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Symbolic number – or digit – comparison has been a central tool in the domain of numerical cognition for
decades. More recently, individual differences in performance on this task have been shown to robustly
relate to individual differences in more complex math processing – a result that has been replicated
across many different age groups. In this study, we ‘unpack’ the underlying components of digit compar-
ison (i.e. digit identification, digit to number-word matching, digit ordering and general comparison) in a
sample of adults. In a first experiment, we showed that digit comparison performance was most strongly
related to digit ordering ability – i.e., the ability to judge whether symbolic numbers are in numerical
order. Furthermore, path analyses indicated that the relation between digit comparison and arithmetic
was partly mediated by digit ordering and fully mediated when non-numerical (letter) ordering was also
entered into the model. In a second experiment, we examined whether a general order working memory
component could account for the relation between digit comparison and arithmetic. It could not. Instead,
results were more consistent with the notion that fluent access and activation of long-term stored asso-
ciations between numbers explains the relation between arithmetic and both digit comparison and digit
ordering tasks.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Symbolic representations of numbers are often investigated
using a digit comparison task, both in children (e.g., Holloway &
Ansari, 2009; Mussolin, Meijas, & Noël, 2010; Sasanguie, Göbel,
Moll, Smets, & Reynvoet, 2013) and in adults (e.g., Castronovo &
Göbel, 2012; Moyer & Landauer, 1967). In this task, participants
need to indicate the larger of two presented digits. However, just
what this task measures – and hence, indirectly, what underlying
processes it indexes – remains somewhat unclear.

When comparing two digits (e.g., 8 and 9), several cognitive
skills are required (see also Purpura & Ganley, 2014). First, one
has to identify the symbol that one is presented with as an Arabic
numeral (i.e., a digit). This skill has previously been investigated by
symbol knowledge tasks (i.e., ‘‘Is the symbol a digit”) or digit iden-
tification tasks (i.e., ‘‘Associate the digit with the magnitude it rep-
resents”) and rapid automatized (digit) naming (RAN). Moreover,
several studies have demonstrated that this basic skill of identify-
ing symbols as numerals is associated with arithmetic performance
(e.g. Cirino, 2011; Koponen, Salmi, Eklund & Aro, 2013; Mazzocco &
Grimm, 2013; Purpura, Baroody, & Lonigan, 2013; van der Sluis, de
Jong, & van der Leij, 2004; Vanbinst, Ghesquière, & De Smedt, 2012,
2015).

Second, these culturally acquired symbols need to be matched
with their phonological counterpart. In cultural letter acquisition
and reading, for example, an efficient mapping process between
phonological and orthographic elements is crucial (Blomert &
Willems, 2010). Similarly (but see McCloskey & Schubert, 2014),
at some point in development – though still no consensus exists
about when and in which order exactly – digits are mapped to their
corresponding verbal number words (e.g. know that ‘/two/’ is equal
to ‘2’) (Benoit, Lehalle, Molina, Tijus, Jouen, 2013; Purpura &
Ganley, 2014). Recently, researchers have shown that this
audiovisual mapping skill was related to arithmetic achievement
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in both adults (Sasanguie & Reynvoet, 2014) and elementary school
children (Lyons, Price, Vaessen, Blomert, & Ansari, 2014).

Third, knowledge about the ordinal relations among or
sequence of Arabic numerals is necessary to perform digit compar-
ison (Turconi, Campbell, & Seron, 2006). To decide whether 9 is lar-
ger than 8, one requires ordinal information about the digits that
goes beyond the simple count list. Here again, researchers recently
demonstrated the presence of a relation between numerical order
processing and arithmetic (Attout & Majerus, 2015; Lyons & Ansari,
2015; Lyons & Beilock, 2011; Lyons et al., 2014).

Finally, after comparing two digits, a decision must be made
about which of the two digits is numerically larger/smaller. This
decision process may be numerically specific (pertaining specifi-
cally to numerical stimuli), it may be more general (i.e., common
to other non-numerical comparisons – e.g., which letter is closer
to Z), or some combination thereof (e.g., Holloway & Ansari, 2008).

Furthermore, during the past decade, numerous researchers
have demonstrated that performance on digit comparison tasks
is concurrently as well as predictively associated with arithmetic.
This relation is very robust and has been observed in typically
developing children (e.g., Bugden & Ansari, 2011; De Smedt,
Verschaffel, & Ghesquière, 2009; Holloway & Ansari, 2009;
Kolkman, Kroesbergen, & Leseman, 2013; Lyons et al., 2014;
Sasanguie, De Smedt, Defever, & Reynvoet, 2012; Sasanguie et al.,
2013; Vanbinst et al., 2015; Vogel, Remark, & Ansari, 2015; for a
meta-analysis, see Schneider et al., 2016) and in children with
mathematical learning difficulties (Brankaer, Ghesquière, & De
Smedt, 2014; De Smedt & Gilmore, 2011; Landerl, Fussenegger,
Moll, & Willburger, 2009; Rousselle & Noël, 2007; Vanbinst,
Ghesquière, & De Smedt, 2014; for a meta-analysis, see Schwenk
et al., 2017). Though this relation appears to be similar in adults
as well, it is worth noting that studies on this topic with adults
are surprisingly few (Castronovo & Göbel, 2012; Lyons & Beilock,
2011). When performance was measured by means of reaction
times (RT), this relation was the most consistent, although perfor-
mance measures such as accuracy and distance effects (i.e. faster
and more accurate responses to digits that are numerically further
away; Moyer & Landauer, 1967) have revealed similar results (for a
review, see De Smedt, Noël, Gilmore, & Ansari, 2013). In sum, indi-
viduals who are better at indicating which of two presented Arabic
numerals is numerically larger tend to have better arithmetic
scores. Here we examined whether the process or processes that
contributed most to explaining digit comparison could also explain
some or all of the widely reported relation between digit compar-
ison and arithmetic performance.

In a first experiment, in addition to digit comparison perfor-
mance itself, we also assessed each of the four candidate processes
discussed above (i.e., digit identification, digit to number-word
audiovisual matching, digit order judgment and letter compar-
ison). First, we assessed which of these processes captured unique
variance in the digit comparison task. Of those that did, we next
asked whether they could account for some or all of the relation
between digit comparison and arithmetic abilities.
1 Similar as in the first study investigating the potential role of order-related
processing in number comparison (Turconi et al., 2006), we used digits 2–8 in order to
create close/sequential (distance 1) pairs (2–3/3–4 and 6–7/7–8) and far (distance 3
pairs (2–5/3–6 and 4–7/5–8). To keep all tasks similar, this number range was also
used in the other numerical tasks (i.e., fast digit identification and audiovisua
matching).
2. Experiment 1

2.1. Method

2.1.1. Participants
Sixty-seven university students participated for monetary com-

pensation. Seven participants were removed from the analyses
because of missing data or because they performed too slowly or
made too many errors (>3SD above the group mean) in one of
the experimental tasks. Consequently, the final sample comprised
60 adults (Mage = 20.43 years; SD = 2.73; 50 females).
2.1.2. Procedure
Participants were tested in groups of about 20, accompanied by

two experimenters. First, all participants performed a paper-and-
pencil arithmetic test, which was administered in group (i.e. the
instructions were read aloud for the whole group and then the par-
ticipants were requested to fill in their own page). Next, the sub-
jects performed the experimental computer tasks measuring the
candidate cognitive processes discussed above: (1) fast identifica-
tion, (2) audiovisual matching, (3) order judgment and (4) compar-
ison. For this, participants sat together in the same room, but could
work individually on their own computer screen, at their own pace.
Each of these tasks was presented in a numerical and a non-
numerical condition, leading to eight tasks which were conducted
in a randomized order using a Latin square design. Afterwards, par-
ticipants individually performed two reading tests.

