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Abstract
Recent evidence has highlighted the important role that number ordering skills play in
arithmetic abilities (e.g., Lyons & Beilock, 2011). In fact, Lyons et al. (2014) demonstrated
that although at the start of formal mathematics education number comparison skills are the
best predictors of arithmetic performance, from around the age of 10, number ordering skills
become the strongest numerical predictors of arithmetic abilities. In the current study, we
demonstrated that number comparison and ordering skills were both significantly related to
arithmetic performance in adults, and the effect size was greater in the case of ordering skills.
Additionally, we found that the effect of number comparison skills on arithmetic performance
was partially mediated by number ordering skills. Moreover, performance on comparison and
ordering tasks involving the months of the year was also strongly correlated with arithmetic
skills, and participants displayed similar (canonical or reverse) distance effects on the
comparison and ordering tasks involving months as when the tasks included numbers. This
suggests that the processes responsible for the link between comparison and ordering skills
and arithmetic performance are not specific to the domain of numbers. Finally, a factor
analysis indicated that performance on comparison and ordering tasks loaded on a factor
which included performance on a number line task and self-reported spatial thinking styles.
These results substantially extend previous research on the role of order processing abilities

in mental arithmetic.

Key words: arithmetic skills; distance effect; mental number line; number comparison,

number ordering.



Recent findings have highlighted the importance of order processing abilities in
mathematics, and, in particular, arithmetic skills. However, research in this area is still
relatively limited, and, as we describe below, several important questions remain to be
answered. This study addressed some of these questions.

One of the first studies that focussed on the role of order processing skills in maths was
that of Lyons and Beilock (2011). These authors investigated the relationship between the
sensitivity of the “approximate number system” (ANS; e.g., Piazza, Facoetti, Trussardi,
Berteletti, Conte & Lucangeli, 2010) (using the dot comparison task), number ordering
ability (the ability to quickly decide if numerals appear in the right order), and arithmetic
skills in adults. In line with some earlier studies (e.g., Desoete, Ceulemans, De Weerdt, &
Pieters, 2012; Halberda, Mazzocco, & Feigenson, 2008; Piazza et al., 2010), Lyons and
Beilock found a significant correlation between non-symbolic comparison peformance and
maths skills. Nevertheless, the most striking finding of this study was that there was an
extremely strong relationship between participants’ ability to process numerical order
information and their arithmetic skills (i.e., better number ordering skills were related to
better arithmetic performance; r(52) = -.70, p < .001). Additionally, number ordering ability
mediated the relationship between non-symbolic comparison and mental arithmetic. Lyons
and Beilock (2011) argued that number ordering skill are crucial for performing symbolic
number operations because, unlike approximate, non-symbolic representations, ordinal
representations of numbers are equally precise at any level of magnitude. Thus, these
representations are essential for mature mathematical knowledge.

Recent developmental studies have also highlighted the importance of order processing
skills in mathematics. Lyons, Price, Vaessen, Blomert, and Ansari (2014) found that whereas
number comparison performance (i.e., participants’ ability to quickly decide which of two

numerals represents a larger quantity) was a better predictor of early symbolic number skills



than numerical order processing, from around grade 6, numerical order processing was the
best predictor of children’s arithmetic performance (as compared to seven other numerical
predictors of arithmetic skills). There is also newly emerging evidence for an order
processing deficit in both adults (Rubinsten & Sury, 2011) and children with developmental
dyscalculia (Attout & Majerus, 2014). Finally, Attout, Noel and Majerus (2014) demonstrated
that memory for order information was a robust predictor of the development of symbolic
number skills in young children. Nevertheless, so far there has been relatively little research
into the role of order processing in maths, and existing studies have provided conflicting
responses to some basic questions.

In particular, two controversial questions emerge from this literature, both concerning
the specificity of the processes involved in number comparison and number ordering. First, to
what extent do number comparison and number ordering draw on the same underlying
processes? Although there is a strong correlation between performance on these two tasks,
and distance effects have been observed in both types of tasks (Goffin & Ansari, 2016), there
are also reasons to believe that different underlying processes are involved. For example,
Goffin and Ansari (2016) reported that distance effects across the two tasks were not
associated with each other and that performance on each task independently predicted unique
variance on a test of arithmetic ability. Second, to what extent are the cognitive processes
involved in these tasks specific to numbers or are domain general? We will discuss each of

these issues in turn.

Common processes in number comparison and number ordering



Comparison tasks including symbolic or non-symbolic numerical stimuli typically
show canonical distance effects’ (i.e., it is harder to discriminate between quantities that are
similar to each other, Dehaene, Dupoux, & Mehler, 1990; Moyer & Landauer, 1967). By
contrast, several studies (Franklin, Jonides & Smith, 2009; Goffin & Ansari, 2016; Lyons &
Beilock, 2013; Turconi, Campbell & Seron, 2006) reported reverse distance effects in the
case of tasks where participants had to make judgments about the order of items, suggesting
that performance on ordering and comparison tasks relies on different strategies.
Additionally, Lyons and Beilock (2013) presented neural evidence that showed that ordinal
and comparison judgments for symbolic numbers do not involve the same areas of the brain.
Finally, there is evidence for differential associations between numerical comparison and
order judgments and calculation abilities in children (Attout et al., 2014; Lyons et al., 2014;
Vogel, Remark, & Ansari, 2015) and adults (Goffin & Ansari, 2016). Interestingly (and in
contrast with the findings of Lyons & Beilock, 2013), Franklin et al. (2009) did not find
either canonical or reverse distance effects in the case of numerical order judgments that did
not involve crossing a decade boundary (but they did find reverse distance effects in the case
of boundary-crossing number triads). Franklin et al. (2009) discussed the possibility that, in
the case of triads within a decade, canonical and reverse distance effects might both be
present, but these effects cancel out each other. Another explanation that Franklin et al.
(2009) offered was that in the case of familiar sequences (such as numbers within a decade)

people retrieve order information directly from long-term semantic memory.

' In the following, we will focus exclusively on symbolic comparison tasks (and will
not discuss distance effects on the dot comparison task further). Besides methodological
issues regarding the dot comparison task (e.g., Gilmore et al., 2013; Fuhs & McNeil, 2013;
Szucs et al., 2013), another reason for this is that recent findings have questioned whether
distance/ratio effects in the case of symbolic and non-symbolic comparison reflect similar
processes (Lyons, Nuerk & Ansari, 2015).



In contrast with the above findings which suggest that comparison and order judgments
rely on distinct processes, there is evidence that spatial representations are strongly
implicated in both ordinal and comparison judgments. This raises the possibility that the
representations that underlie ordinal and comparison judgments are similar or even shared,
although they might be utilized in a different way depending on the type of question asked.
Franklin et al. (2009) proposed that both numerical comparison and order judgments rely on
an analogue, spatial mental number line representation (e.g., Restle, 1970). There is indeed
empirical evidence for a link between performance on comparison tasks and performance on
the number line task in which participants estimate the location of numbers on a spatial line
(e.g., Booth & Siegler, 2006; Laski & Siegler, 2007; Lyons et al., 2014), as well as a link
between numerical ordering skills and number line performance (Lyons et al., 2014).

Another piece of evidence for a link between spatialized number line representations
and order processing skills comes from a training study. Kucian et al. (2011) trained children
on a computer-based number line task, and they found that children’s ability to judge whether
three numbers are in ascending or descending order improved after the training. This again
suggests a link between number line-type representations and ordering skills, although it
should be noted that some of the number line trials involved arithmetic problems (i.e.,
additions and subtractions), whereas others involved assessing the numerosity of a set of dots.
Thus, it is possible that the improvement in ordering skills resulted from the arithmetic
training or training in dot enumeration, rather than from the number line training per se.

However, although these findings suggest that spatialized number line representations
might be important for order processing (as well as number comparison), other claims have
been made about how order information is stored or represented. For example, associative
chaining models (e.g., Lewandowsky & Murdock, 1989), that build ordered lists from

associations between pairs of items, offer an alternative. Recently, Caplan (2015) argued that



models that combine associative chaining and the coding of spatial position might be the
most suited to explain performance on relative order tasks.

In summary, although some findings seem to hint at the possibility that comparison and
order judgments utilize similar representations, the evidence so far is inconclusive. At least
some dissociation can be expected on the basis of developmental (Lyons et al., 2014) and
neuroscientific (Lyons & Beilock, 2013) evidence. Distance effects in the case of ordering

and comparison judgments also show dissociations (Goffin & Ansari, 2016).

Are numerical comparison and order judgements based on domain-specific
representations?

