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a b s t r a c t

Children's intuitive understanding of number, i.e. number sense, is associated with individual differences
in mathematics achievement. To investigate the causal association between number sense, traditionally
assessed with comparison or number line estimation tasks, and mathematics achievement, often
assessed with an arithmetic test, an intervention study was conducted that aimed at training either
comparison or number line estimation skills. We contrasted a comparison and number line estimation
training. By doing so, we wanted to address the question which intervention had the largest effect on
arithmetic. In addition, such a direct comparison between comparison and number line estimation
trainings would allow us to get more insight in the association between both tasks. Participants were 151
five-year-olds that were randomly allocated to either an experimental condition (i.e. comparison or
number line estimation) or one of the two control conditions (i.e., active control condition and empty
control condition) in a pretest-posttest design measuring number knowledge, (non-)symbolic compar-
ison and number line estimation and arithmetic. The results showed that both comparison and number
line estimation trainings had a positive effect on arithmetic. However, the absence of transfer effects
from one task to another, also suggested that comparison and number line estimation rely on different
mechanisms and probably influence arithmetic through different mechanisms.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mathematical ability plays an important role in one's daily-life
and professional activities. For instance, Dieckman, Slovic, and
Peters (2009) observed that people low in mathematical ability
have problems with integrating numerical information in decision
making. Although mathematical ability is also influenced by envi-
ronmental factors like socioeconomic status (e.g., Jordan & Levine,
2009) and general cognitive factors like working memory (e.g.,
Friso-van den Bos, van der Ven, Kroesbergen, & van Luit, 2013),
there is now considerable evidence to suggest that mathematical
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ability also builds upon an intuitive understanding of number, i.e.
number sense (Dehaene,1997) that can already be observed in very
young children through the presence of a set of basic number skills
(e.g., Halberda & Feigenson, 2008; Holloway & Ansari, 2009;
Sasanguie, De Smedt, Defever, & Reynvoet, 2012). This observa-
tion has motivated researchers to develop training programs that
focused on (some of) these basic number skills in order to improve
children's mathematical achievement (e.g., Ramani& Siegler, 2008;
Wilson, Dehaene, Dubois,& Fayol, 2009). However, it is still unclear
whether these different numerical training programs are equally
effective. In this study, we compared the effects of two different
interventions, training number comparison and on number line
estimation skills. Both skills are assumed to operate on the repre-
sentation of number (Laski& Siegler, 2007). By analysing the effects
of both interventions on other number skills and arithmetic, we
will examine whether both skills build on a common underlying
mechanism and clarify which intervention has the largest effect on
arithmetic ability.
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1.1. Number sense

Researchers have defined the term number sense in different
ways. For instance, Berch (2005) made a list of more than 30 def-
initions ranging from elementary definitions about quantity, a
typical definition from cognitive psychology, to more complex
skills, such as flexibility with operations and procedures, a defini-
tion shared among mathematics educators (see also Reynvoet,
Smets, & Sasanguie, 2016). Here, we define number sense as is
typically done in cognitive psychology. Number sense is considered
as the intuitive understanding of numbers that is demonstrated
through successful discrimination of visual sets on the basis of
number or understanding the result of manipulations (e.g., adding
or subtracting elements) with such visual sets (Dehaene, 1997).
These abilities are grounded in a cognitive system often referred to
as the ‘approximate number system’ (ANS). This system makes it
possible for infants, but also non-human species to discriminate
non-symbolic numbers (e.g., Nieder & Dehaene, 2009). Several
authors assume that, later in development, numerical symbols (e.g.,
Arabic number symbols) are mapped on this ANS (e.g., Barth, La
Mont, Lipton, & Spelke, 2005; Holloway & Ansari, 2009; Mundy
& Gilmore, 2009, but see; Carey, 2009). As a consequence, the
concept number sense implicitly also refers to the representation of
numerical symbols because they activate the same representation
as a numerical equivalent visual set of objects.

The characteristics of this number representation are typically
assessed with a number comparison task. In a comparison task,
participants have to indicate which of two presented stimuli (i.e.,
digits or dot arrays) is more. Performance on this task results in a
distance effect and a size effect (e.g. Holloway & Ansari, 2009). The
distance effect refers to the observation that decisions are more
difficult when the numerical distance between the stimuli is small.
The size effect reflects more difficult discriminations for numerical
larger numbers. Both observations resulted in the popular idea that
numbers are represented on a ‘mental number line’, which obeys
Weber-Fechner's law and represents numbers in an approximate
and compressed way (i.e. noisier representations for larger
numbers, Dehaene, 1997; Gallistel & Gelman, 1992).

The mental number line concept has inspired Siegler and Booth
(Booth & Siegler, 2006; Siegler & Booth, 2004) to assess number
representations through number line estimation tasks, an approach
that was followed by many others (e.g. Dehaene, Izard, Spelke, &
Pica, 2008; Link, Nuerk, & Moeller, 2014). In the number line esti-
mation task, participants have to indicate the position of a non-
symbolic or symbolic number on an empty line. The idea behind
this task is that the positioning of numbers on the external line
reflects the organisation of the underlying mental number line.