All experimental tasks (see Fig. 1) were conducted using a 15-
inch color screen connected to a computer running the Windows
7 operating system. Stimulus presentation and recording of the
behavioral data (reaction times and error rates) were controlled
by E-prime Professional software, version 2.0 (Psychological Soft-
ware Tools, Pittsburgh, PA, USA). In all tasks, each trial was pre-
ceded with a fixation cross of 600 ms, after which two stimuli
appeared (one on the left and one on the right side of the screen)
and remained on the screen for 1000 ms. Afterwards, a blank was
presented until a response was detected. Participants could
respond (by pressing ‘a’ for indicating the left or ‘p’ for indicating
the right stimulus on an AZERTY keyboard) during the stimulus
presentation or during the blank. The visual stimuli were pre-
sented in white against a black background (courier new font,
40pt, Bold). The same accounted for the audiovisual tasks, except
that in these tasks, an auditory presented stimulus was presented
simultaneously with the two visual stimuli. These auditory stimuli
(i.e., verbal number words or letter speech sounds) were digitally
recorded (sampling rate 44.1 kHz, 16-bit quantization) by a Dutch
female speaker. Recordings were band-pass filtered (180–
10.000 Hz), resampled at 22.05 kHz, and matched for loudness.
The sounds were presented binaurally through loudspeakers at
about 65 dB SPL. On all tasks, subjects were instructed to respond
as quickly and as accurately as possible. The inter-trial interval was
1500 ms. Each task started with five practice trials in which feed-
back was provided. During the experimental trials, there was no
feedback.

2.1.3. Measures
2.1.3.1. Experimental tasks.
2.1.3.1.1. Fast identification tasks. The stimulus set consisted of sin-
gle digits (2–81; numerical condition) or letters (I, J, N, L, N, O, P, R, T,
U; letter condition) and randomly chosen symbols $, #, £, @, § and €.
Participants needed to indicate which of two presented stimuli was
the digit (numerical condition) or the letter (non-numerical condi-
tion), in contrast to the random symbol. The digits and the letters
were equally presented on the left (n = 7) and on the right side of
the screen (n = 7), resulting in 14 trials, each presented 5 times. This
way, the trial list of the digit and the letter condition each consisted
of 70 experimental trials.
2.1.3.1.2. Audiovisual matching tasks. An auditory stimulus was
presented, i.e., a number word (e.g., [avt] (eight)), in the numerical
condition or a letter-speech sound (e.g., [i.] (i)), in the non-
numerical letter condition, together with two visually presented
)

l



(a) FAST IDENTIFICATION TASK (b) AUDIOVISUAL MATCHING TASK

(c) ORDER JUDGMENT TASK (d) COMPARISON TASK 

Are the digits in the correct ascending order? Which of both digits is larger? 

/two/

Fig. 1. Illustration of the four experimental tasks (in the numerical condition) of Experiment 1: (a) fast identification task, (b) audiovisual matching task, (c) order judgment
task and (d) comparison task.
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stimuli – the same digits and letters as in the identification tasks.
Participants were instructed to choose the right or left visually pre-
sented stimulus that matched the auditory stimulus. The auditory
stimulus matched as frequently with the left as with the right
stimulus (each stimulus was presented equally often on the left
and on the right). Moreover, distance was manipulated between
the two visually presented stimuli, resulting in two conditions of
each 16 trials – presented twice: trials with distance ‘one’ (e.g.,
2–3 or I-J) and trials with distance ‘three’ (e.g., 2–5 or O-R). The
final trial list thus consisted of 64 experimental digit trials and
64 experimental letter trials.
2.1.3.1.3. Order judgment tasks. The same digits and letters were
used as in the previous tasks. To keep the task design similar for all
experimental tasks, two digits or two letters appeared on the screen
and participants indicated whether these stimuli were presented in
left-to-right ascending (digit condition) or alphabetical (letter condi-
tion) order (‘a’) or not (‘p’). Similarly as in the audiovisual matching
task, stimuli were counterbalanced between left and right sides of
the screen (i.e., each combination of stimuli was presented in an
ascending and a descending order) and distance was manipulated,
resulting in two conditions (distance one anddistance three) of eight
trials each. These eight trialswere presented 4 times, so that thefinal
trials list consisted of 64 digit and 64 letter trials.
2.1.3.1.4. Comparison tasks. Trial lists were exactly the same as in
the order judgment tasks, except that the participants now were
instructed to choose which of two presented stimuli was larger
(numerical condition) or closest to ‘Z’ (non-numerical letter
condition).

2.1.3.2. Standardized tests.
2.1.3.2.1. Arithmetic. Participants were tested with the Tempo Test
Arithmetic (Tempo Test Rekenen - TTR; De Vos, 1992). This timed
paper- and- pencil test consists of five subtests: one for each type
of operation (addition, subtraction, multiplication and division)
and one with mixed operations. Forty items of increasing complex-
ity were presented in each subtest, and participants were given
one minute to solve as many problems as possible. One point
was awarded for each correct item. Participants scored on average
150.88 (SD = 23.74) out of 200.
2.1.3.2.2. Word reading. The One-Minute Reading test (Een-
Minuut-Test - EMT; Brus & Voeten, 1991) was administered. The
EMT is a standardized test used to examine the accuracy and the
speed (fluency) of word reading. The test consists of 116 unrelated
words, divided in four rows with increasing complexity. The partic-
ipant is asked to read the words as quickly and accurately as pos-
sible, and is stopped after one minute. The score is the total
number of correct words read in one minute. Participants scored
on average 96.23 (SD = 13.21) out of 116.
2.1.3.2.3. Non-word reading. The Klepel (van den Bos, Spelberg,
Scheepstra, & de Vries, 1994) is a standardized reading test used
to examine the accuracy and speed of non-word reading. The test
consists of 116 non-words (e.g., taaf, worenpuis, krobbelon, gepalt-
nomeng etc.), divided in four rows with increasing complexity. The
words are constructed such that they follow the phonotatic struc-
ture of the Dutch language. The participant is asked to read the
non-words as quickly and accurately as possible, and is stopped
after two minutes. The score is the total number of correct non-
words read in two minutes. Participants scored on average
101.35 (SD = 14.30) out of 116.

2.2. Results

Data of the experimental identification task and audiovisual
matching task in the non-numerical condition (i.e., with letters
and letter speech sounds) as well as the data from the two reading
tasks were not analyzed here as they bear no direct relation to the



Table 2
Zero-order correlations among the experimental tasks of Experiment 1.