Beside the question of the independence of comparison and ordering skills, another
important question is to what extent the processes that underlie numerical magnitude and
order judgments are specific to the numerical domain. This question is particularly pressing
because of the established links between arithmetic skills and numerical comparison and
ordering judgments, raising the issue of the role of domain-general abilities in maths
performance. As we described above, magnitude judgments, especially those involving
symbolic numbers, have been widely linked to the representation of numbers in the form of a
mental number line (i.e., a visuo-spatial representation of the relative position of numbers; for
review, see de Hevia, Vallar, & Girelli, 2008). Canonical distance effects on symbolic
number comparison tasks have often been taken to reflect this spatialized representation.
However, a considerable amount of research suggests that distance effects are not specific to
numbers. Distance effects have also been reported for letters of the alphabet (Jou & Aldridge,
1999). Moreover, Fairbanks (1969), Friedman (1984) as well as Seymour (1980) reported
distance effects in the case of some types of judgments about the relations between months of

the year, whereas Franklin et al. (2009) reported reverse distance effects in the case of ordinal



judgments about months when triads of months crossed the calendar year boundary. This
latter finding mirrored the effect that they found in the case of number triads which crossed a
decade boundary (see above).

Beside the distance effect, another well-known effect that has been associated with
the existence of a mental number line is the SNARC effect® (i.e., Spatial Numerical
Association of Response Codes). In their seminal study, Dehaene, Bossini and Giraux (1993)
showed that when evaluating a number’s parity status, shorter latencies were obtained for
small numbers when participants responded with the left hand, whereas for large numbers
latencies for right hand-responses were shorter. However, the SNARC effect has also been
demonstrated in the case of other types of ordered items, such as months, letters (Gevers,
Reynvoet & Fias, 2003), and even types of fruit listed in a specific order (van Dijck & Fias,
2011). Thus, if the SNARC effect is interpreted as reflecting the spatial coding of
representations, such findings suggest similar spatial coding in other domains. In particular,
distance and SNARC effects in non-numerical tasks involving months of the year are
consistent with the abundant evidence that events in time are represented along a “mental
time line” (see Bonato, Zorzi & Umilta, 2012 for a review).

However, although distance and SNARC effects have been taken as evidence of linear
spatial representation within a domain, there is in fact considerable debate over how such
effects should be interpreted. With regard to distance effects, debate centres around whether
such effects in comparison tasks reflect general aspects of decisional processes rather than the
spatial nature of underlying representations (Lyons et al., 2015; Sasanguie, Defever, Van den
Bussche, & Reynvoet, 2011; Van Opstal, Gevers, De Moor, & Verguts, 2008; Van Opstal &
Verguts, 2011); with regard to SNARC effects, one key issue is whether such effects reflect

visuo-spatial representations in semantic memory or temporary position-space associations in

2 Although our study did not include an examination of the SNARC effect, we believe that the general issues
that we raise in these sections are highly relevant to our investigation.



working memory (van Dijck & Fias, 2011; van Dijck, Gevers, & Fias, 2009). Thus, the fact
that distance and SNARC effects are found in both numerical and non-numerical domains
cannot straightforwardly be taken as evidence of common types of underlying
representations. The unresolved issue of the similarity of numerical and non-numerical
representations of sequences (and the processes that act on such representations) continues to
attract considerable attention within both experimental psychology (Berteletti, Lucangeli, &
Zorzi, 2012; Casarotti, Michielin, Zorzi, & Umilta, 2007; Di Bono & Zorzi, 2013) and
neuroscience (Attout, Fias, Salmon, & Majerus, 2014; Fias, Lammertyn, Caessens, & Orban,
2007; Zorzi, Di Bono, & Fias, 2011), with Berteletti et al. (2012) arguing that linear
representations in the numerical domain become generalized developmentally into linear
representations of other sequences such as months and letters (though see Hurst, Monahan,
Heller, & Cordes, 2014).
The current study

Given this set of important but unresolved issues, the current study had the following,
closely related, aims. First, we wished to investigate further the relationship between
comparison and order processing performance in the case of numbers, and explore the
relationship between these processes and arithmetic skills. Second, we hoped to obtain a
better understanding of the nature of representations that underlie performance on number
comparison and number ordering tasks. Finally, we wanted to explore the possibility that
symbolic number comparison and number ordering skills are based on types of
representations that are not specific to the domain of numbers. Based on earlier findings, the
most likely candidate for such representations would be a mental line-type representation of
the position of items.
1. Exploring the link between number comparison and order processing, and

arithmetic skills



Regarding the first aim, we employed the following method. When exploring the
relationship between comparison and order processing skills, we did not simply look at
correlations between the tasks, but also the relationship between these tasks and arithmetic
skills. Although recent studies have very usefully compared the predictive power of
numerical comparison and order representations with regard to mathematical/arithmetic skills
(Attout et al., 2014; Goffin & Ansari, 2016; Lyons et al., 2014; Vogel et al., 2014), the
methodologies and participant samples of these studies have left several issues unresolved.
Lyons et al. (2014) did not explore the relationship between numerical comparison and order
processing skills. Moreover, their study was a developmental one conducted with children of
different ages. Although this allowed the authors to observe important developmental
changes in the predictive power of ordering versus comparison tasks, they did not include an
adult sample, making it difficult to draw conclusions regarding mature mathematical skills.
Similarly, Attout et al. (2014) were primarily concerned with the predictive power of
comparison and order processing with respect to the development of maths abilities. Their
longitudinal study was conducted with young children, and they found a progressive change
in the processes underlying ordinal representations. Thus, the strongest conclusion that can be
drawn from Attout et al.’s (2014) study is that number comparison skills mature earlier than
order representations (see also Colomé & Noél, 2012, Lyons et al., 2014).

Goffin and Ansari’s (2016) study involved adults, and it focussed on the distance
effects observed in the case of comparison and ordering tasks. As mentioned above, these
authors reported dissociations between the distance effects observed in the case of the two
tasks, and at the same time, they established that distance effects in each of these tasks
independently predicted variance in mathematical skills, after the effects of visual-spatial
working memory and inhibition were controlled. Goffin and Ansari (2016) also argued that

distance effects on these tasks were purer indicators of performance than scores derived from
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accuracy and RTs, as these indices were less influenced by factors such as the speed of
processing and differences in the task procedures.

Notably, this claim conflicts with those of Lyons et al. (2015) and Maloney, Risko,
Preston, Ansari and Fugelsang (2010), who questioned the reliability of numerical distance
effects. Lyons et al. (2015), in line with VVerguts and van Opstal (2005), argued that distance
effects might arise due to the relative frequency of numbers, and they simply indicate
individuals’ familiarity and fluency with which they can manipulate numbers. We return to
this issue below.

In the current study, we used a symbolic number comparison task together with a
number ordering task, and we also compared the predictive power of the two tasks with
regard to arithmetic performance. We were interested in how performance on these tasks was
related in adults. Based on earlier findings (Goffin & Ansari, 2016), we expected that
performance on both the number comparison and the number ordering task should be
strongly related to arithmetic performance in an adult group. We additionally tested the
hypothesis that the effect of comparison skills on arithmetic abilities is mediated by number
ordering skills. Given that ordinal processing becomes more important than comparison skills
with development (Lyons et al., 2014), it is of interest whether comparison skills have any
independent predictive value after their shared variance with ordering skills is taken into
account.

2. Investigating the representations that underlie performance on the number
comparison and number ordering tasks
In order to obtain a better understanding of the representations that underlie
performance on the number comparison and number ordering tasks, we employed the
following methods. First, we investigated the relationships between these tasks and

performance on a number line task, with the latter task typically assumed to tap the
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spatialized representation of the number series. In particular, we were interested in the
possibility that numerical order processing skills might be supported by similar visuospatial
representations as performance on the number comparison task. As we described above,
number comparison (e.g., Booth & Siegler, 2006; Lyons et al., 2014) as well as number
ordering skills (e.g., Kucian et al., 2011) have been linked to performance on the number line
task. Although there is some controversy over how performance on the number line task
should be interpreted (Hurst et al., 2014), such findings at least suggest that numerical order
and comparison judgments might be related because they utilize a similar visuospatial
representation of the relative position of numbers. So far only Lyons et al. (2014) have
investigated numerical comparison, number ordering and number line performance together.
They were concerned with the predictive power of performance on these tasks regarding
mathematical abilities, and thus their analyses did not explore the relations between
comparison/ordering and number line performance.