However, the idea that number comparison and number line
estimation skills rely on the same representation of numbers has
been recently debated (e.g. Barth& Paladino, 2011; Link et al., 2014;
Sasanguie& Reynvoet, 2013). For instance, Sasanguie and Reynvoet
(2013) examined the association between the size effect observed
in the comparison task and the amount of compression for larger
numbers observed in the number line estimation task. The asso-
ciation between both indices was not significant, suggesting that
different representations or mechanismsmight be stake. A possible
explanation for this unrelated performance can be found in the
study of Barth and Paladino (2011). They argued that subjects use
anchor points to place a number on an empty number line. As a
consequence, number line placements are based on proportion
reasoning, taking the visual begin and endpoints and, at a later age
even the implicit midpoints of a line, into account. This requires
spatial reasoning as well as arithmetic skills to perform this task,
which is less important in the comparison task (see also Link et al.,
2014).
1.2. Association between basic number skills and mathematical
achievement

Although it is debated whether the same representation is
involved in both tasks, many studies have shown that the per-
formance on both tasks is related to (later) individual differences
in mathematical achievement. Many studies have revealed a
predictive association between number comparison and mathe-
matical achievement: fast and/or accurate comparison of
numbers is related to better performance on a general mathe-
matical achievement test (e.g., De Smedt, Verschaffel, &
Ghesqui�ere, 2009; Feigenson, Libertus, & Halberda, 2013;
Sasanguie, G€obel, Moll, Smets, & Reynvoet, 2013). Similarly, the
accurate positioning of the numbers in a number line estimation
task is related to better performance on a general mathematical
achievement test (Booth & Siegler, 2006; Link et al., 2014;
Sasanguie et al., 2013).

Currently, researchers still disagree whether non-symbolic or
symbolic number processing is more related to later mathematical
achievement. Several studies have shown that discrimination of
non-symbolic stimuli is related to the score on a mathematical
achievement test (e.g. Feigenson et al., 2013; Halberda, Mazzocco,&
Feigenson, 2008; Piazza et al., 2010). In contrast, other studies
found that the processing of symbolic numbers, but not non-
symbolic numbers, is related to mathematical achievement (e.g.
Holloway & Ansari, 2009; Sasanguie et al., 2012; Vanbinst,
Ghesqui�ere, & De Smedt, 2015). To date, these different positions
concerning what is the best predictor for mathematics achieve-
ment, symbolic or non-symbolic processing, still exist. However,
narrative reviews (e.g. De Smedt, No€el, Gilmore, & Ansari, 2013)
and a meta-analysis (Schneider et al., 2016) indicate that, although
both are related tomathematics achievement, the relation between
symbolic number processing and mathematics achievement is
significantly more robust.

1.3. Training studies

To investigate whether number sense and mathematical
achievement are causally related, several training studies were
conducted to investigate whether mathematical achievement, in
several studies assessed with an arithmetic test, improved after
training number sense abilities such as comparison or number line
estimation (for a review, see De Smedt et al., 2013). For example,
some intervention studies have made use of “The Number Race”
game (Wilson et al., 2006), a computer program in which children
were presented different formats of comparison tasks, adapted to
their performance level (Obersteiner, Reiss, & Ufer, 2013; R€as€anen,
Salminen, Wilson, Aunio, & Dehaene, 2009; Wilson et al., 2009).
Although the game contained a lot of practice with comparison,
children also had to count while moving an object on a number
board when they answered correctly. After training, children per-
formed more accurate and faster on comparison tasks and in some
of the studies, also improvement in arithmetic performance was
observed (Obersteiner et al., 2013; Wilson et al., 2009). In another
study, Hyde, Khanum, and Spelke (2014) trained first graders either
with a non-symbolic comparison task or with a non-symbolic
addition task, in which two non-symbolic stimuli had to be
added first and then compared with a third stimulus. Both trainings
led to improvement in symbolic arithmetic. Park and Brannon
(2014) showed that also adults benefit from practicing with non-
symbolic addition: Non-symbolic addition training resulted in
improvement on two and three digit addition problems, whereas
practice with other tasks did not.

Other training studies have focused on number line estima-
tion (e.g., Kucian et al., 2011; Link, Moeller, Huber, Fischer, &
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Nuerk, 2013; Ramani & Siegler, 2008, 2011; Siegler & Ramani,
2009). For instance, in a series of studies, Ramani and Siegler
embedded this task into a board game in which children had to
move a token a certain number of squares and investigated
which type of board game (i.e., linear versus circular number
board game or number versus coloured board game) induced the
largest effect on children's number line estimation. Playing with
the linear number board game induced larger improvements on
number line estimation compared to the circular one (Ramani &
Siegler, 2011; Siegler & Ramani, 2009) or the coloured version
(Ramani & Siegler, 2008; Ramani, Siegler, & Hitti, 2012). These
authors also observed transfer effects to arithmetic after playing
with the linear number board version (Ramani & Siegler, 2011;
Siegler & Ramani, 2009). Kucian et al. (2011) developed a
computerized game, “Rescue Calcularis”, in which children had to
position the magnitude or the outcome of the arithmetic prob-
lem on the number line. Results showed enhanced performance
on number line estimation tasks and improvement on
arithmetic.
1 In Belgium, compulsory education starts in primary school (i.e. around the age
of 6 years). However, although it is not compulsory, the majority of children typi-
cally start in kindergarten at about 3 years old. Kindergarten consists of 3 grades. In
the present sample, all children started school in the first year of kindergarten and
they were now in their third year of kindergarten.
1.4. The present study

The goal of the present study was to compare the effects of
comparison and number line training on mathematical achieve-
ment. Previous studies have shown that training of both tasks
resulted in higher mathematical achievement, demonstrating the
causal role of both comparison and number line estimation skills.
However, the effects of both type of trainings on mathematical
achievement have not been compared directly, leaving the
question what the most effective training is, unanswered. A first
goal of the present study was to provide an answer on this
outstanding question. The second goal of this study was to further
investigate the relation between comparison and number line
performance. As we have mentioned, it is debated whether both
tasks rely on the same representation of numbers, i.e. mental
number line. We will do this by investigating the effect of a
specific number sense training (comparison vs. number line
training) on comparison and number line estimation skills. If
comparison and number line tasks reflect the same underlying
mental number line, we expected that practising comparison
would generalize to improvements in number line estimation
skills and vice versa. In contrast, if both skills rely on different
mechanisms, no transfer effects to the other, untrained number
sense skill, are expected.

