (i.e., the three education tracks), students in different quartiles of
achievement, girls and boys, and students with and without migration status (Research Question
1)? These results can serve as benchmarks to evaluate a sample’s or an individual’s number line esti-
mation performance compared with population data in future studies.

Second, how strongly does number line estimation predict mathematical achievement before and
after controlling for person characteristics and classroom characteristics (Research Question 2)? The
answer to this question indicates to what extent we can replicate the bivariate correlations between
number line estimation and mathematical achievement found in a previous meta-analysis (Schneider
et al., 2018). Going beyond the meta-analysis, here we examined to what extent the relation weakens
when it is controlled for person characteristics and classroom characteristics that might have influ-
enced estimation accuracy as well as achievement.

Finally, what variance components of number line estimation PAE are explained by classroom-level
characteristics (educational track), person-level characteristics (e.g., math anxiety), and trial charac-
teristics (e.g., the distance of the correct position from the nearest orientation point on the line),
respectively (Research Question 3)? These findings can broaden our understanding of what the num-
ber line estimation task actually measures. When number line estimation strongly covaries with
mathematical competence, this would support the convergent validity of the number line task as a
measure of mathematical achievement. When number line estimation weakly covaries with other
variables (e.g., test motivation, conscientiousness, mathematical anxiety), this would support the dis-
criminant validity of the number line task as a measure of mathematical achievement.

Method
Participants

A total of 6484 ninth-graders from 348 classrooms in 33 schools in Luxembourg participated in the
EpStan study (49.0% girls, 50.4% boys, and 0.6% no gender information). The sample was nationally
representative in that it comprised nearly all ninth-graders in Luxembourg. The sample mean age
was 14 years (SD = 0.91), ranging from 12 to 19 years. The majority of participating students had Lux-
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embourgish citizenship (59.2%), followed by Portuguese (24.7%), French (2.2%), Montenegrin (1.8%),
and Serbian (1.6%) citizenship. One half the sample reported a migration background (51.8%) as either
first-generation immigrants (22.3%) or second-generation immigrants (29.5%).

Students on all three tracks of the Luxembourgish three-track secondary school system partici-
pated in this study. The three tracks are the Enseignement Secondaire (ES; classical secondary educa-
tion; n = 1837), the Enseignement Secondaire Technique (EST; general secondary education; n = 3848),
and the Enseignement Préparatoire (EST-PRE; vocational training; n = 799). In Luxemburg, all students
attend primary school together for 6 years, after which they are directed to schools that are on one of
the three tracks. Schools on the ES level are for the strongest students and prepare them for studying
at universities. Schools on the EST level are for medium-strong students and allow them to subse-
quently study at universities or start vocational training. Students attend schools on the EST-PRE dur-
ing vocational training. The names of the tracks have changed since our data collection. We use the
original names here.

Procedure

The school monitoring program is anchored in the Luxembourgish national law and has been
approved by the national committee for data protection. The participants and their legal guardians
were informed before the data collection and had the possibility to opt out. We administered all tests
in the computer rooms of the students’ schools using LUCET’s (Luxembourg Center for Educational
Training) web-based Online Assessment System (OASYS). The achievement measures were
computer-based and comprised a standardized test of mathematical achievement and two standard-
ized language tests (German and French). For each classroom, the study was conducted in a group set-
ting with 15-min breaks provided between the three tests. For the mathematical achievement test and
the number line estimation task, students could choose between French or German as the test lan-
guage. Students could also change the language during the test. For each of the three achievement
tests, students were given 50 min. The test order was randomized between participants. The students
completed the number line estimation task immediately before the mathematical achievement test.
Finally, the participating students completed a self-report questionnaire covering demographic and
motivational characteristics, which took approximately 25 min.

Measures

Number line estimation

The number line estimation task was computerized and comprised 19 trials presented in a fixed
order. The relatively small number of trials was due to the typically very limited time for additional
measures in large-scale student achievement studies. In the first 10 trials, the students indicated
the position of ten whole numbers (450, 946, 731, 500, 129, 301, 677, 48, 865, and 271) on a number
line ranging from O to 1000. In the next 9 trials, the participating students indicated the position of
nine fractions (1/2, 4/9, 2/7,7/9, 1/9, 1/1, 1/3, 3/5, 4/5) on a number line ranging from 0 to 1. In 4 trials
the fraction magnitude could be written as a decimal with a finite number of digits (1/2, 3/5, 4/5, and
1/1), and in 5 trials the fraction magnitude could be written as a decimal with an infinite number of
digits (1/9, 2/7, 1/3, 4/9, and 7/9). Only the end points of the line were marked and labeled (with 0 and
1000 for whole numbers and with 0 and 1 for fractions). There were no additional marks or labels on
the number line. The screen resolution ranged from 853 x 683 pixels to 1787 x 1005 pixels. On all
screens, the number line was 800 pixels long and had a line width of 8 pixels. On the 0-1000 number
lines, each numerical unit (e.g., the distance between 0 and 1) was 800/1000 = 0.8 pixels wide. This
explains why the PAE is rarely exactly 0%, not even for students with perfect number knowledge
(cf. Cohen & Ray, 2020).