A second way that we investigated the processes and representations involved in
numerical comparison and ordering performance was by investigating the presence of (both
canonical and reverse) distance effects on these tasks. Whereas there is robust evidence for
the presence of a canonical distance effect in the case of number comparison tasks, the
findings regarding number ordering are somewhat mixed. Specifically, some studies
(Franklin et al., 2009; Goffin & Ansari, 2016; Lyons & Beilock, 2013; Turconi et al., 2006)
reported reverse distance effects in the case of tasks where participants had to make
judgements about the order of items. However, VVogel et al. (2015) did not find this effect in
young children, and Franklin et al. (2009) only found a reverse distance effect when number
triads crossed a decade boundary. The current study carefully re-examined this issue.

3. Exploring the possibility that symbolic number comparison and number ordering

performance are based on domain-general processes
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A final issue that we wanted to address in the current study was whether the
representations that underlie performance on the number comparison and number ordering
tasks are specific to numbers. This question is of interest because Lyons et al. (2015)
proposed that performance on basic numerical tasks (such as number comparison) might be
linked to complex mathematical skills, because they measure individuals’ familiarity and
fluency with which they can manipulate symbolic numbers. To be able to investigate domain-
specificity, beside the number ordering and number comparison tasks, we also administered
ordering and comparison tasks that involved months of the year rather than numbers. Using
these tasks, we addressed our research question in the following ways.

First, we investigated the link between month comparison and month ordering
performance and arithmetic skills, and whether this link is mediated by number comparison
or number ordering performance, respectively. If performance on month comparison and
month ordering tasks are related to arithmetic skills in the same way as performance on the
numerical equivalents of these tasks, then it may suggest that some type of domain-general
skills underpin arithmetic.

Lyons and Beilock (2011) tried to address this question (at least for ordering skills) by
including a letter ordering task as a control task for number ordering. These authors reported
no relationship between letter ordering and arithmetic performance. However, we had some
concerns over whether letter ordering is the best task to use to address the issue of domain
specificity. Although the number sequence and the alphabet are, as Jou (2003, p.549) puts it
‘the two most basic, overlearned and commonly used order sequences’, unlike in the
numerical system, ordinal information in the alphabet is not important in our most common
everyday use of the system, with such information typically playing no functional role in how

we use it (i.e., letters in the alphabet are used to generate words, for which ordinal position in
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the alphabet is irrelevant). The conventional sequential order of the alphabet is only used in
some exceptional cases (for example, when items are listed in alphabetical order).

By contrast, ordering in conventional systems marking time (days of the week, months
of the year) is basic to the use of such systems. Moreover, there is considerable evidence that
representations of such temporal systems are visuo-spatial in nature (Bonato et al., 2012;
Friedman, 1983, 1984, 1989). Friedman (1986, 1992) argues that children initially learn the
days of the week and months of the year by rote as verbal lists (just as they learn the
alphabet), but that during adolescence they subsequently develop visuo-spatial
representations of these systems as a result of using them in real-life problem solving tasks
for which ordinal information is crucial (Friedman, 1986, 1992). That is, unlike in the case of
the alphabet but similar to the case of numerical system, use of conventional time systems
regularly recruits order processing skills. Friedman suggests that a visuo-spatial
representation is typically recruited when making judgments about month order and position,
but that adults retain and sometimes make use of verbal-list representations (Friedman, 1983,
1984). Given the robust evidence for the existence and use of visuo-spatial representations of
conventional temporal systems, we decided to use a month comparison and ordering task that
paralleled our number comparison and ordering tasks, and to examine whether performance
on these tasks related to arithmetic ability in the same way as performance on their numerical
equivalents.

A second way of investigating the domain-specificity or domain-generality of the
representations that underlie performance on comparison and ordering tasks was to look at
whether (either canonical or reverse) distance effects are present not only in numerical
comparison and ordering but also in the case of the month comparison and month ordering
tasks. Such similarities could provide an indication that comparison and ordering tasks rely

on similar representations across domains. Franklin et al. (2009) reported reverse distance
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effects in ordering tasks involving either numbers or months that crossed a decade/calendar
boundary. However, as described above, other studies examining numerical ordering have
produced somewhat different patterns of results (Lyons & Beilock, 2013; Turconi et al.,
2006); moreover, these other studies did not include tasks involving months. Thus, it is
potentially informative to re-examine the issue of the similarity of distance effects across
these domains in both comparison and ordering tasks.

We are aware, though, of the need to interpret distance effects with caution. Given this,
we employed one further method to investigate the representations that underlie participants’
number/month comparison and number/month ordering performance: we investigated the
relationship between their performance on these tasks and their thinking styles (i.e., a
preference for verbal, spatial or object-visualizing thinking — see Blazhenkova &
Kozhevnikov, 2009). Although this is a self-report measure, from which the findings also
need to be interpreted cautiously, similar relationships between thinking style and
performance on ordering/comparison tasks across the domains of numbers and time could
strengthen the conclusions drawn from the results regarding the presence or absence of
distance effects.

In summary, through investigating all of these questions together in a single study, we
aimed to achieve a better understanding of the way numerical ordering and comparison
performance are linked to arithmetic skills, the nature of the representations that underlie
these skills, and whether these representations are specific to numbers or whether common
representations underlie comparison and ordering performance across different domains.

Method
Participants
The participants were 87 undergraduate psychology students (69 females) aged between 18

and 56 years (M = 21 years 8 months, SD = 6.12). All participants provided written consent
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and the study received ethical approval from the School of Psychology Ethics Committee.
The students received ungraded course credit in return for their participation in the study.
Due to the experimenter’s error two participants did not complete the number comparison
task, two participants did not complete the number ordering task, three participants did not
complete the month ordering task, and another three participants did not complete the month
comparison task. No participant missed more than 1 computer-based task. Additionally, one
participant’s data were excluded from the month ordering task, because their accuracy results
showed that they responded randomly.

Materials

Tests of basic maths skills

Woodcock-Johnson 111 Tests of Achievement: Math Fluency subtest

The math fluency subtest of the Woodcock-Johnson 111 Tests of Achievement (Woodcock,
McGrew, & Mather, 2001) was used as a measure of arithmetic skills. This test assesses the
ability to solve simple addition, subtraction, and multiplication problems quickly. Participants
were asked to work through a series of problems as quickly and accurately as possible within
a three-minute time limit. The total number of correct items was calculated to provide a
maths fluency score.

Number line estimation task

This task was based on the number-to-position problems used by Siegler and Opfer (2003) to
examine numerical estimation abilities. In each problem, participants were presented with a
number and asked to estimate where it would appear on a number line, where the position of
‘0’ was marked on the left and ‘1000 was marked on the right. The task included 10 of these
number line problems. The lines were positioned on the pages so that the starting points were
not directly beneath one another, preventing the participants from using previous number

lines to aid their estimations. Siegler and Opfer (2003) recommended that presented numbers
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should be chosen so that their positions cannot be easily estimated based on prior knowledge.
The numbers presented were: 12, 48, 116, 263, 477, 526, 734, 805, 882, and 958.
Performance on this task was measured by calculating the total root-mean-square error. This
is the square root of the average squared difference (in millimetres) from the position selected
by the participant to the actual position of the number on the number line. Greater errors
reflect poorer symbolic estimation performance. Cronbach’s alpha for our sample was .54,
which is an acceptable level of reliability.

Comparison tasks

A computerized number comparison task was administered. Participants were presented with
a number between 1 and 9, and were asked to decide, as quickly as possible, whether it was
smaller or larger than 5. They indicated a smaller or larger response using the keyboard.

A comparison task involving months (i.e., month comparison task) was also administered to
participants. A month between January and September was displayed and participants were
asked to decide whether it was before or after May in the calendar year. Eight practice trials
were presented onscreen in both the number and month comparison tasks. These were
followed by 48 trials, where each number between 1-4 and 6-9 was presented 6 times in a
random order. The trials in the two tasks were matched so that for each number trial (e.g., 1,
2, 3), there was a corresponding month trial (e.g., January, February, March). Both accuracy
and reaction times were recorded. Following Lyons et al. (2014) and Goffin and Ansari
(2016) we used a composite of error rates (ER) and reaction times (correct trials only) to
index performance on these tasks. The measures were combined according to the formula: P
= RT(1 + 2ER), where a higher value indicates worse performance. We preferred this method
of creating composite scores over the method used by Lyons and Beilock (2011; i.e., using
combined z scores of error rates and RTs), because our preliminary analyses suggested that

accuracy and RTs were only weakly (negatively) correlated in the case of most of our tasks,
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and they were uncorrelated in the case of the number comparison task. This formula also
seems appropriate, because in the case of very high levels of accuracy the results basically
reflect RTs only. Finally, Lyons et al. (2014) justified their choice of multiplying error rates
by 2 in their formula on the basis that their tasks (just as ours in the current study) included
binary forced choices (ER = .5 indicates chance).