To investigate these questions, we used the K-games of Dudeman
& Sidegirl: Operation clean world (Linsen et al., 2015). These tablet
games were developed for children in the final year of kindergarten
in Flanders (Belgium) (i.e. around the age of five and a half).
Kindergarten children were chosen because children at this age are
still in the process of acquiring themeaning of Arabic digits (Vlaams
Ministerie van Onderwijs en Vorming Agentschap voor
Kwaliteitszorg in Onderwijs en Vorming, 2010), a process that is
explicitly targeted by these games. An active and an empty control
condition were included to assure that the improvements on the
dependent measures were due to number sense training. In the
active control condition, children had to play with Mega memory
Match, an existing game on tablets (GiggleUp Kids Apps And
Educational Games Pty Ltd, 2013). This active control condition
was included to control for effects of motivation - playing with a
tablet is an activity the kindergartners typically do not do during
class. In the empty control group, children did not play with a tablet
game and stayed in their classroom participating in the normal
classroom activities. This empty control condition was included to
control for test-retest effects.
2. Method

2.1. Participants

Originally, 160 children in the third year of kindergarten1 from
ten classes from five different schools participated in the study.
Most of these children were from middle-to-high socio-economic
status (SES) families as indicated by the highest educational degree
of the mothers that was secondary education (31%), bachelor level
(34%) or master level (30%). Five percent did not respond to this
question. Five children (2 children in the number line estimation
condition, 2 children in the comparison condition, and 1 child in
the active control condition) did not have Dutch as their mother
tongue, but their level of Dutch was sufficient to attend the class
and the intervention. Within each class, children were randomly
assigned to one of the four intervention conditions. Four children (2
children in the number line estimation condition, and 2 children in
the comparison condition) were excluded from analyses because
they were frequently absent during the intervention period.
Another five children (3 children in the number line estimation
condition, 1 child in the comparison condition, and 1 child in the
active control condition) were also excluded because they were
absent at the post-test. The final sample thus consisted of 151
kindergartners, of which 47 children participated in the compari-
son condition (Mage (t1) ¼ 5.44 years, SD ¼ 0.31; 23 boys), 41 chil-
dren in the number line estimation condition (Mage (t1) ¼ 5.49
years, SD ¼ 0.29; 18 boys), 37 children in the active control con-
dition (Mage (t1)¼ 5.43 years, SD¼ 0.27; 14 boys), and 26 children in
the empty control condition (Mage (t1) ¼ 5.32 years, SD ¼ 0.31; 14
boys).
2.2. Procedure and materials

The intervention study was conducted in the first quarter of the
school year (SeptembereNovember). In the pre- and post-test,
children's number sense and arithmetic were measured. During
the intervention, children in the comparison, number line estima-
tion, and active control condition played 6 sessions of approxi-
mately 10 min with a tablet game over a period of three weeks,
resulting in a total practice time of about 60 min. These children
were trained in a quiet separate room in the school, in groups of
about five children. In each session, they were instructed to com-
plete two or three levels. After completing the levels in each ses-
sion, the child had to log out from the game. In the following
session, the game restarted automatically at the level where the
player ended the previous time. Childrenwore headphones so they
could hear the auditory instructions and feedback. An experi-
menter was present during all sessions to log-on the children on
the tablet and to help them with possible practical problems. The
children in the empty control condition did not play with a tablet
game, and had to stay in the classroom and participated in regular
kindergarten activities.
2.3. Pre- and post-measures

In the pre- and posttest, two number knowledge tasks were first
included to investigate whether children were familiar with Arabic
digits and their semantic meaning. Children's number sense skills
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were measured with two comparison tasks and two number line
estimation tasks. These tasks were run on a tablet (iPad 2 Wi-Fi
16 GB with 9.7 inches display). Screenshots of number knowledge,
comparison and number line estimation tasks are shown in Fig.1. In
addition to these tasks, children also completed two standardized
arithmetic tests.
2.3.1. Number knowledge tasks
In a variant of the give a number task (Condry & Spelke, 2008),

children were shown the digits 3, 5, 7, and 9 in random order and
for each digit they had to tap the same number of dots on the tablet
screen.

In the connecting task, an Arabic digit was shown and the child
Fig. 1. Screenshots of the number knowledge, co
had to select which of three collections of dots corresponded to that
digit. Incorrect response alternatives differed in numerical distance
from the correct response, one alternative with one digit away and
one with more than two digits away. All single digits were included
in this task. For each correct answer, the child was given one point.
2.3.2. Comparison tasks
The stimuli in the symbolic comparison task were all single

digits; 16 trials had a numerical distance of 1 and 16 trials with a
numerical distance of 4, resulting in 32 trials in total. The stimuli in
the non-symbolic tasks were dot arrays. One of the dot arrays al-
ways contained the reference numerosity 16, whereas the other dot
array contained 8, 11, 13, 19, 24, and 32 dots. Sixteen trials of each of
mparison and number line estimation tasks.