The participants entered their answer by moving a slider to a position on the line and confirming
their answer by pressing a button. The slider was located completely at the left on the number line at
the start of each trial. The participants could go back to previous trials and change their answers when
they wanted. We computed estimation accuracy as PAE = 100% * (|correct position — estimated
position | [ numerical range). Thus, a higher PAE indicates lower estimation accuracy. The average total
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duration for the 19 trials was 4.03 min (SD = 2.05), and the mean solution time per trial was 12.88 s
(SD = 6.62). The internal consistencies of both task versions were good (Cronbach’s o = .84 for whole
numbers and o = .79 for fractions).

Mathematical achievement

We assessed mathematical achievement with a standardized test covering mathematical compe-
tencies in (a) numbers and operations, (b) space and form, and (c) functions and change (MENFP
[Ministére de I'Education nationale et de la Formation professionnelle], 2008). The test was con-
structed by a team of researchers, active teachers, and curriculum experts. The newly developed items
were pretested (for Grade 9 in a sample of 263 students) and evaluated based on psychometric crite-
ria. The mathematical problems were similar to the ones used in other large-scale student achieve-
ment studies, for example, PISA (Programme for International Student Assessment) and TIMSS
(Trends in International Mathematics and Science Study). Example items have been published online
(LUCET, n.d.). The test included problems with a wide range of difficulties. Most problem statements
described typical everyday life situations (e.g., selling candy, water dripping from a crane) and
included figures, tables, or similar materials. One half the items had an open item format (e.g., correct
number to be typed in), and the other half had a closed item format (e.g., multiple choice). The test had
an average duration of 41.18 min (SD = 10.33). The test score was standardized to a mean of 500
(SD = 100). A detailed description of how the tests were constructed, scored, scaled, and validated
can be found in the EpStan technical report (Fischbach et al., 2014).

Three different achievement test versions were used to account for the assumed competency level
of each of the three Luxembourgish secondary educational tracks (ES, EST, and EST-PREP). The number
of tasks differed for the three test versions (ES and EST: 28 tasks; EST-PRE: 24 tasks). All three test ver-
sions contained different proportions of easy, medium, and difficult items, but at least one third of the
items were presented for all school forms (Fischbach et al., 2014). These items served as anchor items.
The items were scaled with a unidimensional Rasch model. Thus, the three test versions were brought
to the same scale and could be analyzed together (Fischbach et al., 2014).

Mathematical anxiety

Mathematical anxiety was assessed with 3 items (e.g., “I am very nervous before mathematics
exams”; Fischbach et al., 2014). The students rated each item on a 4-point Likert scale ranging from
1 (not applicable) to 4 (applicable). The scale had been empirically examined in a previous study
(Gogol et al., 2014). This study found an acceptable internal consistency (o = .84) as well as plausible
interrelations with other measures of anxiety, self-concept, achievement, and other student
characteristics.

Mathematical self-concept

Mathematical self-concept was measured by 3 items translated and adapted from the Self-
Description Questionnaire (SDQ; e.g., Marsh & O’Neill, 1984), which is widely used today. An example
item is, “I am good at mathematics” (Fischbach et al., 2014). The participating students rated each item
on a 4-point Likert scale ranging from 1 (does not apply) to 4 (does apply). The adapted items had an
acceptable internal consistency (o = .84) and plausible interrelations with other measures of self-
concept, math anxiety, achievement, and other student characteristics (e.g., Brunner et al., 2010;
Gogol et al., 2014; Keller et al., 2016).

Test motivation
The participating students rated their test motivation on 1 item with a 4-point Likert scale ranging
from 1 (not motivated at all) to 4 (highly motivated).

Conscientiousness

Conscientiousness was assessed with 4 items (e.g., “I work orderly”; Fischbach et al., 2014). The
participating students rated each item on a 4-point Likert scale ranging from 1 (not applicable) to 4
(applicable). The scale demonstrated desirable characteristics, including an acceptable internal
consistency (o = .75), in previous studies (e.g., Keller et al., 2016).
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Demographic characteristics

The participating students indicated their age, gender, migration status, and parents’ profession.
The information on nationality stems from another official database. We assessed students’ SES by
coding parents’ professions according to the International Socio-Economic Index of Occupational Sta-
tus (ISEI; Ganzeboom et al., 1992). In the statistical analyses, we used the highest SES of a student’s
parent.