1 2 3 4 5

1 Arithmetic 1
2 Digit identification �0.01 1
3 Digit audiovisual matching �0.04 0.43** 1

** *
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theoretical question at hand (i.e., understanding digit comparison
and how/why this task relates to Arithmetic scores). These addi-
tional tasks and tests were included here as the dataset as a whole
was intended to ask several questions, including the basic cogni-
tive underpinnings of Reading ability. However, that is beyond
the scope of the paper presented here.
4 Digit order judgment �0.44 0.20 0.26 1
5 Digit comparison �0.39** 0.41** 0.33** 0.51** 1
6 Letter comparison �0.37** 0.08 0.14 0.42** 0.35**

* p < 0.05.
** p < 0.01.
2.2.1. Overall performance
The mean accuracies and median reaction times are displayed

in Table 1. In most tasks, accuracy performance was at ceiling.
An analysis of the association between accuracy and speed
revealed that, except for the digit order judgment task (r(58)
= �0.01, p = 0.91) and the digit comparison task (r(58) = 0.17,
p = 0.18), participants responded more slowly to be more accurate
(e.g., r(58) = 0.44, p < 0.0001 for the letter order judgment task; r
(58) = 0.21, p = 0.10 for the digit identification task; r(58) = 0.25,
p = 0.06 for the digit audio-visual matching task and r(58) = 0.25,
p = 0.06 for the letter comparison task). To account for this
speed-accuracy trade-off (SAT), we used adjusted reaction times
(RT), i.e. RT/ACC – also referred to as ‘inverse efficiency’-, in all fur-
ther analyses. This way we could combine reaction times and accu-
racies: Reaction times remained unchanged with 100% accuracy
and increased in proportion with the number of errors (for a sim-
ilar procedure, see also Simon et al., 2008).

In line with previous research (e.g., Turconi et al., 2006), we
analyzed the ascending (e.g., 2–3) and descending trials (e.g., 3–
2) in the order judgment tasks separately to examine whether this
task really addressed ordinal processing (i.e. deciding whether
stimuli are presented in the ascending/alphabetical left-to-right
order or not), and participants did not rely on for instance compar-
ison strategies (i.e. deciding which one is larger) to solve this task.
Indeed, according to Turconi et al. (2006), the presence of a
reversed distance effect (RDE; i.e., faster and more accurate
responses to digits that are numerically closer) in the ascending
order trials implies order-specific processes such as serial search
or direct recognition of order. We observed an RDE in the ascend-
ing trials of the letter order judgment task, F(1, 59) = 7.23,
p = 0.009, gp2 = 0.109: trials with distance one were processed
465 ms faster than trials with distance three. In the numerical digit
order judgment task, this RDE was not present (we observed a
standard/canonical distance effect in the ascending trials, F
(1, 59) = 18.69, p < 0.001, gp2 = 0.241, showing slower responses
to digits that are numerically closer), but ascending trials were pro-
cessed 61 ms faster than the descending trials, t(59) = �6.09,
p < 0.0001, a phenomenon that was not present in the comparison
task (the RT difference between ascending and descending trials in
that case was only 5 ms, t < 1).
2.2.2. Relations with digit comparison
We first investigated which cognitive components underpin

digit comparison performance. We did this by asking which of
the four candidate predictors (digit-identification, digit-
audiovisual-matching, digit-ordering and letter-comparison) were
related to digit comparison. Table 2 shows the zero-order correla-
tions between digit comparison and the four candidate predictors,
as well as the associations among the four predictors themselves.
Table 1
Mean accuracies, median reaction times (and the corresponding standard deviations), per

Fast identification Audiovisual matching

Digits Digits

Accuracies (proportion) 0.99 (0.01) 0.96 (0.03)
Reaction times (msec) 387 (31) 544 (44)
All candidate predictors tasks were significantly related to digit
comparison (see Table 2).

We next asked which of these predictors was uniquely related to
digit comparison. We did this via a multiple regression analysis
with digit comparison as dependent variable. The significant corre-
lations between predictors imposed no problem for multicollinear-
ity, as all VIF-values were close to 1 (Field, 2009). Results are
shown in Table 3, from which it is clear that only digit identifica-
tion and digit ordering uniquely contributed to the variance in
the performance on the digit comparison task. Together, these
analyses suggest that individuals who are more proficient at
comparing two digits (1) more rapidly identify the symbol that
they are presented with as an Arabic numeral, and (2) more rapidly
process the ordinal relations among sequences of the Arabic
numerals.

2.2.3. Accounting for the relation between digit comparison and
arithmetic

After identifying the critical cognitive processes involved in
digit comparison, we investigated if these processes explained
the well-known and widely replicated relation between number
comparison and more complex math abilities (i.e., Arithmetic).
Specifically, we identified digit identification and digit ordering
as unique predictors of digit comparison performance, so those
two tasks were tipped in this section as potential mediators of
the relation between digit-comparison and Arithmetic perfor-
mance. Hereto, we ran a mediation analysis using the Preacher
and Hayes (2008) SPSS ‘MEDIATE’ macro for simultaneously testing
multiple mediators within a single analysis. These analyses were
bootstrapped, which makes themmore accurate with small sample
sizes. Moreover, bootstrapping is robust to violations of the nor-
mality assumption, which is often violated in smaller samples
(MacKinnon, Lockwood, Hoffman, West, & Sheets, 2002; Preacher
& Hayes, 2008). A mediation analysis uncovers whether there is a
significant indirect effect (quantified as the product of the unstan-
dardized path coefficients, ab) of the mediator(s) that accounts
for some portion of the total effect (written as c) observed between
the predictor and the outcome variable. The remaining (unmedi-
ated) direct effect of the original predictor on the outcome variable
is denoted c0. In this framework, the model is constrained by the
assumption that c = ab + c0. Unlike in a standard multiple regres-
sion analysis, here it is explicitly asked what portion of the relation
between digit comparison performance and arithmetic that can be
accounted for by the mediating variables. When ab is significant
but c0 is not, this is interpreted as full mediation; when both ab
notation, of the four experimental tasks of Experiment 1.

Order judgment Comparison

Digits Letters Digits Letters

0.94 (0.04) 0.80 (0.12) 0.96 (0.03) 0.84 (0.10)
616 (83) 1713 (613) 478 (46) 1163 (353)



Table 3
Multiple regression analysis with the three digit tasks and letter comparison as
predictors and digit comparison as dependent variable (Experiment 1).

Independent variables Standardized b t p

Digit identification 0.291 2.487 0.016
Digit audiovisual matching 0.091 0.768 0.446
Digit order judgment 0.359 3.006 0.004
Letter comparison 0.163 1.407 0.165

F(4,55) = 8.851, p < 0.001, R2 = 0.391.
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and c0 remain significant, this is interpreted as partial mediation
(Preacher & Hayes, 2008). Because we used the bootstrapping
method recommended by Preacher and Hayes (2008), our conclu-
sions are based on the confidence intervals. Strictly for reference
for those more familiar with traditional methods, classical hypoth-
esis testing indicators (i.e., p-values) are also included. However,
the reader is strongly encouraged to consider confidence intervals
as the primary mode of assessing statistical validity - in particular
whether confidence intervals include 0.
Fig. 2. Mediation models of Experiment 1. Fig. 2a demonstrates the total effect c of theor
score), after taking into account the mediating variables. Fig. 2b displays the results of the
as well as the unmediated direct effect c0 . Fig. 2c shows the mediating effect of both digit o
digit comparison and arithmetic.
Fig. 2 displays the mediation results for Experiment 1. Arith-
metic was our outcome and the performance on the digit compar-
ison task served as predictor (Fig. 2a). The performance on the
other cognitive tasks that uniquely contributed to digit comparison
in the regression analysis above (i.e., digit identification and digit
ordering) were included in the model as mediator variables
(Fig. 2b). Only digit ordering performance uniquely explained
(mediated) a significant portion of the relation between number
comparison and arithmetic: bootstrap point estimate
a1b1 = �0.09; SE = 0.04; 95% CI = �0.176 to �0.013; p = 0.037. The
mediating effect of digit identification was not significant: boot-
strap point estimate a2b2 = 0.04; SE = 0.03; 95% CI = �0.010 to
0.110; p = 0.206. Note also that the overall mediation effect was
only partial (i.e., the total effect c was not completely accounted
for by the mediators), indicating that there remains an aspect of
the variance in digit comparison performance which is uniquely
captured by comparing relative symbolic magnitudes (cf. the sig-
nificant direct effect c0). In sum, this mediation analysis demon-
strated that especially knowledge about the ordinal sequence of
Arabic numerals that goes beyond the counting list plays an impor-
iginal predictor (digit comparison performance) on the outcome variable (arithmetic
mediation effects of digit order judgment (a1 * b1) and digit identification (a2 * b2),
rder judgment (a1 * b1) and letter order judgment (a2 * b2) on the relation between
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tant role in explaining part of the relation between digit compar-
ison and Arithmetic.