Fig. 2. Screenshots of some levels in the K e comparison game.
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the ratios (2.00, 1.50, and 1.20) were included, resulting in a total of
48 trials. These stimuli were generated with the MatLab script
developed by Gebuis and Reynvoet (2011), controlling for four vi-
sual parameters (i.e., convex hull, total surface, item size, and
density). Regression analyses showed that differences in the visual
parameters did not explain the variance in numerical distance (all
R2 < 0.05, ps > 0.17).

The procedure in both comparison tasks was the same. Two
stimuli were presented simultaneously on the left and right side of
the tablet. The stimuli were presented for 1500 ms, followed by a
blank screen. The children had to answer during stimulus display or
during the blank screen by tapping on the side of the numerical
larger stimulus. After responding, an interstimulus interval of
600 ms followed after which the next trial started. The child was
instructed to answer as accurate and as fast as possible, though only
accuracy was analysed as reaction times collected on different
tablets may be unreliable due to timing errors (Schatz, Ybarra, &
Leitner, 2015). There were three practice trials to become familiar
with the task demands.
2.3.3. Number line estimation tasks
In the number line estimation tasks, children had to place a non-

symbolic or symbolic numbers on an empty number line. A line of
14 cm was presented in the middle of the tablet labelled by “0”
(symbolic variant) or an empty circle (non-symbolic variant) at the
left end point and by “10” (symbolic variant) or a circle with 10 dots
(non-symbolic variant) on the right side. The to be positioned
number was shown in the middle of the screen, 2.2 cm above the
number line. All numbers from 1 to 9 were shown in a random
order and had to be positioned twice on the number line in both
symbolic and non-symbolic tasks, resulting in a total of 18 trials in
each task. Children were instructed to answer as accurately as
possible. Three practice trials preceded the task administration.
2.3.4. Arithmetic measures
Children's arithmetic skills were measured with two subtests of

the TEDI-MATH (Gr�egoire, No€el, & Van Nieuwenhoven, 2004). The
first subtest comprised six pictorially presented arithmetic prob-
lems, which were read aloud to the child (e.g. “Here you see two red
balloons and three blue balloons. How many balloons are there
together?”). For each correct answer, the child was given one point.
The second subtest comprised 18 horizontally presented symbolic
addition operations (e.g. “6 þ 3 ¼ …”). Only the first problem was
read aloud by the experimenter, after which the child had to
complete the remaining problems. The child had to solve as many
addition problems as possible and testing was stopped after five
consecutive errors. The total score was the number of correctly
answered problems.
2.4. Intervention conditions

2.4.1. Experimental conditions: comparison and number line
estimation

In both conditions, children were presented with the story that
the planet was destroyed and the child needed to help the game
characters to make the planet beautiful again by collecting the
animals that were hidden in the water, on the land, and in the air.
The different levels of the game were characterised by increasing
difficulty. The children had to reach a minimummean accuracy in a
level (i.e., 80% in the comparison game and 50% in the number line
game) before going to the next level. As long as they did not reach
that score, they had to repeat the level. In the comparison training,
the difficulty of the levels was based on the numbers (i.e. 1e4, 1e9
and 5e18), the display duration (i.e. infinite or 1500 ms) and the
type of stimuli (i.e. non-symbolic, symbolic or mixed). In the
number line training, level difficulty was based on the number of
anchor points (i.e. 9, 1 or 0), display duration of the stimulus (i.e.
infinite or 1500ms) and type of stimuli (i.e. non-symbolic, symbolic
or mixed). As a consequence some children played somewhat
longer than others, but importantly, all children finished the last
level and thereby received the same learning content. In that way,
all children trained at their individual performance level and at
their own pace. After each session, the children received pictures of
the animals they had caught as a reward. The two games used in
these conditions are described into detail in Linsen et al. (2015),
where they are denoted as K-games as they were designed for
kindergartners.

In the comparison game, children had to navigate their vehicle
through theworld and theywere shown two stimuli on the left and
right side of the tablet screen (Fig. 2). They were instructed to
collect as many animals as possible by tapping on the numerically
larger stimuli. Immediately after tapping, the vehicle moved to that
position and if the answer was correct, the animals were collected.
The feedback was extended by a positive or negative sound
depending onwhether the answer was correct or wrong. After each
session, the children received printed pictures of the collected an-
imals as reward.

In the number line game, children had to navigate their vehicle
and were shown an empty number line on which they had to
position a number (Fig. 3). Here too, they were instructed to
collect as many animals as possible by tapping on corresponding
position on the number line of the presented numbers. Imme-
diately after tapping on that position, the vehicle moved over
there and grasped for the animal. If the answer was correct, a
hidden animal came out of the line and disappeared in the
vehicle. If the answer was incorrect, the animal came out, but
stayed at its position. This feedback was augmented with a
positive (high tone) or negative (low tone) feedback. Here too,
the children received pictures of the animals as reward after each
session.



Fig. 3. Screenshots of some levels in the K e number line game.

Fig. 4. Screenshots of the Mega Memory Match-game, used in the active control condition.

Table 1
Performance at pretest and posttest and gain scores in all conditions.