Trial characteristics

For each trial, we included the number value, the denominator value in trials with fractions, the
distance of the nearest orientation point, the position in the presentation order, whether the fraction
could be written as a decimal with finite or infinite digits of numbers, and the sum of the presented
digits in our analysis. We defined the labeled start point, the midpoint, and the labeled end point of the
number line as orientation points and operationalized the nearest distance of each stimulus to one of
these three orientation points as the trial’s distance to an orientation point. For both number types, we
calculated the sum of the presented digits to investigate whether numbers with higher digits are gen-
erally more difficult to estimate than numbers with smaller digits. For example, the sum of digits for
the presented whole number 271 was 10, and the sum of digits for the presented fraction 1/2 was 3.

Statistical analyses

Because we used population-level data, we focused on descriptive results and standardized effect
sizes (e.g., standardized regression weights). We report p values for significance tests as ancillary
information. Significance tests are used to infer population characteristics from sample characteristics.
They are only of limited usefulness when analyzing population-level data (Cowger, 1984; Gigerenzer
et al., 2004).

We investigated how strongly number line estimation predicts mathematical achievement
(Research Question 2) by conducting two-level regression analyses with persons on Level 1 and class-
rooms on Level 2. Many schools had only one classroom for each grade, so we could not model schools
as a third level. Whenever the educational track was used as a predictor, it was dummy-coded with
the middle track of the three Luxembourgish educational tracks (EST) as the reference category. We
first used bivariate regression models separately for whole-number and fraction estimation to analyze
how strongly number line estimation is associated with achievement. We then entered all other per-
son and classroom characteristics into the models and conducted multiple regressions to examine
whether number line estimation predicts achievement over and above the other variables. In addition,
we examined classification accuracy by analyzing to what extent students’ quartile in the number line
estimation accuracy distribution was the same as their quartile in the mathematical achievement
distribution.

We investigated to what extent variance in number line estimation accuracy can be explained by
classroom characteristics, person characteristics, and trial characteristics by using three-level regres-
sion models with trials on Level 1, persons on Level 2, classrooms on Level 3, and number line estima-
tion accuracy as the criterion. We investigated each predictor in a bivariate regression and then
investigated the combined influence of all predictors in a multiple regression.

The multilevel regressions were conducted with Mplus (Muthén & Muthén, 1998-2017). We
accounted for the non-normal distribution of number line estimation PAE by using the robust maxi-
mum likelihood estimator (MLR).

Results
Preliminary analyses

Three-level baseline regression models revealed that the largest proportion of variance in number
line estimation PAE was on the trial level (67.1% for whole numbers, 70.9% for fractions), followed by
the person level (26.2% for whole numbers, 16.9% for fractions) and the classroom level (6.7% for
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whole numbers, 12.2% for fractions). So, the intraclass correlation coefficients (ICCs) for trials nested
within persons were .262 for whole numbers and .169 for fractions. The ICCs for persons nested within
classrooms were .067 for whole numbers and .122 for fractions.

Research Question 1: Mean estimation accuracy in the population and subpopulations

In line with previous studies, students estimated whole numbers (mean PAE = 5.25%) more accu-
rately than fractions (mean PAE = 11.74%). The histograms in Figs. 1 and 2 indicate that the PAEs for
whole numbers and fractions were right-skewed. Skewness and kurtosis (see Table S1 in online
supplementary material) were below the acceptable cutoff (i.e., +2; Gravetter & Wallnau, 2014) for
fractions but not for whole numbers. See Table S1 for further breakdowns of PAE by the educational
track, quartile of the achievement distribution, gender, and migration background. As expected, PAE
was generally lower for students on higher educational tracks and in higher achievement quartiles.
Figs. S1 to S14 in the supplementary material display the histograms for the four mathematical
achievement quartiles and the three educational tracks. PAE was lower for boys than for girls and
was lower for students without versus with migration background (see Table S1).