Since this study concerns cross-sectional data, we additionally
tested whether the mediation was also present in the opposite
direction (i.e., whether the relation between order judgment and
arithmetic is mediated by digit comparison). Results of this model
showed a significant total effect, path coefficient c = �0.13;
SE = 0.03; 95% CI = �0.193 to �0.058; p < 0.001 and a significant
direct effect, path coefficient c0 = �0.09; SE = 0.04; 95%
CI = �0.170 to �0.016; p = 0.19, but no significant effect of the
mediator variable digit comparison, bootstrap point estimate
ab = 0.03; SE = 0.02; 95% CI = �0.092 to 0.006; p = 0.124. In other
words, while digit ordering explained a significant portion of the
relation between digit comparison and arithmetic, digit compar-
ison did not explain a significant portion of the relation between
digit ordering and arithmetic.

2.2.4. Understanding the mediating role of digit ordering
In this section, we assessed whether the mediation effect of

digit ordering demonstrated in the previous section was due to
numerically-specific or more general ordinal processing factors. We
performed an additional mediation analysis with digit comparison
as the initial predictor and Arithmetic as the outcome variable, but
with both digit order judgment and letter order judgment as
simultaneous mediator variables. Fig. 2c demonstrates that both
tasks uniquely accounted for the relation between digit compar-
ison and arithmetic performance. For digit ordering, bootstrap
point estimate a1b1 = �0.07; SE = 0.04; 95% CI = �0.162 to �0.005;
p = 0.078. For letter ordering, a2b2 �0.04; SE = 0.03; 95%
CI = �0.107 to �0.0001; p = 0.127. Interestingly, both order tasks
together fully accounted for the relation between digit comparison
performance and Arithmetic (see Fig. 2c in which the c0 path is no
longer significant).

2.3. Discussion

Of the four candidate cognitive processes (i.e., digit identifica-
tion, digit to number-word audiovisual matching, digit ordering
and general comparison), only digit identification and digit order-
ing captured unique variance in digit comparison performance.
This result suggests that the ability to rapidly identify a visually
presented symbol as a digit and the ability to assess the ordinality
of a sequence of Arabic digits are key skills that may underpin how
one compares two digits in terms of their relative magnitude. Espe-
cially the former is actually not surprising, since visual recognition
is a prerequisite to perform comparison: one cannot compare dig-
its if one does not visually recognizes the symbols he/she is con-
fronted with. In contrast, matching a symbol with its
phonological counterpart (i.e., as measured with the audiovisual
matching task) and general comparison processes (i.e., as mea-
sured with the letter comparison task) are not predictive for digit
comparison performance. Since audiovisual matching did not con-
tribute to the variance in digit comparison performance and previ-
ous studies at least have demonstrated that the performance on
the audiovisual matching task contributes to the variance in arith-
metic achievement in both adults (Sasanguie & Reynvoet, 2014)
and elementary school children (Lyons et al., 2014), it could possi-
bly be assumed that the contribution of audiovisual matching to
arithmetic performance is unique and cannot be explained by cog-
nitive processes that are shared by audiovisual matching and digit
comparison. On the other hand, in the current study, there was no
contribution of audiovisual matching to the variance in arithmetic
performance and the audiovisual matching task used in the current
study and the one mentioned in the study of Sasanguie and
Reynvoet (2014) differ in instructions and task design. Sasanguie
and Reynvoet (2014) asked participants to decide whether the
auditory presented number word and the visually presented digit
were the same or different. In contrast, to keep the task design as
similar as possible in the different tasks used in the current study,
participants here had to decide if the number word they heard cor-
responded to the left or right presented digit. Consequently, the
use of two visually presented digits instead of one and the different
instructions might account for the contrasting results observed in
the current study (i.e., no relation between digit-number word
matching and arithmetic) versus the ones described in the study
of Sasanguie and Reynvoet (2014) (i.e., a correlation of �0.36,
p < 0.01 between digit-number word matching performance and
arithmetic). Moreover, these task differences imply that it is to date
also not clear yet whether the contribution of audiovisual match-
ing to arithmetic is unique or can be explained by overlapping cog-
nitive processes shared with digit comparison.

Furthermore, we observed a relation between digit comparison
performance and arithmetic in adults, which replicates a result
that has been shown many times in studies with children, but sur-
prisingly few in studies with adults (Castronovo & Göbel, 2012;
Lyons & Beilock, 2011). When entering the two key cognitive pro-
cesses of digit comparison discussed above into a mediation anal-
ysis, we observed that only digit ordering could account for a
significant portion of the relation between digit comparison per-
formance and arithmetic. Importantly, when examining the
reversed mediation model (i.e., order judgment as predictor, arith-
metic as outcome and comparison as mediator variable), results
demonstrated that comparison did not mediate the relation
between digit order judgment and arithmetic. This latter result is
important because it helps to constrain one’s interpretation of
the underlying mechanism: digit ordering can explain the relation
between digit comparison and arithmetic, but the reverse is not
true (comparison cannot explain the relation between digit order-
ing and arithmetic). Broadly, this result is in line with several
recent studies which provided evidence for an important role of
order in digit processing and arithmetic (Lyons & Beilock, 2011;
Lyons et al., 2014).

On the other hand, it is important to note that this was only a
partial mediation (Fig. 2b). Moreover, even for the subset of vari-
ance accounted for by the digit ordering task, it remains somewhat
unclear precisely by what mechanism digit ordering explains (in
part) the relation between digit comparison and arithmetic. In par-
ticular, is this result due to numerically specific or more general
processes? Crucially, therefore, our results also show that both
explanations hold a degree of validity. Both digit and letter order-
ing were unique mediators of the relation between digit compar-
ison and arithmetic. Importantly, this indicates that the digit
ordering task captured unique variance that could not be
accounted for by the non-numerical letter ordering task. Moreover,
the letter ordering task also captured unique variance of its own,
indicating a role for a more general (i.e., non-numerical) ordering
component.