Measure Pretest Posttest Gain scores

M SD M SD M SD

Give a number (% correct)
Comparison 52.13 35.67 63.83 30.31 11.70 37.54
NLE 45.73 36.19 73.17 29.26 27.44 38.65
Active control 54.73 38.11 64.19 35.13 9.46 41.81
Empty control 46.15 37.21 60.58 36.86 14.42 36.86

Connecting (% correct)
Comparison 68.79 21.44 81.09 18.67 12.29 27.53
NLE 70.46 28.18 78.05 22.01 7.59 27.49
Active control 75.38 21.46 73.57 20.01 -0.80 19.16
Empty control 73.08 24.78 74.79 25.64 1.71 26.98

Non-symbolic comparison (% correct)
Comparison 58.87 11.28 63.96 8.92 5.10 11.21
NLE 61.18 9.19 60.52 9.94 �0.66 11.59
Active control 58.67 8.63 61.09 11.89 2.42 9.84
Empty control 58.25 9.97 60.74 10.22 2.48 11.10

Symbolic comparison (% correct)
Comparison 66.49 16.27 73.6 13.46 7.11 15.64
NLE 67.61 16.37 70.43 17.69 2.82 14.27
Active control 64.27 14.63 64.27 18.16 0.00 12.99
Empty control 65.14 14.70 67.79 17.07 2.64 15.48

Non-symbolic NLE (PAE)
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2.4.2. Control conditions: active and empty control condition
In the active control condition children played an existing,

commercial game called ‘Mega Memory Match’ on a tablet (Fig. 4;
GiggleUp Kids Apps And Educational Games Pty Ltd, 2013). This is a
typical memory game with different topics (e.g., animals, vehicles,
food, letters…) but no numbers. Children had to play three different
levels each session. This approximately matched the playtime of
the children in the experimental conditions. In each session, we
gradually adjusted the degree of difficulty by increasing the num-
ber of cards that comprised the memory game, going from a 2 � 2
to a 7 � 4 grid and by decreasing the amount of time the picture
side is shown in the beginning (from 10 s to 0 s). As in the other
experimental conditions, children received auditory and visual
feedback. For a correct match of cards, a positive sound was played
and the cards were collected. For an incorrect match, a bummer
sound was played and the cards remained on their position. During
the entire intervention, the children heard soft, happy background
music. After each session, the children received pictures of animals
as a reward.

The children in the empty control condition did not play with a
tablet game. They had to stay in the classroom doing activities their
teacher instructed them to do (e.g., doing arts and crafts, listening
to a story, or playing with dolls).
Comparison 27.65 10.21 29.48 10.54 1.83 8.11
NLE 29.20 7.51 19.29 9.25 �9.91 9.44
Active control 28.48 8.06 26.07 7.96 �2.41 9.01
Empty control 28.61 7.89 28.64 8.06 0.03 8.57

Symbolic NLE (PAE)
Comparison 26.61 11.38 25.95 10.6 �0.67 7.61
NLE 26.26 11.98 13.99 8.71 �12.27 11.35
Active control 25.39 9.61 24.06 9.91 �1.33 8.83
Empty control 26.56 9.16 25.70 10.36 �0.86 9.31

Arithmetic problems (# correct)
Comparison 3,00 1.74 3.87 1.81 0.87 1.66
NLE 3.10 1.83 4.02 1.60 0.93 1.44
Active control 3.62 1.69 4.19 1.85 0.57 1.41
3. Results

3.1. Descriptive statistics

Analyses showed that age, F(3,147) ¼ 1.77, p ¼ 0.156, hp2 ¼ 0.036,
and gender,2 c2(3) ¼ 1.87, p ¼ 0.600 did not statistically differ be-
tween conditions. Table 1 shows themean performance on all tasks
during pre- and post-test in all conditions, together with the cor-
responding gain scores.
Empty control 3.54 1.86 3.54 1.92 0.00 1.9
Addition operations (# correct)
Comparison 1.64 2.34 2.19 2.78 0.55 1.59
NLE 1.54 2.13 1.85 2.01 0.32 1.52
Active control 1.30 1.79 1.86 2.39 0.57 1.54
Empty control 1.46 1.77 2.19 2.19 0.73 1.56

Note. Comparison (n ¼ 47); NLE (n ¼ 41); Active control (n ¼ 37); Empty control
(n ¼ 26); PAE ¼ percentage absolute error.

2 On seven (out of eight) of the pretest measures, no gender differences were
observed (ps > 0.16). On the symbolic addition task boys outperformed girls,
F(1,149) ¼ 2.49, p ¼ 0.014, however, this difference did not survive the Bonferroni
correction (p < 0.05/8 ¼ 0.006) for multiple comparisons. No gender differences
were observed after Bonferroni corrections in the gain scores of the experimental
tasks (ps > 0.06) indicating that improvements were not moderated by gender.
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The mean accuracies on the two number knowledge tasks
showed that the children performed on average above chance on
this task.

The mean accuracy on the non-symbolic comparison task at
pre-test was 59%. Crucially and as expected, performance was
influenced by numerical ratio, F(2,146) ¼ 10.79, p < 0.001,
h2p ¼ 0.129, reflecting higher accuracies for larger ratios. The mean
accuracy in the symbolic comparison task at pre-test was 66%. Also
here, a distance effect was observed in the symbolic comparison
task, F(1,147) ¼ 45.74, p < 0.001, h2p ¼ 0.237. Children were more
accurate when the numerical difference between two digits was
larger.

In the number line estimation tasks, the percentage absolute
error (PAE) was used as outcome. The PAEwas calculated according
to the formula of Siegler and Booth (2004): j(estimate e actual
number)/scale of estimatesj. For example, if a child was asked to
estimate 4 on a 0e10 number line and marks the line at the point
corresponding to 5.3, the PAEwould be j(5.3�4)/10j or 13% error. In
general, taking into account time of testing during school year (i.e.
the present pre-test was conducted in second month of the school
year) mean accuracies and variation for comparison and number
line estimation tasks were comparable with previous studies with
pre-schoolers (e.g. Berteletti, Lucangeli, Piazza, Dehaene, & Zorzi,
2010; Halberda & Feigenson, 2008; Sasanguie et al., 2012;
Sasanguie, Defever, Maertens, & Reynvoet, 2014).