Ordering tasks

A computer-based task was designed to measure numerical ordering ability (based on that of
Lyons & Beilock, 2011). Participants were presented with number triads (e.g., 2, 4, 1), and
they were asked to decide whether these triads were in increasing order, irrespective of the
numerical distance between the numbers. All numbers were between 1 and 9. Participants
indicated a yes or no response on the keyboard. A month ordering task was used to measure
non-numerical ordering ability. In this task, participants were presented with the names of
three months. They were instructed to decide whether these months were in the correct order
with regard to their order within a calendar year. The first nine months of the year were
included. Participants responded in the same manner as in the numerical ordering task. Eight
practice trials were presented onscreen in both the number- and month-ordering tasks. These
were followed by 48 trials. The trials in the two tasks were matched so that for each number
ordering trial (e.g., 1, 4, 5), there was a corresponding month ordering trial (e.g., January,
April, May). The trials were designed in a way so that the distance between the two extreme®
numbers/months within each triad was systematically manipulated. The smallest distance was
2 (i.e., when three consecutive numbers or months were included in the triad), and the largest
distance was 7 (e.g., in the triads of 1, 3, 8 or February, April, September). Triads including

the two extreme numbers and months (i.e., 1 together with 9, and January together with

* Extreme items within each triad are the items that have the greatest distance between them
when the items appear in the correct order (e.g., in the case of 2, 7, 4, the extreme items are 2
and 7, and the distance between them is 5). Thus, a distance of 2 means that the numbers
were adjacent.

18



September) were not included, in order to avoid the possibility that participants respond to
these trials using a response rule which does not necessitate the on-line checking of order
within the triads. Additionally, to ensure that participants process all three items within the
triads, in the case of incorrectly ordered triads the first two items always appeared in the
correct order®. Both accuracy and reaction times were recorded. We used the same formula as
for the comparison tasks to create composite scores from the accuracy and reaction time
results.

Measure of thinking dispositions

Object-Spatial Imagery and Verbal Questionnaire

The 45-item Object-Spatial Imagery and Verbal Questionnaire (OSIVQ, Blazhenkova &
Kozhevnikov, 2009) was administered to assess individual differences in cognitive style.
Cognitive styles represent regularities in cognitive functioning, particularly in the acquisition
and processing of information. The questionnaire is based on a three-dimensional model.
Specifically, the questionnaire assessed whether participants had a preference for object
imagery, spatial imagery or if they had a verbal cognitive style. People who have a preference
for object imagery (referred to as object visualizers) use imagery to construct vibrant, clear
images of individual objects. Blazhenkova and Kozhevnikov (2009) found that a dominance
of this thinking style was characteristic of visual arts students. Additionally, students who
scored high on this scale had a relatively low score on tasks measuring spatial abilities, such
as the paper folding test and mental rotation. Individuals who rely mainly on spatial imagery
(spatial visualizers) use imagery to represent and transform spatial relations. This thinking
style is characteristic of science students, and it has been found to be associated with good
performance on the paper folding and mental rotation tests (Blazhenkova & Kozhevnikov,

2009), as well as mechanical reasoning, and the ability to solve maths word problems

* All number and month triads used in the study are listed in Table A in the Appendix.
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(Morsanyi, Primi, Handley, Chiesi & Galli, 2011). Finally, those who possess a verbal
cognitive style (verbalizers) mainly use verbal-analytical strategies when performing
cognitive tasks. This thinking style is characteristic of humanities students, and it is
associated with higher scores on vocabulary tests, and tests that require participants to
formulate thoughts in a verbal format (Blazhenkova & Kozhevnikov, 2009). A key question
that we wanted to address by the inclusion of this measure was the relationship between
spatial and verbal representations and performance on the comparison and ordering tasks.
The following is an example of an item from the object imagery scale: ‘When entering a
familiar store to get a specific item, I can easily picture the exact location of the target item,
the shelf it stands on, how it is arranged and the surrounding articles’. An example of an
item from the spatial imagery scale is: ‘I can easily imagine and mentally rotate three-
dimensional geometric figures’. Finally, the following item comes from the verbal scale:
‘When explaining something, | would rather give verbal explanations than make drawings or
sketches’. Participants rated their agreement with each item on a 5-point scale. The levels of
agreement were ‘1 = Strongly Disagree’, ‘2 = Disagree’, ‘3 = Not Sure’ ‘4 = Agree’ and ‘5 =
Strongly Agree’. Totals for each scale were calculated. Reliability analysis was also carried
out for each subscale. In the current sample, Cronbach’s alpha for the object scale was .70,
for the spatial scale it was .80, and for the verbal scale it was .76.

Measure of fluid intelligence

Raven’s Advanced Progressive Matrices (short form)

A short form of the Raven’s Advanced Progressive Matrices (Arthur & Day, 1994) was used
as a measure of fluid intelligence. This test consisted of 12 items with three practice items
from the Raven’s Standard Progressive Matrices (Raven, 1938) included at the start. This
short form has been shown to have adequate psychometric properties, and it is a valid and

reliable instrument (Chiesi, Ciancaleoni, Galli, Morsanyi, & Primi, 2012). In the present
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sample Cronbach’s alpha was .69. We included this measure because, potentially,
performance on all of our measures could be related to participants’ levels of fluid
intelligence, which could explain some of the shared variance between our tasks.
Procedure
The participants completed all tasks in a single testing session which lasted
approximately 50 minutes. They were tested in groups of 8-10. The order in which the tasks
were presented was the same for all participants. The computer-based tasks were spread out
so that they were presented at various intervals between the paper-and-pencil tasks. The
participants first completed the timed math fluency test from the Woodcock-Johnson Il Tests
of Achievement. Then the month comparison task was presented onscreen. Following this,
the OSIVQ was completed in the task booklet. Then participants were asked to complete the
month ordering task on the computer. The number-line estimation task was then presented,
followed by the number comparison task. Another booklet was distributed with the Raven’s
Advanced Progressive Matrices (short form) and participants were instructed to indicate their
answers on the accompanying response sheet. This was followed by the final computer-based
task: number ordering.
Results

First we present descriptive statistics for each measure (see Table 1). These show that
on most measures there was a good variability in participants’ scores. The exceptions were
the comparison and ordering tasks, where accuracy rates were close to ceiling (especially on
the comparison tasks). Nevertheless, there was a good variability in scores on the RT
measures.

[Insert Table 1 here]
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The relationship between performance on the comparison, ordering tasks and
arithmetic skills

Our next analysis investigated the relationships between our measures of arithmetic
skills, the comparison and ordering tasks, fluid intelligence and the measures of thinking
dispositions (see Table 2). We report the correlations for the ordering tasks collapsed across
correctly ordered and mixed-order trials, as our preliminary analyses suggested that
performance across correctly ordered and mixed order trials within each task (i.e., number
ordering and month ordering) were very highly correlated (rs > .82), and the correlations
between correctly ordered and mixed-order trials within each task and other measures were
virtually the same. Nevertheless, later we will report some analyses where the presence of
(reverse) distance effects on correctly ordered and mixed-order trials is investigated
separately.

First we describe the first-order correlations between the (number and month)
comparison and ordering tasks, and between these tasks and arithmetic skills. The
correlations between the ordering and comparison tasks were very strong, ranging from .41 to
.65. Performance on all of these tasks was also significantly related to arithmetic skills, as
well as to fluid intelligence. Thus, in a number of analyses that we report below, we included
fluid intelligence as a covariate. We conducted a regression analysis to confirm that both
number comparison and number ordering explained unique variance in arithmetic skills.
Indeed, when these tasks were entered into the regression equation together, both the number
comparison (5 =-.26 p = .019) and number ordering task (f = -.41 p < .001) were significant
predictors of arithmetic abilities (R®= .35, p < .001)°. As the two performance measures were

highly correlated, we included a multi-collinearity analysis for the regression analysis.

A stepwise regression analysis where the number and month comparison and ordering tasks were used as
predictors of arithmetic performance yielded the same result, retaining the number ordering and number
comparison tasks as significant predictors of arithmetic performance and excluding the month ordering and
month comparison tasks.
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According to the criteria proposed by Myers (1990), which specifies that a variance inflation
factor (VIF) of ten or greater is cause for concern, the collinearity between comparison and
ordering performance was at an acceptable level (VIF = 1.54).