Together, for the first time, the results of Experiment 1 thus
show that ordinal processing is key to explaining the widely
reported relation between digit comparison performance and
arithmetic (e.g. Brankaer et al., 2014; Bugden & Ansari, 2011;
Castronovo & Göbel, 2012; De Smedt & Gilmore, 2011; De Smedt
et al., 2009; Holloway & Ansari, 2009; Kolkman et al., 2013;
Landerl et al., 2009; Lyons & Beilock, 2011; Lyons et al., 2014;
Rousselle & Noël, 2007; Sasanguie et al., 2012, 2013; Vanbinst
et al., 2014; Vanbinst et al., 2015; Vogel et al., 2015). There are
however two limitations to what we can infer from Experiment
1. First, in Experiment 1, pairs of stimuli (digits or letters) were
used in the order judgment tasks, and recent work indicates that
using pairs in such an order judgment task may in fact tap a com-
bination of comparison and ordering processes. Indeed, Vogel et al.
(2015) used an order judgment task with pairs and found a stan-
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dard/canonical distance effect (i.e., faster and more accurate
responses to digits that are numerically further away) in first gra-
ders, whereas by contrast, Lyons and Ansari (2015) used three dig-
its (triplets) and observed a robust reversed distance effect (RDE;
faster and more accurate responses to digits that are numerically
closer) in first graders. In Experiment 1 of the current study, an
RDE was found only for the letter order judgment task. Thus, one
possible explanation for the explanatory role of digit ordering is
that it is simply a slightly modified version of the digit comparison
task. Hence, what is needed is a digit ordering task that is thought
to more reliably activate ordinal processing – i.e., a digit order
judgment task with triplets.

Second, the letter order judgment task in Experiment 1 did elicit
a large RDE, indicating it tapped ordinal processing. However, it is
not clear what this task measures. It seems plausible to surmise it
is tapping domain general ordinal processing, such as serial order
working memory. On the other hand, it would be more ideal to
have a task that tests this proposition more directly.

Therefore, we conducted a second experiment. In Experiment 2,
our aims were (1) to replace the pairs version of the digit order
judgment task with a triplet version, and (2) to replace the letter
order judgment task with a serial order working memory task. In
this way, we could more directly test the notions (1) that it is in
fact ordinal processing that explains the relationship between digit
comparison and arithmetic, and (2) whether the critical ordinal
processing component is specific to number-processing or indica-
tive of more general ordinal processing.

3. Experiment 2

3.1. Method

3.1.1. Participants
Seventy-nine university students participated for monetary

compensation. Six participants were removed from the analyses
because they performed too slowly or made too many errors
(>3SD above the group mean) in one of the experimental
tasks. Consequently the final sample comprised 73 adults
(Mage = 19.87 years; SD = 5.79; 59 females).

3.1.2. Procedure
Participants were tested individually or in small groups, accom-

panied by an experimenter. All participants first performed an
arithmetic test, followed by four experimental tasks (administered
in a randomized order using a Latin square design): (1) a digit
Fig. 3. Illustration of (a) the digit order judgment task with triplets and (b
order judgment task with pairs (included for replication purposes);
(2) a digit order judgment task with triplets; (3) a serial order
working memory task; and (4) a digit comparison task. All experi-
mental tasks were conducted using a 15-in. color screen connected
to a computer running the Windows 7 operating system. Stimulus
presentation and recording of the behavioral data (reaction times
and error rates) were controlled by E-prime Professional software,
version 2.0 (Psychological Software Tools, Pittsburgh, PA, USA). In
all tasks, stimuli were presented in white against a black back-
ground (Courier New Font 40, Bold) and subjects were instructed
to respond as quickly and as accurately as possible. Each task
started with five practice trials in which feedback was provided.
During the experimental trials, there was no feedback.

3.1.3. Measures
The digit order judgment task with pairs, the digit comparison

task and the arithmetic test were identical as in Experiment 1.
Therefore, we only describe the tasks that were added in Experi-
ment 2: the digit order judgment task with triplets and the serial
order working memory task (see also Fig. 3).

3.1.3.1. Digit order judgment task with triplets. Each trial started
with a fixation cross presented for 600 ms. Afterwards, three single
digits (range: 1–9) were horizontally presented on the screen for
1000 ms, followed by a blank screen. Participants were instructed
to decide whether the digits were presented in an order (either
ascending or descending). If all three digits were presented in an
order, participants were instructed to press the ‘a’ key on an
AZERTY keyboard with their left hand. If the sequence of digits
was not presented in an order (e.g., 1-3-2), participants were
instructed to press the ‘p’ key with their right hand. They could
respond during stimulus presentation or during the blank screen.
The inter-trial interval was 1500 ms. In total, 84 trials were admin-
istered. In half of the trials, the triplets had a small distance (span
between the smallest and largest digit was 3) and in the other half
of the trials triplets had a large distance (span between the small-
est and largest digit could vary from 5 to 9). This resulted in 6 con-
ditions of 14 randomly presented trials each, namely small
ascending trials (e.g., 1-2-3), small descending trials (e.g., 3-2-1),
small non-order trials (e.g., 3-1-2), large ascending trials
(e.g., 1-3-5), large descending trials (e.g., 5-3-1) and large
non-order trials (e.g., 5-1-3).

3.1.3.2. Serial order working memory (OWM) task. This task was
based on the serial order short- term memory task used in
) the serial order working memory task (OWM) used in Experiment 2.



Table 5
Zero-order correlations among the experimental tasks of Experiment 2.

1 2 3 4

1 Arithmetic 1
2 Digit order pairs �0.32** 1
3 Digit order triplets �0.51** 0.57** 1
4 OWM task �0.10 0.31** 0.46** 1
5 Digit comparison �0.31** 0.50** 0.47** 0.27*

Note. OWM = Order working memory task.
* p < 0.05.
** p < 0.01.

Table 6
Multiple regression analysis with the two order judgment tasks and the OWM task as
predictors and digit comparison as dependent variable (Experiment 2).

Independent variables Standardized b t p

Digit order pairs 0.334 2.714 0.008
Digit order triplets 0.258 1.957 0.054
OWM task 0.047 0.409 0.684

F(3,69) = 9.900, p < 0.001, R2 = 0.301.
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Attout, Fias, Salmon, and Majerus (2014). The stimulus set con-
sisted of letters from A to I. First, for 2500 ms, participants were
presented with a list of six letters ordered horizontally on the
screen (e.g., ‘I, H, A, F, D, C’) and were instructed to try to remember
the list as accurately as possible (i.e., the encoding phase). After-
wards, a fixation cross was displayed for a variable duration (ran-
dom Gaussian distribution centered on a mean duration of
4500 ± 1500 ms), during which the participants had to keep the
order of the list in mind (i.e., the maintenance phase). Finally, the
retrieval phase consisted of two vertically ordered letter stimuli
(to eliminate the possibility that the task could be completed by
mere visuospatial matching) on which the participants had to
decide within 3000 ms whether the letter presented on the top
of the screen had occurred in a more leftward position in the mem-
ory list than the letter presented on the bottom of the screen (by
pressing ‘a’ and ‘p’ for ‘yes’ and ‘no’ respectively on an AZERTY key-
board). The inter-trial interval was 1500 ms. In the retrieval phase,
the positional distance between the letters as they were presented
in the memory list varied from 2 to 5, resulting in 4 conditions of
12 trials each (i.e., 48 trials in total). In half of the trials, the answer
was correct, in the other half, the answer was incorrect. The
alphabetical distance between the letters was kept constant
(distance of 3).
3.2. Results

3.2.1. Overall performance
Participants scored on average 139.99 (SD = 19.91) out of 200

on the Arithmetic test. The mean accuracies and median reaction
times on the experimental tasks are displayed in Table 4. Similar
to Experiment 1, we used adjusted reaction times (RT), i.e. RT/
ACC – also referred to as ‘inverse efficiency’ – in all further
analyses.