In the arithmetic tasks, on average three out of six pictorially
presented problems were solved correctly. In contrast, the perfor-
mance on symbolic addition operation (e.g. “2 þ 3 ¼ …”) was very
low.

One-way ANOVA's on all pre-test measures showed no differ-
ences in performance between the four conditions (ps > 0.32).
3.2. Reliabilities of tasks and correlations between tasks

The reliability of the number knowledge, comparison, number
line estimation and arithmetic tasks was assessed by computing the
test-retest reliability (pre and post-test) of these tasks in the two
control groups. These analyses indicated low to moderate re-
liabilities between 0.39 and 0.74 (give a number, r(63) ¼ 0.42,
p ¼ 0.001, connecting, r(63) ¼ 0.50, p < 0.001, non-symbolic com-
parison, r(63) ¼ 0.50, p < 0.001, symbolic comparison, r(63) ¼ 0.64,
p < 0.001, non-symbolic number line, r(63) ¼ 0.39, p ¼ 0.002,
symbolic number line, r(63) ¼ 0.58, p < 0.001, pictorial arithmetic
problems, r(63) ¼ 0.60, p < 0.001, symbolic addition, r(63) ¼ 0.74,
p < 0.001). These low to moderate reliabilities of the tasks are
probably due to the low number of observations in each task,
ranging from 4 (give a number task) to 48 (non-symbolic com-
parison). Lindskog, Winman, Juslin, and Poom (2013) previously
demonstrated that the reliability of a numerical task increases
when the number of trials increases. Another reason for the low
reliabilities is that there was quite some time between pre- and
Table 2
Correlations between all tasks.

1 2 3

1. Counting task e

2. Connecting task 0.38** e

3. Non-symbolic comparison task 0.19* �0.02 e

4. Symbolic comparison task 0.23** 0.24** 0.2
5. Non-symbolic NLE task �0.15 �0.10 �0
6. Symbolic NLE task �0.22** �0.11 �0
7. Arithmetic problems 0.25** 0.31** 0.1
8. Addition operations 0.31** 0.32** 0.1

*p < 0.05, **p < 0.01.
posttest. Substantial development might have taken place in these
children, influencing the stability of the skills under investigation.
Low reliabilities will add more measurement error making it more
difficult to detect differences between conditions or resulting in the
underestimation of differences (Hunter & Schmidt, 1990).

The correlations between all tasks are presented in Table 2.
These correlations showed that arithmetic performance was
significantly related to number knowledge, symbolic comparison
and symbolic number line estimation (all ps < 0.001). The relation
between arithmetic performance and non-symbolic comparison
was not significant.

3.3. Effects of training

The training effect was evaluated with a repeated measures
ANOVA with time (pre-test vs. post-test) as within-subject factor
and condition (comparison, number line, active control, and empty
control) as between-subjects factor on all subtests (Fig. 5). Partial
eta-squared was calculated as a measure of effect size. If an inter-
action effect was found, planned pairwise comparison tests on pre-
and post-test scores were conducted correcting for multiple com-
parisons with a Bonferroni correction (p < 0.05/8 ¼ 0.006). Effect
sizes (d) were reported for these pairwise comparison using the
formula reported in Borenstein (2009).

3.3.1. Number knowledge tasks
On the give a number task, a main effect of moment was found,

F(1,147) ¼ 23.71, p < 0.001, h2p ¼ 0.139, indicating that performance
for this task was significantly better on the post-test. There was no
significant moment by condition effect, F(3,147) ¼ 1.74, p ¼ 0.161,
h2p ¼ 0.034.

Also on the connecting task, a main effect of moment was pre-
sent, F(1,147) ¼ 5.37, p ¼ 0.002, h2p ¼ 0.035. There was a trend
towards significant interaction between moment and condition,
F(3,147) ¼ 2.38, p ¼ 0.072, h2p ¼ 0.046 which was further explored
with planned comparisons. These additional analyses revealed that
the comparison condition improved significantly from pre- to post-
test, t(46)¼ 3.06, p¼ 0.004, d¼ 0.61, which was not the case for the
other conditions (NLE condition, t(40) ¼ 1.77, p ¼ 0.085, d ¼ 0.30,
active control condition, t(36) ¼ 0.057, p ¼ 0.571, d ¼ 0.09, and
empty control condition, t(25) ¼ 0.323, p ¼ 0.749, d ¼ 0.07).

3.3.2. Comparison tasks
The performance on the non-symbolic comparison task was

improved on the post-test, F(1,147) ¼ 6.51, p ¼ 0.012, h2p ¼ 0.042.
However, no significant differences between conditions were found
as indicated by a non-significant interaction between moment and
condition, F(3,147) ¼ 2.01, p ¼ 0.115, h2p ¼ 0.039. A similar pattern
was observed in the symbolic comparison task, where a main effect
of moment was found, F(1,147)¼ 6.65, p¼ 0.011, h2p¼ 0.043, but no
moment by condition effect, F(3,147) ¼ 1.72, p ¼ 0.165, h2p ¼ 0.034.
4 5 6 7

0* e

.08 �0.10 e

.03 �0.26** 0.59** e

1 0.44** �0.08 �0.25** e

1 0.38** �0.28** �0.28** 0.36**



Fig. 5. Graphic representation of the mean scores (±SD) of all experimental tasks on pre- and post-test, per group.
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3.3.3. Number line estimation tasks
On the non-symbolic number line estimation task, children's

performance was better at the post-test than at the pre-test,
F(1,147) ¼ 12.73, p < 0.001, h2p ¼ 0.080. An interaction effect be-
tween moment and condition was also observed, F(3,147) ¼ 14.22,
p < 0.001, h2p ¼ 0.225. This interaction was further explored with
pairwise comparisons of pre- and post-test. These revealed that the
performance only improved significantly in the NLE condition,
t(40)¼ 6.72, p < 0.001, d¼ 1.17 (comparison condition, t(46)¼ 1.55,
p ¼ 0.129, d ¼ 0.18, active control condition, t(36) ¼ 1.63, p ¼ 0.113,
d ¼ 0.30, and empty control condition, t(25) ¼ �0.02, p ¼ 0.984,
d ¼ 0.00).