[Insert Table 2 here]

Next, we conducted a mediation analysis to see if the effect of number comparison
performance on arithmetic skills was mediated by number ordering ability. The aim of this
analysis was to establish the extent to which the relationship between number comparison
and arithmetic performance is explained by the shared variance between number ordering and
number comparison performance. At the same time, this framework is also appropriate for
establishing whether there is a direct (i.e., unmediated) link between number comparison and
arithmetic skills once the shared variance with number ordering skills is accounted for®. The
mediation hypothesis was tested using the INDIRECT procedure for bootstrapping (with
5000 bootstrap samples) to estimate 95% confidence intervals (ClI; for more details see
Preacher & Hayes, 2008). We estimated the indirect effect of number comparison on
arithmetic skills, quantified as the product of the Ordinary Least Squares (OLS) regression
coefficient estimating number ordering ability from number comparison (path a in Figure 1),
and the OLS regression coefficient estimating arithmetic skills from number ordering
controlling for number comparison (path b in Figure 1). A bias-corrected bootstrap-
confidence interval (CI) of the product of these paths that does not include zero provides
evidence of a significant indirect effect of number comparison on arithmetic skills through
number ordering (Preacher & Hayes, 2008). The INDIRECT procedure revealed a significant

indirect effect of number comparison on arithmetic skills through number ordering (b=-.06,

e Using number comparison as the mediated variable is in line with developmental findings (Lyons et al., 2014).
Whereas, in the case of young primary school children, number comparison performance is the best predictor
of maths skills, in higher grade children, number comparison becomes the strongest numerical predictor of
maths skills. Given that ordinal processing becomes more important than comparison skills with development,
it is an important question whether, in the case of adult participants, comparison skills have any independent
predictive value after their shared variance with ordering skills is taken into consideration.
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95% CI =-.010 to - .02). Kappa squared was .23 (95% CI = .10, to .34) indicating a medium
effect size for the indirect effect (Preacher & Kelly, 2011). Nevertheless, there was still a
significant unmediated effect (¢ ) of number comparison on arithmetic skills. That is, number
comparison skills predicted arithmetic performance both directly (i.e., independent of number
ordering skills) and indirectly (via number ordering skills).

Next we explored the question of whether the ordering skills implicated in arithmetic
performance were specific to numbers (cf., Lyons & Beilock, 2011), by re-running the
regression analysis and mediation analysis but replacing number ordering with month
ordering. We found that, similar to findings of the regression involving number ordering,
both the number comparison (5 = -.41 p<.001) and the month ordering task (5 =-.23p =
.026) explained unique variance in arithmetic skills (R?= .28, p < .001) when they were
entered together into the regression equation. Collinearity between the predictor variables
was at an acceptable level (VIF = 1.20). That is, ordering skills that were not number-specific
predicted arithmetic ability independent of number comparison skills, confirming the
relationship between arithmetic skills and non-numerical ordering skills. Note that this result
is in contrast with the conclusions of Lyons and Beilock (2011) who claimed that the
ordering skills implicated in mental arithmetic are specific to the domain of numbers. We
also ran a mediation analysis to see if the effect of number comparison on arithmetic skills
was mediated by month ordering. If this was the case, it would indicate that a general
ordering ability that is implicated in number comparison performance explains some of the
shared variance between number comparison and arithmetic skills. This question is
theoretically important as, if this was the case, it would suggest that the link between number
comparison skills and mental arithmetic can be attributed to non-numerical ordering abilities.
The mediation hypothesis was tested using the INDIRECT procedure for bootstrapping (with

5000 bootstrap samples). The result was non-significant, indicating that the effect of number
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comparison on arithmetic skills was not mediated by month ordering. Thus, although a
general ordering ability (which is not specific to numbers) seems to be important for
arithmetic skills, this general ordering ability does not explain the link between number
comparison and arithmetic performance.

[Insert Figure 1 here]

An additional regression analysis was carried out to test the predictive value of number
and month ordering skills with regard to arithmetic skills. When the two predictors were
entered together, only number ordering skills (5 = -.47 p = .001) were significant predictors
of arithmetic abilities (R = .28, p < .001). Collinearity between the two ordering tasks was at
an acceptable level (VIF = 1.92).We followed up this analysis by a mediation analysis to test
if the effect of month ordering skills on arithmetic ability was mediated by number ordering
skills. This would suggest that the link between month ordering and arithmetic performance
is present because of the demand for processing order information which is shared between
number and month ordering. Additionally, this result would help in explaining the non-trivial
fact that month ordering showed a relatively strong relationship with arithmetic skills. Once
more we used the INDIRECT procedure for bootstrapping (with 5000 bootstrap samples) to
test this hypothesis. There was a significant indirect effect of month ordering on arithmetic
skills through number ordering (unstandardized OLS regression coefficient = -.01, 95% CI = -
.016 to - .004), whereas the direct effect was not significant. Kappa squared was .26 (95% CI
= .08, to .42) indicating a large effect size for the indirect effect (Preacher & Kelley, 2011).
Including fluid intelligence as a covariate did not substantially change these results, and fluid
intelligence was a non-significant covariate (p = .29). This result suggests that month
ordering skills were linked to arithmetic abilities due to their shared variance with number
ordering skills, and once this shared variance was accounted for, month ordering skills did

not explain any additional variance in arithmetic abilities.
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Finally, we also tested a regression model including number and month comparison as
predictors of arithmetic skills. When the two predictors were entered together, only number
comparison performance (5 = .40 p = .001) was a significant predictor of arithmetic abilities
(R?= .24, p < .001). Collinearity between the predictor variables was at an acceptable level
(VIF = 1.43). We followed up this analysis by a mediation analysis to test if the effect of
month comparison performance on arithmetic ability was mediated by number comparison
performance. This would suggest that the link between month comparison and arithmetic
performance is present because of a domain-general process which underlies performance on
both the number and month comparison tasks. Again, such an analysis was important so that
we could explain the non-trivial finding that month comparison skills showed a relatively
strong relationship with arithmetic abilities. Once more, we used the INDIRECT procedure
for bootstrapping (with 5000 bootstrap samples) to test this hypothesis. There was a
significant indirect effect of month comparison on arithmetic skills through number
comparison (unstandardized OLS regression coefficient =.03, 95% CI = .05 to .01), whereas
the direct effect was not significant. Kappa squared was .20 (95% CI = .09, to .35) indicating
a medium effect size for the indirect effect (Preacher & Kelley, 2011). Including fluid
intelligence as a covariate did not substantially change these results, and fluid intelligence
was a non-significant covariate (p = .34). This result suggests that month comparison skills
were linked to arithmetic abilities due to their shared variance with number comparison skills,
and once this shared variance was accounted for, month comparison skills did not explain any
additional variance in arithmetic abilities.

Exploring the representations that underlie performance on the comparison and
ordering tasks 1: Relationships with number line performance and thinking dispositions

One purpose of the following analyses was to investigate the relationship between

comparison and ordering performance and performance on the number line task. All of the
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comparison and ordering tasks were significantly related to number line performance, which
hints at the possibility that performance on these tasks utilizes mental line-type
representations. These correlations remained significant when we controlled for fluid
intelligence (the partial correlation coefficients ranged from .24 to .50, all ps <.042).

Additionally, the correlational analyses indicated that both number and month
comparison performance were related to spatial thinking styles. However, when we
controlled for fluid intelligence, only the relationship between spatial thinking and the month
comparison task remained significant. Moreover, object visualizing was negatively related to
number ordering performance. These initial results showed some dissociation between the
ordering and comparison tasks in terms of their relationships with the thinking style
measures. Although verbal thinking styles were related to arithmetic skills, they were
unrelated to performance on the comparison and ordering tasks.

In order to better understand the relationship between these variables, we performed a
principal component analysis, which resulted in the extraction of three factors with
eigenvalues over 1 (see Table 3). Together, these three factors explained 68% of the overall
variance. Of these factors the most interesting one for our purposes was the first factor, which
explained 40% of the variance, and which was dominated by the comparison and ordering
tasks as well as by number line performance. Spatial thinking styles also loaded relatively
strongly on this factor. Interestingly, number line performance also loaded strongly on a
second factor, which was also characterized by low levels of spatial and verbal thinking
styles. This suggests that although typically number line performance relies heavily on spatial
(and to some extent verbal) strategies, some participants might have used alternative methods
to perform this task. Finally, the last factor was dominated by the object visualizing thinking

style. Regarding the processes that underlie (number and month) comparison and ordering
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performance, the above results are in line with the notion that performance on these tasks
utilizes visuo-spatial, mental line-type representations.