Also similar to Experiment 1, we analyzed the ascending and
descending trials of the order judgment tasks separately to exam-
ine whether a reversed distance effect (RDE; faster and more accu-
rate responses to digits that are numerically closer) in the
ascending trials was present and the tasks thus actually tapped
into ordinal processing. As in Experiment 1, in the digit order judg-
ment task with pairs, this RDE was not present (we again observed
a standard/canonical distance effect in the ascending trials, F
(1, 72) = 39.78, p < 0.001, gp2 = 0.356). By contrast, in the digit
order judgment task with triplets, a clear RDE was present in the
ascending trials, F(1, 72) = 26.087, p < 0.001, gp2 = 0.266, and in
the descending trials, F(1, 72) = 6.270, p = 0.015, gp2 = 0.080, indi-
cating that trials with a small distance were processed faster than
trials with a large distance (354 ms faster in the ascending and
339 ms faster in the descending condition).
3.2.2. Relations with digit comparison
We again first investigated the relation between the candidate

predictors and digit comparison. Table 5 shows the zero-order cor-
relations between digit comparison and the three other experi-
mental tasks included in Experiment 2 (the two order judgments
tasks and the OWM task), as well as among the three experimental
tasks themselves. All three experimental tasks were significantly
related to digit comparison (see Table 5).
Table 4
Mean accuracies, median reaction times (and the corresponding standard deviations) of th

Digit order pairs Digit o

Accuracies (proportion) 0.94 (0.04) 0.88 (
Reaction times (msec) 587 (97) 978 (2
Next, we examined which of these predictors was uniquely
related to digit comparison via a multiple regression analysis with
digit comparison as dependent variable. The significant correla-
tions between predictors imposed no problem for multicollinear-
ity, as all VIF-values were close to 1 (Field, 2009). Results are
shown in Table 6, from which it is clear that only the two order
judgment tasks uniquely contributed to the variance in the perfor-
mance on the digit comparison task. Note however that the contri-
bution of the order judgment task with triplets was only
marginally significant (p = 0.054).
3.2.3. Candidate Mediators: Digit ordering with pairs versus triplets
and the role of serial order working memory

To test whether (1) it is in fact ordinal processing that explains
the relation between digit comparison and arithmetic, and (2)
whether this critical ordinal processing component is specific to
number processing or indicative of more general ordinal process-
ing, we next conducted four mediation analyses (see Fig. 4) using
the same Preacher and Hayes (2008) bootstrapping method as in
Experiment 1. Again, the reader is strongly encouraged to consider
confidence intervals as the primary mode of assessing statistical
validity – in particular whether confidence intervals include 0.

For replication purposes, we first conducted the exact same
mediation analysis as in Experiment 1, with digit comparison per-
formance as predictor, arithmetic as outcome and digit order judg-
ment task with pairs as mediator (see Fig. 4a). Similar to
Experiment 1, we observed a significant mediating effect of the
digit order judgment task with pairs, bootstrap point estimate
ab = �0.04; SE = 0.02; 95% CI = �0.08 to �0.01; p = 0.11. Note that,
in contrast to the partial mediation obtained with this task in
Experiment 1, here we observed a full mediation effect of the digit
order judgment task with pairs.

Second, we replaced the performance on the digit order judg-
ment task with pairs by the performance on the digit order judg-
ment task with triplets in the abovementioned mediation
analysis (see Fig. 4b). Again, we observed a full mediation effect,
e four experimental tasks of Experiment 2.

rder triplets OWM task Digit comparison

0.08) 0.84 (0.10) 0.96 (0.03)
44) 1535 (272) 463 (64)



Fig. 4. Mediation models of Experiment 2. In all mediation models, the performance on the digit comparison task is the predictor and arithmetic scores are the outcome, only
the mediator variable changes throughout the 4 models. Fig. 4a demonstrates a full mediation effect of the digit order judgment task with pairs. Fig. 4b displays a full
mediation effect of the digit order judgment task with triplets. Fig. 4c shows that when entering both order tasks into the model, only the digit order judgment task with
triplets is a significant mediator. Fig. 4d demonstrates that the performance on the OWM task does not mediate the relation between digit comparison performance and
arithmetic outcome.
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bootstrap point estimate ab = �0.07; SE = 0.02; 95% CI = �0.12 to
�0.03; p = 0.003.

Third, because the regression analysis (Table 6) indicated that
both ordering tasks uniquely contributed to the variance in digit
comparison performance, we ran the same mediation analysis
again, but now included both ordering tasks simultaneously (see
Fig. 4c). We observed a full mediation because the total effect c
was fully accounted for by the significant indirect effect of the digit
order judgment task with triplets, bootstrap point estimate
a2b2 = �0.07; SE = 0.03; 95% CI = �0.12 to �0.03; p = 0.006. How-
ever, the indirect effect of the digit order task with pairs was not
significant, bootstrap point estimate a1b1 = �0.003; SE = 0.02; 95%
CI = �0.04 to 0.04; p = 0.907.

Finally, to examine whether the observed critical mediating
effect of ordinal processing is specific to number or reflects more
general ordinal processing, we replaced the performance on the
order judgment task(s) by the performance on the serial order
working memory (OWM) task as mediator in the model (see
Fig. 4d). In contrast to all previous mediation models of Experiment
2, serial order working memory did not mediate the relation
between digit comparison performance and arithmetic, bootstrap
point estimate ab = �0.00; SE = 0.01; 95% CI = �0.02 to 0.02;
p = 0.93.

3.2.4. Understanding the mediating role of digit ordering versus the
non-mediating role of serial order working memory

In this section, we investigate in more depth why we observed a
significant mediating role for numerical ordering but not for
domain-general non-numerical ordering (Fig. 4) by unpacking
the mediation models. Specifically, we examine the a and b paths
of the different models separately.

The models displayed in Fig. 4a and b demonstrated that
numerical (i.e. digit) ordering ability play a crucial role in explain-
ing the well-established relation between digit comparison and
arithmetic, irrespective of which version of the order judgment
task (pairs or triplets) was used. Crucially, however, the model in
Fig. 4c showed that when entering both tasks simultaneously into
the mediation model, only the ordering task with triplets – the ver-
sion of the ordering task thought to more reliably activate ordinal
processing – was significant. To unravel this mediation in more
detail, we broke down the a path and the b path of the mediation
model displayed in Fig. 4c. With regard to the a paths, we con-
ducted two partial correlation analyses to investigate (1) whether
the significant relation between comparison and order pairs holds
when controlling for the performance on the order task with tri-
plets; and (2) whether the relation between comparison and the
performance on the order task with triplets holds when controlling
for the performance on the order task with pairs. Results showed
that both relationships remained significant. Comparison � Pairs:
rp(70) = 0.31, p = 0.007; Comparison � Triplets: rp(70) = 0.26,
p = 0.026. Both versions of the order judgment task provide a
unique contribution to the performance on the digit comparison
task. With regard to the b paths, we conducted two partial correla-
tion analyses to investigate (1) whether the significant relation
between arithmetic and order pairs holds when controlling for
the performance on the order task with triplets; and (2) whether
the relation between arithmetic and the performance on the order
task with triplets holds when controlling for the performance on
the order task with pairs. Results showed that the relationship
between arithmetic and order pairs disappeared and only the
relationship between arithmetic and order triplets remained
significant. Arithmetic � Pairs: rp(70) = �0.04, p = 0.720;
Arithmetic � Triplets: rp(70) = �0.42, p < 0.001. Together, these
results thus suggest that, although both versions of the order judg-
ment task uniquely contribute to digit comparison performance, it
is only the performance on the order judgment task with triplets
that relates uniquely with arithmetic. Thus, combining the a and
b paths, as is the case in a mediation analysis, we see that only
ordering triplets is able to uniquely mediate the relation between
digit comparison performance and arithmetic.