Research Question 2: Number line estimation accuracy as predictor of mathematical achievement

We conducted two-level regression analyses with students on Level 1 and classrooms on Level 2 to
examine how strongly number line estimation accuracy predicted mathematical achievement (see
Table 1). The ICC for students nested within classes was .477. In a bivariate regression, accuracy in num-
ber line estimation with whole numbers had a standardized regression weight of B = —.225 and
explained a variance proportion of R? =.051 of mathematical achievement. The sign is negative because
PAE is an error score. We then also included all other person characteristics (mathematical self-
concept, math anxiety, test motivation, conscientiousness, gender, SES, migration status, and computer
screen diagonal) and classroom characteristics (educational track) as predictors and conducted a mul-
tiple regression. This weakened the relation between number line estimation and achievement ( = —.
154). The predictors together explained variance proportions of R?> =.193 on the person level and of R? =
.791 on the school level. The proportion of variance explained on the school level is so high because stu-
dents in different tracks of the educational system differ strongly in their achievement and we used the
educational track as the classroom-level predictor of achievement.

We repeated these analyses for number line estimation with fractions (see Table 1). In the bivariate
regression, number line estimation with fractions had a standardized regression coefficient of
p= —.384 and explained a variance proportion of R?> = .147. In the multiple regression, this relation
was slightly weaker (B = —.264). In the multiple regression, all predictors together explained variance
proportions of R? = .232 on the person level and R? = .787 on the school level.

We also examined the classification accuracy, that is, to what extent students’ quartile in the dis-
tribution of number line estimation PAE can be used to predict their quartile in the distribution of
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Fig. 1. Distribution of percent absolute error for whole-number estimation.
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Fig. 2. Distribution of percent absolute error for fraction estimation.

Table 1
Standardized regression weights (§) and proportions of explained variance (R?) from two-level regressions with classroom- and
person-level characteristics as predictors of mathematical achievement.

Predictor Mathematical achievement
Bivariate Multiple regression
regression
Number line Number line
estimation with estimation with
whole numbers fractions
B R? B R? i R?
Level 2: Classrooms 7915 787"
Educational track (0 = EST, 1 = ES) .782* .612% .669* 421 .679* 434
Educational track (O = EST, 1 = EST-PREP) —.595* .355% —.443* 176¢ —.429° .155°¢
Level 1: Persons 1935 2320
Whole-number estimation accuracy —.225* .051%* —.154"* .021°¢ - -
Fraction estimation accuracy —.384" 147 - - —.264" .056°¢
Mathematical self-concept 241* .058% .258* .038° 223* .024°
Math anxiety —.208* 043 —.106* .009° —.098* .008°
Test motivation .130* .017% .044* .006° .043* .004°
Conscientiousness .083* .007% —.042" .001°¢ —.026 .000%¢
Gender (1 = female, 2 = male) 204" 042+ .098* .014°¢ .079* .009°
Socioeconomic index .252° 063 .005 .012¢ .001 .006°
Migration status (0 = yes, 1 = no) 212% .045% .070* .004¢ .061* .003°
Computer screen diagonal in pixels .019 .000* .030 .001°¢ .035 .001°¢

Note. ES, Enseignement Secondaire (highest track of the three-track Luxembourgish school system); EST, Enseignement Sec-
ondaire Technique (middle track of the three-track Luxembourgish school system); EST-PREP, Enseignement Préparatoire
(lowest track of the three-track Luxembourgish school system).

3 R? refers to the unique variance explained by the included predictor in the bivariate regression analyses.

b R? refers to the total variance explained by the set of predictors on each level.

¢ R? for each predictor was calculated as the difference between the total value of R? in the multiple regression including all
predictors and the total value of R? after running the same model without the relevant predictor.

94 Values less than zero were winsorized to zero.

" p<.05.

mathematical achievement. The results are shown in the supplementary material (Table S2 for
whole-number estimation and Table S3 for fraction estimation). For whole-number estimation, the
estimation accuracy quartile and the mathematical achievement quartile were the same for 38.9%
of the students. They diverged by only one quartile (e.g., a person is in the third quartile in one distri-
bution and in the fourth quartile in the other) for another 40.3% of the students. For fraction estima-
tion, the estimation accuracy quartile and the mathematical achievement quartile were the same for
43.5% of the students. They diverged by only one quartile for another 41.7% of the students.
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Research Question 3: Correlates of number line estimation accuracy on the classroom, person, and trial
levels

Table 2 displays the results from a series of three-level bivariate regressions with classroom-level,
person-level, and trial-level variables as predictors of the PAE in the number line estimation tasks. In
the whole-number estimation task, students on the lowest educational track had a higher PAE (B =
.687) and students in the highest educational track had a lower PAE ( = —.539) than students in
the middle educational track. Among all variables on the person level, mathematical achievement
was most strongly related to number line estimation PAE (B = —.377). Relations with other motiva-
tional and demographic variables were considerably weaker (all Bs < |.168|). On the trial level, all
included characteristics were related to the PAE in the whole-numbers number line estimation task.
The strength of these bivariate relations ranged from f = .289 for the distance from the nearest orien-
tation point to B =.076 for the number value. When all predictors were entered as predictors in a mul-
tiple regression, mathematical achievement predicted number line estimation PAE over and above the
other predictors with B = —.248. In general, the effect sizes found in the bivariate regressions were
higher than the ones found in the multiple regressions. This was expected because all the predictors

Table 2
Standardized regression weights (B) and proportions of explained variance (R?) from three-level regressions with classroom-level,
person-level, and trial-level characteristics as predictors of number line estimation percent absolute error.