[Insert Table 3 here]

Exploring the representations that underlie performance on the comparison and
ordering tasks 2: The presence of (reverse) distance effects in the comparison and
ordering tasks

Our next analysis was aimed at establishing whether distance effects were present in the
case of both the number and month comparison tasks, and if the effect of distance was similar
across tasks (see Figure 2). A 2x4 ANOVA with distance from the reference number/month
(5/May) and task (number/month comparison) as within-subjects factors indicated a
significant effect of distance (F(3,243) = 71.17, p < .001, npz = .47), a significant effect of
task (F(1,81) = 84.57, p <.001, rypz =.51), and a significant interaction between distance and
task (F(3,243) =6.84, p < .001, rypz =.08) on the composite scores. That is, performance
was better for trials with a larger distance from the reference number/month, and it was also
better for the number comparison task than for the month comparison task.

[Insert Figure 2 here]

In order to explore further the task by distance interaction we also conducted one-way
ANOVAs with distance as a within-subjects factor separately for the two tasks. In the case of
the number comparison task, there was a significant effect of distance (F(3, 249) = 65.71
p<.001 7,> = .44). Additionally, post-hoc comparisons using Bonferroni-Holm corrections
indicated that the difference between each particular distance was significant (i.e., all
pairwise comparisons between different levels of distance showed a significant difference).

In the case of the month comparison task, a one-way ANOVA also indicated a

significant effect of distance (F(3,243) = 36.72, p < .001, 77,,2 =.31). Post-hoc comparisons
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using Bonferroni-Holm corrections indicated that the difference between each particular
distance was significant (i.e., all pairwise comparisons between different levels of distance
showed a significant difference), apart from the difference between the distances of 3 and 4
months, and 2 and 4 months. Thus, canonical distance effects were found for both number
and month comparison tasks, although somewhat more consistently in the number task.

Our next analysis investigated the (reverse) distance effect in the case of the number-
and month-ordering tasks. We analysed these effects separately for problems where the
ordering was correct (see Figure 3), and where it was incorrect (see Figure 4), because
previous studies (e.g., Lyons & Beilock, 2013) indicated that reverse distance effects were
only present in the case of correctly ordered trials. First we analysed the results for correctly
ordered trials. A 2x6 ANOVA on composite scores with distance between the two extreme
items (2/3/4/5/6/7) and type of task (number ordering/month ordering) as within-subjects
factors indicated a significant effect of distance (F(5,400) = 5.38, p < .001, npz =.06),and a
significant effect of task (F(1,80) = 388.13, p<.001, an: .83). That is, performance on the
number ordering task was better than on the month ordering task, and trials with a larger
distance between the two extreme items were more difficult than trials with a smaller
difference between the two extreme items.

[Insert Figure 3 here]

However, there was also a significant interaction between distance and task (F(5,400) =
452, p=.001, 77,,2 =.05). Thus, we analysed the results separately for the two tasks using
one-way ANOVAs with distance between the two extreme items (2/3/4/5/6) as a within-
subjects factor. In the case of the month ordering task, there was a significant effect of
distance (F(5,400) =5.88, p <.001, 77,,2= .17). Post-hoc comparisons using Bonferroni-Holm
corrections indicated that performance was significantly better for the distance of 2 than for

the distances of 5, 6, and 7. There were no other significant differences. In the case of the
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number ordering task, the ANOVA indicated no significant effect of distance (p = .175).
Overall these results provided some evidence for a reverse distance effect, but only in the
case of the month ordering task.

We also ran the same analyses on the results for mixed-order trials. A 2x6 ANOVA
with distance between the two extreme items (2/3/4/5/6/7) and type of task (number
ordering/month ordering) as within-subjects factors indicated a significant effect of distance
(F(5,390) = 9.44, p < .001, rypzz .11), and a significant effect of task (F(1,78) = 347.17, p<
.001, 77p2 =.82) on the composite scores. The task by distance interaction was not significant
(p = .180). That is, performance on the number ordering task was better than performance on
the month ordering task, and trials with a larger distance between the two extreme items were
less difficult than trials with a smaller difference between the two extreme items. Post-hoc
comparisons using Bonferroni-Holm corrections indicated that performance was significantly
worse for the distance of 2 than for the distances of 5, 6 and 7, and performance was
significantly worse for the distance of 3 than for the distances of 4, 5, 6 and 7. There were no
other significant differences. Overall these results showed that a canonical distance effect was
present in the case of both the number ordering and month ordering tasks, and the effect of
distance between items was similar across tasks.

[Insert Figure 4 here]

In summary, these analyses indicated that a (canonical or reverse) distance effect was
present in the case of both correctly ordered and mixed-order trials. Nevertheless, the results
were somewhat different for the month- and number-ordering tasks. In general, the month-
ordering task was more difficult than the number-ordering task. In the case of correctly
ordered trials, a reverse distance effect was found, but only in the case of the month-ordering
task. In the case of mixed-order trials, a standard distance effect was present, and it was

similar across the two tasks.
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Discussion

In the discussion we will address each of our research questions separately, before we
draw some general conclusions and discuss future directions for this line of research.

1.  The link between number comparison and number ordering performance, and
arithmetic skills

Our analyses regarding the link between comparison and ordering performance and
arithmetic skills showed that the effect of number comparison and number ordering skills on
arithmetic performance is overlapping, but only partially. We also revisited the claim of
Lyons and Beilock (2011) that a specific numerical ordering ability is implicated in
arithmetic performance, rather than domain-general ordering skills. Our results indicated that,
in fact, arithmetic performance was also strongly linked to month ordering ability, and that
month ordering skills explained unique variance in arithmetic skills when they were entered
into the regression equation together with number comparison performance. However, our
additional analyses showed that this non-numerical ordering ability did not mediate the effect
of number comparison skills on arithmetic abilities. At the same time, the effect of month
ordering ability on arithmetic skills was mediated by number ordering abilities.

Taken together, this pattern of results indicates that although number ordering and
number comparison skills make independent contributions to arithmetic abilities, these tasks
also utilize some shared underlying representations. On the basis of these findings, it is
plausible to suppose that some shared basic underlying representations support both number
comparison and ordering performance. Nevertheless, these representations are utilized in
somewhat different ways in the case of comparison and ordinal judgments. We explore this
issue further in the next section.

2. The nature of representations that underlie number comparison and ordering

performance
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As we described in the introduction, on the basis of previous research (e.g., Booth &
Siegler, 2006; Franklin et al., 2009; Kucian et al., 2011; Lyons et al., 2014,) the most
plausible candidate for a shared underlying representation for numerical comparison and
order processing skills is a visuo-spatial mental number line. We explored this possibility by
conducting a factor analysis including the comparison and ordering tasks, mental number line
performance, and the thinking style measures. This analysis indicated that the comparison
and ordering tasks loaded on the same factor as spatial thinking styles and mental number
line performance, which is in line with this hypothesis. Although we recognize the limitations
of the self-report measure of thinking styles, the fact that both spatial thinking style and
number line performance loaded on the same factor suggest that this measure may capture
something of interest. We also recognize that it is important to consider other explanations of
why performance is correlated across tasks. In particular, because both the comparison and
ordering tasks involve measurement of RTs, speed of processing might be an important
common constraint on performance. However, the number line task, which loaded on the
same factor in our analysis, did not involve RT measures, indicating that this factor does not
just pick up speed of processing. Furthermore, the fact that these results generalized across
the domains of numbers and months excludes the possibility that performance on the number
comparison and ordering tasks is related just because of fluency of processing within the
specific domain of numbers.

At the same time, as we mentioned in the introduction, previous research has also
indicated that even if comparison and ordering performance do draw on the same visuo-
spatial representation of the number line, this representation might be utilized in quite
different ways in the case of comparison and order judgments. Some strong evidence for this
claim is the presence of canonical distance effects in the case of comparison tasks and reverse

distance effects in the case of order judgments (e.g., Franklin et al., 2009; Goffin & Ansari,
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2016; Lyons & Beilock, 2013; Turconi et al., 2006). Nevertheless, as we also mentioned in
the introduction, the evidence reported in previous studies regarding the presence of reverse
distance effects in the case of ordering tasks is somewhat inconsistent. Thus, we revisited this
question in the present study.