Similar results were obtained in the symbolic number line esti-
mation task. A main effect of moment, F(1,147) ¼ 23.67, p < 0.001,
h2p ¼ 0.139, indicating that performance was better in the post-test
and a moment by condition interaction was observed,
F(3,147) ¼ 14.74, p < 0.001, h2p ¼ 0.231. Here too, planned pairwise
comparison of pre- and post-test revealed that only the NLE con-
dition improved significantly from pre- to post-test, t(40) ¼ 6.93,
p < 0.001, d ¼ 1.15 (comparison condition, t(46) ¼ 0.60, p ¼ 0.551,
d ¼ 0.06, active control condition, t(36) ¼ 0.92, p ¼ 0.366, d ¼ 0.14,
and empty control condition, t(25) ¼ 0.47, p ¼ 0.641, d ¼ 0.09).

3.3.4. Arithmetic
On arithmetic, performance improved from pre to post-test

resulting in a main effect of moment, F(1,147) ¼ 19.96, p < 0.001,
h2p ¼ 0.120. There was a trend for a significant moment by condi-
tion interaction, F(3,147) ¼ 2.20, p ¼ 0.090, h2p ¼ 0.043. Pairwise
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comparison of pre- and post-test showed that the performance in
the comparison condition, t(46) ¼ �3.60, p ¼ 0.001, d ¼ 0.49, and
the NLE condition, t(40) ¼ �4.13, p < 0.001, d ¼ 0.53, improved
significantly, which was not the case for the active, t(36) ¼ �2.46,
p ¼ 0.019, d ¼ 0.32, and empty control condition, t(25) ¼ 0.00,
p¼ 1.00, d¼ 0.00. For the symbolic addition operations a main effect
of moment was observed, F(3,147) ¼ 17.54, p < 0.001, h2p ¼ 0.107,
but no moment by condition interaction, F(3,147) ¼ 0.41, p ¼ 0.745,
h2p ¼ 0.008.

4. Discussion and conclusion

In this study, we contrasted two training programs that focused
each on a specific basic number skill, i.e. comparison and number
line estimation, in order to answer two outstanding questions in
the domain of interventions on basic number processing, and, on
the other hand, models of numerical cognition. First, we evaluated
which training was more effective by examining their impact on
arithmetic. Second, by contrasting both interventions, we gained
more insight in the association between number comparison and
number line estimation: do these skills rely on the same underlying
representation as has been suggested or not?

When we compared the effect of both training programs on
arithmetic performance, children improved in solving pictorially
presented arithmetic problems, regardless of the numerical skill
they trained. The performance of children improved significantly in
both the number line estimation and in the comparison condition,
with similar effects that were medium in their size. No significant
improvements were observed in the active and empty control
conditions. These results suggest that both comparison and num-
ber line estimation skills are causally related to arithmetic perfor-
mance and confirm previous intervention studies in which
comparison training (e.g., Obersteiner et al., 2013) or number line
estimation training (e.g., Kucian et al., 2011; Ramani & Siegler,
2011) resulted in improved arithmetic. In the present study, we
only observed a training effect for the pictorially presented arith-
metic problems and not for the symbolic addition problems. In
Flanders, formal instruction of symbolic addition problems is a part
of the curriculum of the first year of elementary school and is
typically not a part of the preparatory arithmetic in kindergarten
(Vlaams Ministerie van Onderwijs en Vorming Agentschap voor
Kwaliteitszorg in Onderwijs en Vorming, 2010). As a conse-
quence, a straightforward explanation for this absence of an effect
is that this task was too difficult for most of the children in our
samplewhichwas also evidenced by the lowaccuracies in that task.

We should be aware however, that the effects of number sense
training on arithmetic were medium. It is widely recognized that
arithmetic abilities are influenced by many factors (e.g. social,
emotional and general cognitive factors). In this study, we focused
on one of the factors that has been suggested as a building block for
arithmetic is manipulated, i.e. number-specific skills. A recent
meta-analysis (Schneider et al., 2016) showed that the association
between symbolic magnitude comparison and arithmetic was only
moderate (i.e., r ¼ 0.378) and only explained about 14% of the
variance in arithmetic. In light of this result, we cannot expect large
effects when only number-specific skills are trained and in-
terventions should probably focus on multiple factors. However,
what this study clearly shows is that number-specific skills can
certainly be one of these factors that is part of a large intervention
as they lead to improved mathematical achievement.

Although both training programs resulted in higher arithmetic
scores, they also resulted in different effects on the basic number
skills that were measured. A first difference between both number
sense trainings was the significantly increased performance on the
connecting task after the comparison training, in contrast to no
significant improvement after the number line estimation training.
However, we believe that this observation has to be interpreted
with caution. First, the effect size of improvement in the connecting
task performance in the number line estimation condition was
small (d ¼ 0.30) indicating that also number line estimation
training had some impact on the connecting task. This also means
that the trend towards a moment by condition interaction was
mainly driven by the absence of improvement in both control
conditions. Second, this finding was not observed in a pilot study
that contrasted the exact same trainings (Maertens, Sasanguie, De
Smedt, Elen & Reynvoet, unpublished manuscript). As a result, we
believe it is best to refrain from drawing strong conclusions based
on this different impact of both number sense trainings on the
connecting task.