Predictor Whole-number estimation Fraction estimation accuracy
accuracy
Bivariate Multiple Bivariate Multiple
regression regression regression regression
B R? B R? B R? i R?
Level 3: Classrooms 465 614>
Educational track (0 = EST, 1 = ES) —.539° 290" -.203* .049° —.617° 381" —-.312* .064°
Educational track (0 = EST, 1 = EST-PREP) 687 .472% .602*  .358¢ 681" .464" 645" .396°
Level 2: Persons .098"* 288"
Mathematical achievement —-.377° .142%" 248" .000° -.564" 318" —-411" .037°
Mathematical self-concept —.153* .023** -.042 .008° 284" .081"" -—.143" .018°
Math anxiety 134% .018% .028 .021°¢ 209°  .044% .021 .002¢
Test motivation —.084* .007** —.019 .034°¢ —.118* .014** —-.004 .017¢
Conscientiousness .002  .000° .017  .001° .040  .002° .066" .004¢
Gender (1 = female, 2 = male) —.168° .028%* -.107* .068° —-.263" .069"* -.145" .053¢
Socioeconomic index —.024 .001° 022 .001¢ —.056* .003* —.025 .000
Migration status (0 = yes, 1 = no) —.048* .002° —-.005 .000°“ —.084* .007°* —.044* .006°
Computer screen diagonal in pixels -.049 .002* -.037 .023° -.003 .000° -.021 .000°
Level 1: Trials .109°* 037
Number value .076* .006"* .012 .019¢ —.007 .000" 101" .002°¢
Denominator value - - - - —.051* .003** 429" .004¢
Distance from nearest orientation point 289" .083"" 279" .080° A117.012% .029*  .001°¢
Position in the presentation order .161*  .026%* .041*  .021° .101*  .010%* 133" .008°¢
Finite number of digits in decimal notation - - - - —.029° .001** —-.006 .000°
(0 =no, 1 =yes)
Sum of digits .147%.022% .120%.027¢ 113%.013" —.263" .002¢

Note. ES, Enseignement Secondaire (highest track of the three-track Luxembourgish school system); EST, Enseignement Sec-
ondaire Technique (middle track of the three-track Luxembourgish school system); EST-PREP, Enseignement Préparatoire
(lowest track of the three-track Luxembourgish school system).

3 R? refers to the unique variance explained by the included predictor in the bivariate regression analysis.

b R? refers to the total variance explained by the set of predictors on each level.

¢ R? for each predictor was calculated as the difference between the total value of R? in the multiple regression including all
predictors and the total value of R? after running the same model without the relevant predictor.

94 Values less than zero were winsorized to zero.

" p<.05.

12



S. Nuraydin, J. Stricker, S. Ugen et al. Journal of Experimental Child Psychology 225 (2023) 105521

were relevant for mathematics learning and hence were intercorrelated. Due to this multicollinearity,
the results of the multiple regressions need to be interpreted with caution.

In the fraction estimation task, students in the lowest educational track displayed a higher PAE (B =
.681) and students in the highest educational track displayed a lower PAE (B = —.617) than students in
the middle educational track. Among all predictors on the person level, mathematical achievement
was more strongly related to PAE (B = —.564) than all other person-level characteristics (all
Bs < |.284]). On the trial level, greater distance from the nearest orientation points (f =.111) and a
higher position in the presentation order (g =.101) were associated with a higher PAE. When all pre-
dictors were entered as predictors in a multiple regression, mathematical achievement predicted
number line estimation PAE over and above the other predictors with B =—.411. Again, as expected,
the effect sizes found in the bivariate regressions were higher than the ones found in the multiple
regressions due to the multicollinearity of the predictors.

We also examined to what extent the relation between number line estimation PAE and mathe-
matical achievement differed between the quartiles of mathematical achievement. To this end, we
computed, separately for each quartile of achievement, a bivariate three-level regression with math-
ematical achievement as a predictor of number line estimation PAE. The resulting regression coeffi-
cients are listed in Table S4 of the supplementary material, where the relations are visualized in
Figs. S15 and S16. Due to the restricted variance, the relations were generally weaker in the quartiles
than in the overall population. Whole-number estimation and achievement were more closely related
in the first achievement quartile (i.e., for low-achieving students) than in the other quartiles. Fraction
estimation and achievement were more closely related in the fourth achievement quartile (i.e., for
high-achieving students) than in the other quartiles.