As expected on the basis of numerous earlier studies, the canonical numerical distance
effect was present in the case of the number comparison task. Regarding the reverse distance
effect, we found no evidence for this in the case of correctly ordered trials in the number
ordering task. At the same time, on mixed-order trials a canonical distance effect was present.
Thus, these results do not support the claim that the processes implicated in number
comparison and number ordering judgments differ substantially, although the distance effect
appears to be much weaker in the case of ordinal judgments. However, these results leave the
possibility open that in the case of correctly ordered trials in the number ordering task both
canonical and reverse distance effects might be present (cf. Franklin et al., 2009). That is, it
may be that the lack of an observable distance effect in the case of such trials may be due to
canonical and reverse distance effects cancelling each other out. Thus, the processes
implicated in comparison and ordering performance might still be somewhat different.

The result that a reverse distance effect was not found in the case of correctly ordered
number ordering trials is important, as there is a theoretical debate that centres on whether
simple performance measures (such as accuracy and RTs) or measures derived from distance
effects are the most appropriate for indexing performance on comparison and ordering tasks
(e.g., Goffin & Ansari, 2016; Lyons et al., 2015; Maloney et al, 2010). In line with previous
studies (Lyons et al., 2015; Maloney et al, 2010) that questioned the reliability of distance
effects in the case of comparison tasks, our study has found no evidence for a reverse
distance effect in the case of the number ordering task. We will return to these questions after

discussing the distance effects in the case of the month comparison and ordering tasks.
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3. Evidence regarding the domain-specificity vs. domain-generality of the processes

that underlie performance in the comparison and ordering tasks

We will first consider the findings from the comparison tasks and then those from the
ordering tasks. With regard to performance on the comparison tasks, there is converging
evidence that the underlying processes are shared across domains. Indeed, the factor analysis
indicated that the number and the month tasks both load on a factor that also includes number
line judgments and spatial thinking styles (as well as performance on the ordering tasks).
Additionally, the canonical distance effect was present in the case of both tasks. This is in
line with earlier reports of the distance effect being present in the case of other tasks
involving the months of the year (Fairbanks, 1969; Friedman, 1984; Seymour, 1980), and
also with evidence that events in time are represented along a “mental time line” (see Bonato
et al., 2012 for a review). An important implication of these findings is that if the distance
effect is present in the case of months, then the distance effect in the case of numbers should
not be interpreted as indicator of an approximate representation of quantities (i.e., as
reflecting ANS functioning), although it is clearly linked to the relative positions of items.
Indeed, in the case of the month comparison task, canonical distance effects were obtained
although the task asked participants to judge the relative position of months (i.e., whether
they were before or after May), rather than their magnitude. The conclusion that distance
effects do not reflect ANS functioning is also supported by Lyons et al. (2015) who reported
that individual differences in ratio effects (which are closely related to distance effects) on
symbolic and non-symbolic comparison tasks were urelated.

Whereas the relationship between performance on the month comparison task and
visuo-spatial mental time line representations is not very surprising, the link between month
comparison and mathematical skills requires some explanation. A plausible reason for this

link could be that the ability to mentally “line up” items is necessary to create both mental
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number lines and mental time lines, and mental line-representations support arithmetic
abilities. Indeed, as we have pointed out, both numerical and month comparison skills were
related to performance on the number line task. However, in the present study we did not find
a link between number line performance and arithmetic skills. In fact, arithmetic performance
was also not linked to spatial thinking styles. Thus, it seems that the link between comparison
performance and arithmetic skills is based on some more specific requirements of the
comparison tasks. Nevertheless, whatever this requirement might be, it is shared between the
number and month comparison tasks, as indicated by the fact that the effect of month
comparison performance on arithmetic skills was mediated by number comparison skills.

An alternative possibility is that performance on the comparison and ordering tasks, as
well as the mental number line task is based on a shared underlying representation of ordered
sequences in working memory (see van Dijck & Fias, 2011). Indeed, this interpretation is
also compatible with our finding that spatial thinking styles are related to performance on
these tasks, as spatial attention was found to be implicated even in serial order verbal working
memory retrieval (van Dijck, Abrahamse, Majerus & Fias, 2013). Thus, when we discuss the
link between comparison and ordering skills, and the ability to mentally line up items, we
leave the possibility open that the ordered representations are only temporarily available in
working memory.

A potential criticism regarding the interpretation of these results is that months are
often represented using numbers, and, thus, it is possible that the shared variance between the
number and month comparison tasks is simply explained by the fact that participants
converted the months into numbers while performing the tasks. One reason to doubt that this
is the correct explanation of the findings is that the difference between RTs for the number
and month comparison tasks was very small (less than 120 ms on average — see Table 1),

which makes it unlikely that participants had the time to convert the month names into
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numbers. The instructions given in the month comparison task also did not ask for magnitude
judgments; rather, participants were asked to judge whether a given month happened before
or after May in the calendar year. Additionally, the distance and ordering tasks with numbers
were completed by participants after they completed the same tasks with months, thus, they
were not primed in the study to rely on numerical representations in these tasks. Finally,
although the effect of month comparison skills on arithmetic performance was mediated by
number comparison performance, the effect size was medium level, and the relationship
between month comparison and arithmetic performance appeared to be weaker than the link
between number comparison and arithmetic performance, which indicates that a substantial
amount of variance was unshared across the number and month comparison tasks.

Regarding the ordering tasks, again we found evidence for a relationship with “mental
line”-type representations and spatial thinking. Additionally, ordering skills as indexed by
both number and month ordering performance were strongly linked to arithmetic
performance. Moreover, the effect of month ordering skills on arithmetic performance was
mediated by number ordering skills (and the effect size was large), which provides further
evidence for the presence of shared underlying representations.

Nevertheless, the results regarding the presence of (reverse) distance effects on the
number and month ordering tasks also point at some important differences between these
tasks’. Specifically, in the case of the number ordering task, only a canonical distance effect
was evident, and only in the case of mixed-order trials. By contrast, in the case of the month
ordering task a reverse distance effect was present in the case of correctly ordered trials,
whereas a canonical distance effect was found in the case of mixed-order trials.

A possible explanation for these patterns for the month ordering task (i.e., a canonical

distance effect in the case of mixed-order trials, and a reverse distance effect in the case of

" This can be considered as additional evidence that months were not converted into numbers
by participants.
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correctly ordered trials) is that items that are in close proximity in a sequence (i.e., where the
distance between items is small) trigger a “correct” response, perhaps due to strong
associations between the names of the months. This would be in line with associative
chaining models of ordered sequences (e.g., Lewandowsky & Murdock, 1989) where
adjacent items are strongly connected by associative links. These associations would facilitate
responding in the case of correctly ordered trials (which would explain the reverse distance
effect), but would have to be inhibited in the case of incorrectly ordered trials. Although these
effects could also be expected in the case of numbers, the association might be weaker,
because numbers very often appear in non-canonical orders (for example, in the case of
multi-digit numbers), whereas months more rarely appear in a non-canonical order. Indeed, it
is an interesting possibility that, because maths typically involves dealing with numbers in
non-canonical order, it might be important for the development of proficiency with numbers
to be able to use numbers independently of their associations with other numbers within the
count list. Because children start out learning numbers primarily within the context of the
count list, it may be that associations between adjacent numbers are initially very strong.
Such associations may be initially helpful in learning the single-digit number series, but are
likely to be unhelpful when dealing with multi-digit numbers or performing numerical
operations. Thus, it is probable that with experience of arithmetic and exposure to multi-digit
numbers these associations are weakened. Two interesting predictions arise from these
results. First, if this developmental account is along the right lines then reverse distance
effects in ordering tasks should be present when the number ordering task is administered to
young children, but the effect should gradually decrease with development. Another
interesting possibility is that if ordering performance indeed requires inhibition skills, this
could potentially explain why the relationship between performance on the dot comparison

task and arithmetic abilities was mediated by number ordering ability in Lyons and Beilock’s
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(2011) study (i.e., due to the shared inhibitory component of these tasks — see Fuhs &
McNeil, 2013; Gilmore et al., 2013; Szucs et al., 2013). At the same time, this would also
raise the possibility that it is not ordering skills per se, but inhibition skills that are necessary
for arithmetic performance. Indeed, inhibition skills are very clearly implicated in arithmetic
performance (e.g., Blair & Razza, 2007; Bull & Scerif, 2001; Swanson, 2011).

Although shared inhibition requirements could contribute to the link between ordering
skills and arithmetic performance, it is unlikely that this link is fully explained by inhibition
(see Goffin & Ansari, 2016). In fact, this link also does not seem to be explained by the fact
that ordering abilities rely on visuo-spatial representations, as neither spatial skills nor
number line performance correlated with arithmetic performance in the present study. Thus,
the current results leave the question open what it is exactly about ordering skills that is
important for arithmetic abilities.