Fig. 4d showed that the performance on the serial order work-
ing memory (OWM) task did not mediate the relation between
digit comparison performance and arithmetic. With regard to the
a path, performance on the OWM task did indeed relate to perfor-
mance on the digit comparison task: r(71) = 0.27, p = 0.021. How-
ever, for the b path, from Table 5 one can see that, even at the
zero-order level, performance on the OWM task was unrelated to
arithmetic scores, r(71) = �0.10, p = 0.425. Hence, when combining
the a and b paths, we see that OWM cannot explain (mediate) the
relation between digit comparison and arithmetic. Instead, as dis-
cussed above, our results suggest, we need to call upon the more
domain-specific aspects of ordinal processing, as is thought to be
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indexed by the order judgment tasks (and strongest still by the tri-
plets version thereof, Fig. 4c).

3.3. General discussion

The most commonly used task to investigate symbolic magni-
tude representations is the digit comparison task (i.e., deciding
which of two presented digits is numerically larger). What this task
measures exactly and which underlying cognitive processes are
tapped when performing this task, however, remain unclear to
date. Moreover, in many previous studies (mostly with children
and a few with adults), a concurrent as well as a predictive relation
between digit comparison performance and individual differences
in arithmetic has been reported. To our knowledge, the current
study is the first to examine which of four possible candidate cog-
nitive processes (digit identification, digit to number-word audio-
visual matching, digit ordering, and general comparison) are
uniquely related to digit comparison performance. Moreover, it is
unclear which (if any) of these processes may account for some
or all of the widely reported relation between digit comparison
and arithmetic abilities in adults.

In Experiment 1, we observed that numerical ordering (mea-
sured with an order judgment task with pairs of digits) is crucial
in explaining the largely reported relation between digit compar-
ison performance and individual differences in arithmetic. More-
over, next to this numerically-specific contribution, we also
observed a mediating role for the performance on a non-
numerical (i.e., letter) order judgment task. In Experiment 2, we
added another version of the numerical order task to ensure that
we really tapped ordinal processing andwe examinedmore directly
whether the mediating role of the letter-order judgment task was
indeed due to a domain-general ordinal process, such as serial order
working memory. Results from Experiment 2 (1) confirmed that
performance on the numerical order task was not just a significant
mediator because it shared a comparison component with the com-
parison task and (2) indicated that serial order working memory
could not explain the relation between digit comparison perfor-
mance and arithmetic. We elaborate on these two findings below.

First, results of Experiment 2 showed that both the performance
on the order judgment task with pairs and on the order judgment
tasks with triplets were significant full mediators of the relation
between digit comparison performance and arithmetic. In contrast
to Experiment 1, the order judgment task with pairs was not a par-
tial but a full mediator here. Most likely, this difference is however
not qualitatively meaningful, since the difference between the p-
values of the direct paths c’ in the two experiments is negligible
(p = 0.04 in Experiment 1 versus p = 0.12 in Experiment 2). The sim-
ilar findings obtained with the two versions of the ordering task
might at first glance suggest similarity in processing, but there
are also critical differences. Table 5 for instance demonstrated that
the correlation between the two versions of the task is r(71) = 0.57,
p < 0.001, which can be considered a moderate correlation. If both
tasks measured the exact same underlying cognitive process, a
much higher correlation might be expected. Moreover, in line with
previous studies, we observed a standard/canonical distance effect
for the order judgment task with pairs (e.g., see also Turconi, Jemel,
Rossion, & Seron, 2004; Vogel et al., 2015); in contrast, we saw a
reversed distance effect in the ordering task with triplets (e.g., see
also Lyons & Ansari, 2015). Finally, when entering both versions
of the ordering task simultaneously into the mediation model, per-
formance on the ordering task with triplets turned out to be the
only significant mediator. Methodologically, the above suggests
that both task versions may index different aspects of numerical
processing. The absence of the RDE in the pairs task for instance
could be due to variability in strategies to solve this task: a compar-
ison strategy on some trials and an order judgment on others
(resulting in faster processing of the ascending trials compared to
the descending trials, a phenomenon that is not present in a regular
comparison task). Therefore, the pairs version of the task possibly
captures a combination of comparison and ordinal processing. In
contrast, the robust RDE observed in the ordering task with triplets
more reliably suggests the activation of ordinal processing
(Franklin, Jonides, & Smith, 2009; Lyons & Beilock, 2011, 2013).