Discussion
Research Question 1: Comparison standards

We provided benchmarking data for number line estimation accuracy in the population of Luxem-
burgish ninth-graders and several relevant subpopulations (students differing in their educational
tracks, quartiles of mathematical achievement, gender, or migration background) (Research Question
1). The subpopulations differed substantially in the mean accuracy of their estimates. For example,
students on the highest educational track (PAE = 5.55) estimated fractions about four times more
accurately than students on the lowest track (PAE = 22.55). Students in the highest mathematical
achievement quartile (PAE = 4.56) estimated fractions about four times more accurately than students
in the lowest achievement quartile (PAE = 20.64). This shows that subpopulation-specific comparison
standards can be useful when interpreting a person’s number line estimation accuracy.

Research Question 2: Number line estimation accuracy as predictor of performance

A meta-analysis had found strong bivariate correlations between number line estimation and
mathematical achievement (Schneider et al., 2018). We successfully replicated the finding that num-
ber line estimation and achievement are correlated (see Ellis et al., 2021, for another successful repli-
cation attempt). However, the standardized regression coefficients from bivariate regressions found in
our study were somewhat lower (.225 for whole numbers and .384 for fractions) than the correlations
in the meta-analysis (.381 for whole numbers and .529 for fractions in children older than 9 years).
There are at least three differences between the meta-analysis and our study that can explain why
the effect sizes were smaller in our study. First, the meta-analytic results were upward corrected
for measurement unreliability, whereas the current results were not. Previous studies not adjusting
their results upward for measurement unreliability reported associations between number line esti-
mation and mathematical achievement similar to the ones reported in the current study (e.g.,
r = —.34 for whole numbers: Tosto et al., 2017; r = .42 for fractions: Rodrigues et al, 2019). Second,
the correlation between number line estimation and achievement increases with the number of num-
ber line estimation trials used in the studies (Schneider et al., 2018). The studies in the meta-analysis
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used 22 trials on average, whereas we used only 10 trials with whole numbers and 9 trials with frac-
tions. Finally, in the meta-analysis, most sample mean ages were younger than 14 years, whereas our
participants here had a mean age of 14 years. For whole-number estimation, the meta-analysis had
found that the correlation is strongest for 6- to 9-year-old children and is weaker for younger and
older children. For fraction estimation, the meta-analysis had found that the correlation is higher
for children older than 9 years than for children aged 6 to 9 years. Together, these results suggest that
the number line estimation task with whole numbers between 0 and 1000 might be more useful when
testing primary school students and that the task with fractions between 0 and 1 might be more useful
when testing secondary school students.

Going beyond the meta-analytic findings, we showed that the estimation-achievement relation
weakens but does not vanish when it is controlled for a wide range of person characteristics and class-
room characteristics. This leaves open the possibility that number line estimation is causally related to
mathematical achievement. It remains a task for future studies to test hypotheses about causation in
experimental designs.

Research Question 3: Sources of individual differences in number line estimation accuracy

We examined which predictors on the classroom level, person level, and trial level explained vari-
ance proportions of number line estimation accuracy. A high level of covariance between number line
estimation and achievement would indicate a high convergent validity of the number line estimation
task as a measure of mathematical achievement. Low levels of covariance between number line esti-
mation and measures other than achievement would indicate a high discriminant validity of the num-
ber line estimation task as a measure of mathematical achievement. We found that mathematical
achievement explained proportions of the between-person variance in number line estimation of
14.2% for whole numbers and 31.8% for fractions. Each other person characteristic explained less than
3% of the variance for whole numbers and less than 9% of the variance for fractions. Number line esti-
mation was strongly related to the education track. This was not surprising because students with
higher aptitude attend higher tracks and mathematical instruction is more demanding on the higher
tracks. Overall, the number line estimation task had satisfactory convergent validity and excellent dis-
criminant validity in that it reflected mathematical achievement to a much higher degree than all
other person characteristics, that is, mathematical self-concept and anxiety, test motivation, conscien-
tiousness, gender, SES, and migration status. Trial characteristics explained a proportion of 10.0% of
the variance on the trial level. This indicates that the characteristics of the presented numbers need
to be considered when using the number line estimation task as a component of standardized assess-
ments. We return to this point below.