A limitation of our study that deserves attention is that performance on the comparison
and ordering tasks was, to a large extent, based on RT data. Thus, as already discussed, some
of the shared variance between the comparison and ordering tasks could simply arise due to a
common underlying relationship with processing speed. A good method to tackle this issue
would have been to administer a separate measure of RT (as in Lyons et al., 2014).
Nevertheless, this limitation of the design does not alter the conclusions that can be drawn
regarding the relationships between these and other tasks. Indeed, performance on the
comparison and ordering tasks was related to a task that was not based on RT measures (i.e.,
the number line task), and also to self-reported measures of thinking dispositions. More
importantly, our mediation analyses showed differential patterns of shared variance among
the comparison and ordering tasks, which makes it very unlikely that the relationship between
the tasks simply arose due to the common RT component. Indeed, although all of these tasks

were related to fluid intelligence (i.e., a task that taps a general processing requirement),
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when the effect of fluid intelligence was controlled for, the results of the mediation analyses
did not change.
Summary, conclusions and future directions

In the past decades, research has predominantly focussed on exploring the role of the
ANS (e.g., Piazza et al., 2010) in symbolic number skills. These studies most often used
symbolic and non-symbolic comparison tasks. Nevertheless, recent studies (starting with
Lyons & Beilock, 2011 and Rubinsten & Sury, 2011) also highlighted the importance of
number ordering skills in mathematical abilities. Indeed, Lyons et al. (2014) showed that
beyond a certain point in development, number ordering abilities become the strongest
predictors of arithmetic skills (although number comparison performance also continues to be
a significant predictor). The current results substantially extend our previous knowledge
regarding number ordering and number comparison skills. In particular, we provided new
insight into the link between these skills, and also into the question of whether the link
between mental arithmetic and ordering and comparison skills is specific to tasks that involve
numbers.

Regarding the link between ordering and comparison abilities, our results indicate a
partial overlap between these two skills. This is in clear contrast with Rubinsten and Sury
(2011) who proposed that these skills represented two independent, parallel core systems.
Our findings also prompt at least some reconsideration of claims about the independence of
comparison and ordering skills (e.g., Lyons & Beilock, 2013; Goffin & Ansari, 2016). On the
basis of the current results, we can also refute the claim that the ordering skills implicated in
arithmetic performance are number-specific (Lyons & Beilock, 2011). In fact, our results
additionally suggest that number comparison skills also rely on domain general processes,
and are at least consistent with the suggestion that a spatial representation of item order

underlies both ordering and comparison skills across domains (although such a representation
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might be used in different ways in comparison and ordering tasks). Nevertheless, given that
in the current study performance on the number line task was not significantly related to
arithmetic performance, a link between comparison and ordering skills and visuo-spatial
representations is not sufficient to explain why these skills are related to arithmetic skills (see
also Goffin and Ansari, 2016 for similar conclusions). Indeed, our findings are more
compatible with the proposal that performance on the comparison and ordering tasks, as well
as the mental number line task is based on a shared underlying representation of ordered
sequences in working memory (see van Dijck et al., 2013; van Dijck & Fias, 2011).
Nevertheless, comparison and ordering skills might necessitate the ability to use ordered
representations in a flexible way, depending on the instructions participants are given (i.e., to
gather information about the order of items or the relative position of items along a
continuum). Although the current findings extend our previous knowledge, a few questions
remain unanswered. In line with Lyons et al. (2015), our results suggest that number
comparison performance cannot be straightforwardly interpreted as a measure of magnitude
processing skills (because there was a substantial association between performance on this
task and the month comparison task, where the items do not represent magnitude information,
although both tasks seem to rely on a spatial representation of item position). There is also a
need to better understand the nature of the representations that underlie performance on the
comparison and ordering tasks, and the involvement of working memory in performing these
tasks.

Beside pointing at some important future directions for research, our findings can also
inform the development of novel intervention methods. Indeed, theories of the component
cognitive processes for mathematics are important because they can inform interventions to
help improve mathematical abilities. Although some recently developed interventions for

mathematics have focused on the ANS (see De Smedt, Noel, Gilmore & Ansari, 2013 for a
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review) our findings suggest that it might be efficacious to use interventions that help support
ordering abilities. Moreover, the current findings suggest that interventions that boost
domain-general ordering abilities (rather than number ordering skills) might also offer
significant benefits. Indeed, clinical observations suggest that individuals with dyscalculia
struggle with following directions, and telling the sequence of past and future events.
Children with dyscalculia have also been found to show impairments in transitive reasoning
(Morsanyi, Devine, Nobes & Szucs, 2013), where they had to make judgements about the
relative position of items. Interventions that use non-numerical materials to enhance ordering
skills might be particularly useful for individuals who have pre-existing anxiety and negative

feelings toward maths.
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Table 1. Descriptive statistics for the measures of basic maths skills, the comparison and

ordering tasks, the thinking style measures and the measure of fluid intelligence

Arithmetic skills

Number line

Number comparison (acc.)
Number comparison (RT.)
Month comparison (acc.)
Months comparison (RT.)
Number ordering (acc.)
Number ordering (RT)
Month ordering (acc.)
Month ordering (RT)
Object-visualizing

Spatial thinking

Verbal thinking

Raven’s matrices

Mean

110.15

3.57

.98

515.92

97

631.20

94

1082.96

.89

1896.55

52.18

41.99

46.40

5.06

SD

21.24

1.68

.03

77.64

.03

132.70

.05

276.76

.09

449.43

9.46

8.08

7.89

2.30

Minimum

67

1.21

15

382.79

.83

44451

71

599.85

.60

1013.41

36

23

21

Maximum

158

9.61

1.00

717.89

1.00

1098.42

1.00

1876.68

1.00

3159.48

90

65

63

11
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Table 2. Correlations between the measures of basic maths skills, the comparison and
ordering tasks, fluid intelligence and the thinking styles measures (where it was necessary,

scores had been converted so that higher scores on each task indicate better performance).

1. 2. 3. 4, 5. 6. 7. 8.
1.Arithmetic --
skills
2. Number 18 --
line
3. Number 507 517 --
comparison®
4. Number 537 407 607 -
ordering
5. Month 397 25 55 56 -
comparison®
6. Month 427 327 417 697 64 -
ordering
7. Fluid .04 27 35 27 307 35" -
intelligence
8. Object -13 -21*  -12  -15 -.04 24" .02 --
visualizing
9. Spatial 10 17 23 19 317 .08 287 -17
thinking
10. Verbal 27 -12 10 17 .08 A1 -03  -05
thinking

Performance on these tasks was indexed by a composite score created from accuracy
and RTs (the formula is described in the Methods section).

51



Table 3. Component matrix presenting the results of a factor analysis including the
comparison and ordering tasks, number line performance and the thinking style measures

(higher scores on each task indicate better performance or higher levels of the measured

trait)
Component
1 2 3
Number comparison 7 .09 -.07
Number ordering .84 .05 -17
Month comparison .80 -12 -.24
Month ordering .78 13 -11
Number line .61 45 .20
Object visualizing =27 -.05 -.89
Spatial thinking 42 -.56 29

Verbal thinking .20 -.80 -.03




Figure captions
Figure 1. Path model depicting the relationship between the number comparison task and
maths fluency including number ordering skills as a mediator (a, b, ¢’ are unstandardized

OLS regression coefficients); * p<.05 **p<.01; ***p<.001).

Figure 2. Composite scores based on accuracy and RTs as a function of distance from the
reference in the case of the number and month comparison tasks (higher scores indicate

worse performance)

Figure 3. Composite scores based on accuracy and RTs as a function of the distance between

the two extreme items in the case of the correctly ordered trials on the number and month

ordering tasks (higher scores indicate worse performance)

Figure 4. Composite scores based on accuracy and RTs as a function of the distance between

the two extreme items in the case of the mixed order trials on the number and month ordering

tasks (higher scores indicate worse performance)
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Appendix

Table A: Overview of the number and month triads used in the ordering tasks

Correct order Mixed order Distance

Numbers Months Numbers Months
Practice trials
345 March April May 243 February April March 2
579 May June August 376 March July June 4
237 February March July 287 February August July 5/6
158 January May August 182 January August February 7
Experimental trials

34 February March April January March February
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April May June

June July August

July August September
February March May
March April June

May June August

June July September
February March June
March June July

April May June

May August September
January April June
February May July
March July August
April August September
January May July
February April August
February July August
March July September
January April August
January June August
February March September
February June September
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March May April

May July June

July September August
January April March
February May April
April July June

June September August
January May March
March July April
March July May

May September June
January June March
February July April
March August May
April September July
January July March
February August March
February August June
March September June
January August March
January August April
January August June
January August July
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