Hence, theoretically, with respect to the relation between digit
comparison and arithmetic, our results suggest that, although digit
comparison performance comprises both a comparison and an ordi-
nal processing component, only the ordinal processing component
seems to fully account for the relation between the performance
on the digit comparison task and individual differences in arith-
metic. The latter is important in the light of the emerging interest
of numerical cognition researchers in the difference between the
cardinality of symbolic numbers (i.e., the number of items in a set
that a symbol/digit represents – commonly measured using a num-
ber comparison task) and their ordinality (i.e., the sequencing of
number symbols, e.g. five is the fifth number – it comes after four
and before six; Lyons & Beilock, 2013; for a review, see Lyons,
Vogel, & Ansari, 2016) and their respective contributions to arith-
metic skills. Especially in adults, there is a lack of research address-
ing the relationship between those three components. To the best of
our knowledge, only Goffin and Ansari (2016) have investigated in
adults whether the different mechanisms that appear to underlie
cardinal and ordinal processing of symbolic numbers related differ-
ently to more complex mathematical skills. These researchers
observed that the reversed distance effect (RDE) on the ordinality
task and the standard numerical distance effect (NDE) from the car-
dinality task (i.e., the two hallmarks of the two respective tasks)
were not significantly correlated with one another, suggesting that
themechanisms underlying cardinal and ordinal processing are dis-
tinct in adults. Although the difference between the two constructs
is not the primary focus of the current study, our observations (for
instance in Table 6) confirm that cardinality and ordinality aremost
probably not reducible to one and the samemechanism. Rather, our
results in fact suggest that the performance on the digit comparison
task does not purely reflect cardinal, but also contains a distinct
ordinal component. With respect to arithmetic fluency, Goffin and
Ansari (2016) found that both cardinality and ordinality accounted
for unique variance in math achievement. The latter is however not
supported by our results. Indeed, the observations in both Experi-
ment 1 and Experiment 2 that ordinality processing fully accounted
for the relation between digit comparison and arithmetic suggest
that ‘cardinality’ (i.e., performance on the digit comparison task)
no longer explains unique variance in individual differences in arith-
metic achievement once ordinality processing is taken into account.
It must be noted however that in the study of Goffin and Ansari
(2016) distance effects were used in contrast to the performance
measure (i.e., inverse efficiency, a combination of reaction time
and accuracies) in the current study, which might account for the
different results. Finally, one other study (Lyons & Beilock, 2011)
investigated the relationship between cardinality, ordinality and
arithmetic, but in that study cardinality was measured with a
non-symbolic comparison task (i.e., deciding which of two dot
arrays contains more dots). Similar to the current study with sym-
bolic comparison, Lyons and Beilock (2011) found that ordinal pro-
cessing fully mediated the relationship between a non-symbolic
comparison task and arithmetic. Together, these findings thus pro-
vide evidence of an important role for ordering abilities – over and
above cardinality processing – in adult mathematical skills, an obser-
vation which in fact nicely squares with the learning trajectory out-
lined in the early numeracy educator’s guide by Frye et al. (2013),
namely that fluencywithmental number comparisons builds onflu-
ency with number-after relations and provides a basis for mental
arithmetic.
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Second, results of Experiment 2 showed that domain-general
ordinal processing (serial order working memory) does not explain
the relation between digit comparison and arithmetic. This suggest
that it may be long-term ordinal associations as opposed to short-
term ordinal processing that are key to explaining the relation
between digit comparison and arithmetic. Several theoretical mod-
els describe how order information is processed and, grossly, they
can be divided into two categories: ‘associative chaining models’
and ‘position marker models’ (Abrahamse, Van Dijck, Majerus, &
Fias, 2014). Associative chaining models state that people form
inter-item associations between adjacent items (e.g., between 3
and 4) and each item serves as a trigger for the next (or previous)
item in the sequence (e.g., 3 triggers 4; Serra & Nairne, 2000).
According to position marker models, people connect each item
to a specific position (e.g., begin vs. end items) and these connec-
tions are recalled when the sequence of the items has to be
retrieved (Solway, Murdock, & Kahana, 2012). For instance, to
remember a list of animal names (e.g., dog – cat – bird), a first item
(e.g., dog) is marked by code ‘‘1”, a second item (e.g., cat) to code
‘‘2”, a third item (e.g., bird) by code ‘‘3” et cetera. More recently,
some authors propose that a combination of both models is possi-
ble (e.g., Abrahamse et al., 2014; Caplan, 2015; Solway et al., 2012).
Abrahamse et al. (2014) suggest that position markers are used as a
basic mechanism to store and retrieve order information, whereas
chaining may only be used in particular situations. For instance,
position markers of a sequence of items that had to be retained
for a longer time could become connected with each other and
may act like chaining mechanisms (Abrahamse et al., 2014). The
latter is what we believe is occurring in the (numerical) ordinal
judgment task – and is consequently what may be crucial for
(learning) arithmetic. Indeed, if the storage, retrieval and process-
ing of digits is considered, it is clear that adults are already highly
familiar with the counting sequence (Lyons & Beilock, 2009, 2013;
Nieder, 2009). When processing digits, there is not only a connec-
tion between the symbols and the quantities they represent, but
also a connection between the symbols themselves, beyond their
link with the underlying quantities (Abrahamse et al., 2014;
Lyons, Ansari, & Beilock, 2012; Lyons & Beilock, 2009; Nieder,
2009). Therefore, it might be the case that, to solve the numerical
order judgment task, adults simply have to activate these associa-
tions between the digits themselves from their long-term memory
(i.e., chaining based mechanisms). This hypothesis is in line with
Lyons and Beilock (2013), who suggested that making ordinal judg-
ments about digits relies on retrieval processes.

Whether these long-term ordinal associations, which appear to
be key in explaining individual differences in arithmetic, are speci-
fic to numbers was not directly addressed in the current study.
However, since Experiment 1 showed that next to digit ordering
also letter ordering significantly mediates the relation between
digit comparison and arithmetic and Experiment 2 showed that
this mediation process cannot be explained on the basis of serial
order working memory involvement, it is plausible to assume that
also the letter order judgment task reflects those long-term ordinal
associations. If this would be true, one could expect a full media-
tion of the relation comparison – arithmetic by letter ordering per-
formance, similar as is the case for numerical ordering in
Experiment 2. To test this hypothesis more directly, we post hoc
conducted a mediation analysis on the data of Experiment 1, with
digit comparison as predictor, arithmetic as outcome and letter
order judgment performance as the only mediator. We observed
a partial mediation, as the total effect c (bootstrap point esti-
mate = �0.20; SE = 0.06; 95% CI = �0.33 to �0.08; p = 0.002) was
not totally accounted for by the indirect effect of letter ordering
(bootstrap point estimate = �0.05; SE = 0.03; 95% CI = �0.11 to
�0.008; p = 0.091). The direct effect c0 was still significant, boot-
strap point estimate = �0.15; SE = 0.06; 95% CI = �0.28 to �0.03;
p = 0.017. These data suggest that the long-term ordinal associa-
tions which appeared to be key for arithmetic are not domain-
general, but most probably number-specific. A possible explana-
tion for the presence of a partial mediation of letter ordering could
be that in contrast to the counting sequence of digits that is most
probably stored via chaining mechanisms in long-term memory,
adults are likely less familiar with the order of letters – and cer-
tainly in case of the letters used in Experiment 1 (I, J, N, L, N, O,
P, R, T, U), which are not the first ones of the alphabet (Gevers,
Reynvoet, & Fias, 2003; Jou & Aldridge, 1999; Turconi et al.,
2004). Turning back to the theoretical models of order processing,
it is therefore likely that in case of letter order processing, a com-
bination of position marker strategies and chaining strategies is
used (for a similar suggestion, see Caplan, 2015). For example, if
we have to decide whether K is before or after another letter, we
first decide on the position of K (i.e., the position marker) and then
do chaining. So possibly, in order to solve a letter order judgment
task, we create different position markers, most probably based
on how we learn the alphabet (and dependent on our short-term
memory capacity; Jou & Aldridge, 1999): ABCDEFG . . .HIJKLMNOP
. . ..QRSTUVW. . .XYZ. If we have to decide whether R is before/after
U: we first activate the position marker ‘Q’ and then do chaining. It
could therefore be that this combination of strategies present in
the letter order judgment task only evoked a partial mediation of
the relation comparison-arithmetic, since it is especially the asso-
ciative chaining that is responsible for the mediation. Of course,
this is speculative and should be investigated further. If, on the
other hand, letters would (similar to digits) be stored in long-
term memory based on associative chaining instead of a combina-
tion of position marker strategies and chaining strategies, the pro-
cess of fluently accessing and activating the ordinal associations in
long-term memory in the case of letters could still only evoke a
partial mediation effect of the relation between comparison and
arithmetic, because letter processing per se is not predictive for/
involved in arithmetic, only the (possibly domain-general) associa-
tive chaining process is.

4. Conclusion

Symbolic magnitude representations or the ‘cardinality’ of sym-
bols is commonly investigated using a digit comparison task.
Moreover, performance on this task is associated with individual
differences in arithmetic scores, both in children and adults. In
two experiments, this study showed first that (a) an important
aspect of digit comparison performance is ordinal processing, and
(b) this ordinal processing perhaps reflects more associative chain-
ing mechanisms in long-term memory, rather than general ordinal
processing such as serial order working memory. Second, the asso-
ciative chaining mechanism in long-term memory may be central
to unpacking the consistently reported relation between digit com-
parison and more complex numerical skills, such as arithmetic.
Future studies should unravel, however, whether this associative
chaining mechanism only accounts for numbers, or whether also
a fluent access and activation of non-numerical chaining plays a
role in explaining individual differences in arithmetic.
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