The number line estimation task as a diagnostic tool

What are the implications of this study for the use of number line estimation tasks as diagnostic
tools for mathematical achievement? Overall, our findings support the validity of the number line esti-
mation task as part of mathematical achievement tests or as a short assessment to approximate math-
ematical achievement in situations where a full test cannot be used. Obviously, short assessments
have less desirable psychometric qualities than full tests. This can be seen here.

Number line estimation with whole numbers explained 5.1% of the variance of mathematical
achievement, and number line estimation with fractions explained 19.3% of the variance of mathemat-
ical achievement. By the standards set by Cohen (1992), these effect sizes are small to medium for
whole numbers and medium to large for fractions. So, as expected, the number line estimation task
cannot fully replace a 40-min, standardized, curricularly valid Rasch scaled achievement test. This
is further supported by the classification accuracy; when we used the number line estimation accu-
racy quartiles to predict the mathematical achievement quartiles, the classification accuracy was
38.9% for whole numbers and 43.5% for fractions. These values are far from being perfect. However,
they are still high when considering that we used only 10 trials of number line estimation with whole
numbers and only 9 trials of number line estimation with fractions. Most previous studies used more
number line estimation trials, which increases the correlation between number line estimation and
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achievement (Schneider et al., 2018). Thus, we likely would have found higher correlations in our
study if we had included more trials.

The correlation between number line estimation and achievement found in our study is substan-
tially strong in comparison with the effect sizes found for other variables frequently used as predictors
or covariates of mathematical achievement. Number line estimation explained variance proportion of
achievement of 5.1% for whole numbers and 19.3% for fractions in our study. By comparison, previous
meta-analyses found that nonsymbolic magnitude comparison explains a variance proportion of
mathematical achievement of 5.8% (Schneider et al., 2017), symbolic magnitude comparison explains
9.1% (Schneider et al., 2017), working memory explains 12.3% (Peng et al., 2016), spatial ability
explains 7.3% (Xie et al., 2020), and fluid intelligence 16.8% (Peng et al., 2019). For arithmetic, we
did not find a meta-analysis. Nunes et al. (2011) reported that arithmetic explained about 5% to 8%
of the variance in mathematical achievement over and above intelligence and working memory in a
large sample of British school students. Torbeyns et al. (2015) found that number line estimation accu-
racy with fractions predicted mathematical achievement better than fraction arithmetic did. This find-
ing was consistent over small samples of Belgian, Chinese, and U.S. sixth- and eighth-graders. Thus, 9
trials of number line estimation with fractions predict mathematical achievement better than many
other commonly used predictors of achievement and about equally well as standardized intelligence
tests, which comprise many more tasks and take much more time than our number line task. Seen this
way, the number line task is far from being perfect and yet, at the same time, is highly useful for diag-
nostic purposes.

The measurement of mathematical achievement is a central component of the diagnostic process
for dyscalculia or mathematical giftedness. We had no additional measures of dyscalculia or gifted-
ness, so we could not cross-validate the findings obtained with our mathematical achievement test.
However, at least for dyscalculia, there are studies that investigated smaller samples in greater detail
and found that dyscalculic learners have lower accuracy and use less effective solution strategies in
number line estimation (e.g., Lafay et al., 2016; van’t Noordende et al., 2016). These findings cross-
validate our own findings.

Which number line task version should be used for ninth-graders? Overall, mathematical achieve-
ment was more strongly related to the PAE in the fractions number line estimation task (r = —.533)
than in the whole-numbers number line estimation task (r = —.359). This result mirrors findings from
the previous meta-analysis (Schneider et al., 2018). This stronger association between fractions num-
ber line estimation accuracy and mathematical achievement might be explained through overlapping
competencies that are required for the fractions number line estimation task and mathematical
achievement tests (Link et al., 2014). A higher sensitivity of the fractions number line estimation task
for capturing differences in mathematical achievement is also indicated by the pattern of differences
between different subpopulations; differences between students from different educational tracks and
quartiles of mathematical achievement were more strongly pronounced for the fractions number line
task than for the whole-numbers number line task. Thus, the fractions number line estimation task
may be useful for identifying both dyscalculic and mathematically gifted students and for assessing
mathematical achievement in students with average levels of mathematical achievement.