More importantly, another difference between both number
trainings was the observation that number line estimation skills
improved after number line training (see also Link et al., 2013;
Ramani & Siegler, 2008, 2011), but that these number line esti-
mation skills were not boosted by practising comparison. This
observation is at odds with the idea that both skills are relying on
the same representation of number, i.e. the mental number line.
The positioning of numbers on an external number line is consid-
ered as a reflection of the underlying mental number line (Booth &
Siegler, 2006; Laski & Siegler, 2007). Changes in the number line
estimation performance have been interpreted before as changes in
the representation of numbers on the mental number line (e.g. a
more linear representation, see Booth & Siegler, 2006). Also the
performance in a comparison task and the developmental changes
in comparison, have been explained in terms of changes in the
number representations on the mental number line (e.g. Dehaene,
1997). Following this line of reasoning, improvement in perfor-
mance of both tasks should go hand in hand. However, this was not
the case in the present study, as we observed an asymmetry in the
transfer effect. This asymmetry fits with Sasanguie and Reynvoet
(2013), who found no relation between both tasks, and suggested
that both tasks rely on different mechanisms. Recent studies sug-
gested that a number line estimation task is based in part on spatial
reasoning (Barth & Paladino, 2011; Link et al., 2013). For instance,
children might use an anchor point strategy in which they initially
use external anchor points (begin and end points) and later also use
internal anchor points (e.g., middle of the number line) to position
the numbers on a number line. These strategies are evidently not
needed in the comparison task and may explain why no improve-
ment is observed on the comparison tasks. We should note how-
ever, that this explanation remains largely speculative, as we did
not directly examine strategy use in the number line estimation
task. Nonetheless, the present results indicate that the improve-
ments in the number line estimation task are probably not due to
changes of the mental number line, because this would have led to
improvements in comparison too.

A rather unexpected finding was that the performance on the
comparison tasks in the post-test was statistically the same after
comparison training compared to the other conditions. However, as
can be inferred from Table 1, the gain scores on the comparison
tasks were the highest in the comparison training condition,
reflecting a similar pattern as the number line estimation perfor-
mance. This was also reflected in effect sizes accompanying the
pairwise comparison between pre and post-test performance we
computed: the effect sizes (d) after comparison training were me-
dium (d ¼ 0.50 and d ¼ 0.47 for non-symbolic and symbolic com-
parison tasks respectively) whereas they were small in the other
conditions (all ds < 0.25).

A possible limitation of this study, that might perhaps be
responsible for the lack of finding a significant effect on the com-
parison tasks even after comparison training, is the sample size. To
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verify whether the current sample size was large enough, we
calculated post-hoc the power value of our study by means of the
G*power program (Erdfelder, Faul, & Buchner, 1996) to detect
intervention effects that have been reported in previous studies. For
example, Siegler and Ramani (2009) reported that their linear
board game had a medium effect (h2 ¼ 0.19). We calculated the
power of our studies to detect a similar effect. Given the sample size
in our study (i.e., four groups of 47, 41, 37, and 26 children) and the
alpha level used (a ¼ 0.05), our study had a power of 0.99 to detect
a medium effect. This analysis showed that the sample size in our
study was most likely not the reason for the absence of effects.

Another explanation for the absence of effects in the comparison
post-test may be the duration of the intervention. It remains
possible that more extensive training would have led to larger
improvements in comparison. At first sight this is at odds with a
recent study of Hyde et al. (2014) in children that were on average
about one year older. These authors demonstrated that during a
brief training of only 60 trials, comparison performance improved
already in the second half of the training. However, the improve-
ment on comparison performance was only observed on reaction
times and not on accuracies. The lack of effect on accuracies in the
Hyde et al. (2014) study, was further evidenced by the observation
that therewere no differences between conditions in the numerical
acuity, another accuracy related measure, that was measured after
training. In sum, it remains possible that also our comparison
training would have resulted in faster responding in the post-test
comparison tasks. However these reaction times could not be
analysed in the present study because performance was measured
with tablets making the reaction times unreliable due to timing
error (Schatz et al., 2015).

Finally, it is also possible that the lack of effect on comparison is
due to reduced malleability (also in accuracy) of the comparison
skills in contrast to the malleability of the number line estimation
skills, leaving less room to improve on comparison.

To conclude, the present studywith 5e6 year old kindergartners
showed that the effectiveness of number line training and com-
parison training on arithmetic was very similar. A training of about
1 h spread over three weeks resulted in a (medium) positive effect
on arithmetic. However, further training studies are needed to
tackle the following outstanding issues. For instance, it needs to be
determined whether a longer intervention results in larger effects
and whether number sense trainings are equally effective in older
children or in children with low SES. Currently, studies are lacking
in order have an idea to what extend the effectiveness of training
studies is influenced by the duration of the training and the age
and/or background of the participants. In the future, it may also be
interesting to investigate whether the effects of comparison and
number line estimation training are additive. The absence of
transfer effects from one task to another and the fact that both
trainings influence arithmetic performance, suggests that they
probably influence mathematics achievement through different
mechanisms. A crucial test for this idea would be to combine both
skills in one intervention and compare their effects with the current
interventions focussing on one only skill.
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