What are the implications of the influence of trial-level characteristics on number line estimation
accuracy for designing and comparing number line estimation tasks? The analysis of variance compo-
nents revealed that a substantial proportion of variance in number line estimation occurs on the trial
level (67.1% for whole numbers, 70.9% for fractions) compared with the classroom level and person
level, which played a smaller role. This variance could systematically be explained by trial-level char-
acteristics such as the distance from the nearest orientation point across the two versions of the num-
ber line estimation task. Thus, number line estimation accuracy depends on characteristics of the
numbers that are included in the respective number line estimation task. This finding has two major
implications. First, researchers and practitioners may systematically vary the difficulty of the applied
number line estimation tasks by altering trial-level characteristics (e.g., by including numbers with a
larger distance to orientation points). Second, this finding shows that estimation accuracy cannot be
compared across studies using different stimuli in the number line estimation task (see Lai et al., 2018,
for further evidence). Thus, to keep the results comparable across studies, it might be useful to create
standardized sets of stimuli (numbers) for assessing number line estimation accuracy. To avoid ceiling
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or floor effects, different sets of numbers need to be created for different populations (e.g., primary
school students, secondary school students), and the number type, number range, and other trial char-
acteristics need to be carefully chosen to be adequate for this population.

Relations of number line estimation with further person-level variables

Although number line estimation accuracy was most strongly related to mathematical achieve-
ment on the person level, some noteworthy relations with motivational and demographic character-
istics emerged. This study provided the first evidence for positive relations of mathematical self-
concept and test motivation with number line estimation accuracy. They show that number line esti-
mation accuracy is not purely determined by cognitive variables. We also found that gender and
migration status were related to number line estimation accuracy. Previous research found that a male
advantage in mathematics could be partly explained by more positive mathematical attitudes and
self-efficacy (e.g., Else-Quest et al., 2010). However, our results showed that differences in motiva-
tional variables do not fully account for gender differences in number line estimation accuracy. Fur-
ther research on the network of interrelations between cognitive mathematical processes,
motivational processes, and language in number line estimation is needed.

Limitations and future directions

There are several limitations to this study. First, we could not control for cognitive correlates of
number line estimation accuracy and mathematical achievement in our analyses. Thus, we cannot rule
out the possibility that domain-general cognitive abilities account for the relation of number line esti-
mation accuracy and mathematical achievement in our sample. However, previous studies have
demonstrated unique relations of number line estimation accuracy with mathematical competencies
beyond variables such as intelligence (e.g., Siegler & Booth, 2004) and working memory capacity (e.g.,
Zhu et al., 2017). In addition, even if the number line estimation accuracy-mathematical achievement
relation were accounted for by domain-general cognitive abilities, the number line estimation task
would still be a useful screener for mathematical achievement due to its briefness (~4 min total in
our study) compared with measures of domain-general cognitive abilities and other measures of
mathematical achievement.

Second, we used a cross-sectional design, so we cannot draw any conclusions regarding causality.
Longitudinal research and experimental research are needed to investigate the developmental inter-
play of number line representation, mathematical achievement, and motivational and demographic
variables. Such studies could also test the influence of classroom-level characteristics on the codevel-
opment of number line representation and mathematical achievement.

Third, we did not systematically assess classroom-level variables (e.g., teacher competence, char-
acteristics of classroom instruction). Thus, it is unclear which characteristics of the classroom or the
instruction are responsible for the large between-classroom variance. This remains an open question
for future research.

Fourth, our sample was homogeneous in that all students were from the same school year and
country. Future research is needed to test the generalizability of our findings to countries differing
from Luxembourg in school forms or student demographics. There are reasons to expect high gener-
alizability. In PISA 2015, students in Luxembourg had a mathematical literacy score of 486, which is
very similar to the OECD (Organization for Economic Cooperation and Development) overall mean
of 490 (Boehm et al., 2016). Thus, at least in terms of achievement, the Luxembourgish students are
representative for students in the OECD. Our findings from Luxembourg are also well in line with
the findings of a meta-analysis aggregating data from 11 countries in North America, Europe, and Asia
(Schneider et al., 2018).

Conclusion

This study showed that subpopulations differ in their number line estimation accuracy, so
subpopulation-specific norms might be helpful when using the number line estimation task as a diag-
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nostic tool for mathematical achievement. The number line estimation task has an acceptable conver-
gent validity in that it predicts mathematical achievement better than or as well as nonsymbolic mag-
nitude comparison, symbolic magnitude comparison, spatial ability, working memory, and fluid
intelligence. This is remarkable because number line estimation requires fewer trials and less time
than most of the other measures. The number line estimation task had an excellent discriminant valid-
ity in that it reflected mathematical achievement to a much greater extent than it reflected any other
person characteristic investigated in our study. Thus, the number line estimation task can be used as a
brief diagnostic tool for predicting and monitoring mathematical achievement. In secondary school
students and high-achieving students, the number line estimation task with fractions has a higher
sensitivity for individual differences than the task with whole numbers.

Data availability

The authors do not have permission to share data.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jecp.2022.
105521.
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