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ABSTRACT

Symbolic number ordering has been related to arithmetic fluency; however, the nature
of this relation remains unclear. Here we investigate whether the implementation of
strategies can explain the relation between number ordering and arithmetic fluency.
In the first study, participants (N = 16) performed a symbolic number ordering task
(i.e., “is a triplet of digits presented in order or not?”) and verbally reported the
strategy they used after each trial. The analysis of the verbal responses led to the
identification of three main strategies: memory retrieval, triplet decomposition, and
arithmetic operation. All the remaining strategies were grouped in the fourth category
“other”. In the second study, participants were presented with a description of the four
strategies. Afterwards, they (N =61) judged the order of triplets of digits as fast and as
accurately as possible and, after each trial, they indicated the implemented strategy
by selecting one of the four pre-determined strategies. Participants also completed
a standardized test to assess their arithmetic fluency. Memory retrieval strategy was
used more often for ordered trials than for non-ordered trials and more for consecutive
than non-consecutive triplets. Reaction times on trials solved by memory retrieval
were related to the participants’ arithmetic fluency score. For the first time, we provide
evidence that the relation between symbolic number ordering and arithmetic fluency
is related to faster execution of memory retrieval strategies.
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INTRODUCTION

Ordinality is a dimension of number processing that refers to the position of an item within a
sequence (Gelman & Gallistel, 1978; Sury & Rubinsten, 2012). The processing of ordinality is
typically assessed with a symbolic number ordering task in which participants indicate whether
numbers of a triplet are in order or not (e.g., 1-2-3 vs 2-1-3; Lyons et al., 2016; Sury & Rubinsten,
2012). Number ordering has become a popular research topic in the domain of numerical
cognition due to its relation with arithmetic fluency in children, from second grade onwards
(Lyons, Price, Vaessen, Blomert, & Ansari, 2014; Sasanguie & Vos, 2018), and in adults (Sasanguie,
Lyons, De Smedt, & Reynvoet, 2017). However, the cognitive mechanisms and strategies that
support symbolic number ordering are still unclear (see Lyons, Vogel, & Ansari, 2016, for a review).

The manipulation of the numerical distance between digits (e.g., distance 1: 1-2-3; distance
2: 1-3-5) has led to some initial speculations on the underlying cognitive mechanisms of
number order judgment. Individuals are faster in responding when digits in ordered triplets
are consecutive (i.e., distance 1; 1-2-3) compared to non-consecutive ones (e.g., 1-4-7). This
phenomenon is known as the reversed distance effect (RDE) as a small distance between digits
in the triplets leads to faster reaction times (Goffin & Ansari, 2016; Lyons & Ansari, 2015; Lyons
& Beilock, 2013; Sasanguie et al., 2017; Vogel et al, 2017; Vogel et al, 2019). Conversely, for not-
ordered triplets (e.g. 3-1-2), individuals are slower in responding when triplets entail numbers
with a small (e.g. 2-3-1) compared to large distance (e.g., 1-7-4). This difference is usually
called standard distance effect (SDE; Morsanyi, O’Mahoney, & McCormack, 2017) as it mirrors
the classic distance effect observed in digit comparison task (e.g., Moyer & Landauer, 1967;
Buckley & Gillman, 1974), whereby reaction times are faster when comparing the magnitude
of digits that are far apart (Moyer & Landauer, 1967).

These different behavioural signatures indicate that possibly different strategies are used for
different types of trial in the symbolic number ordering task. Accordingly, it has been suggested
that “magnitude-based” processes are used with not-ordered triplets, whereas “memory-
based” mechanisms used with ordered triplets (Lyons et al., 2016; Sommerauer et al, 2020; Vos
etal., 2017; Vogel et al, 2019). When presented with a not-ordered triplet, participants can only
compare the magnitude of the individual digits? numbers? to arrive at a decision, resulting in a
SDE as similarly observed in a number comparison task (Lyons & Beilock, 2013; Vos et al., 2017).

Different mechanisms could explain the presence of the RDE. Order judgment may rely on a
serial visuospatial item-by-item scanning on a mental number line (Franklin et al., 2009; Turconi
et al., 2004; Turconi et al., 2006). For triplets with consecutive digits (e.g., 1-2-3) only a small
section of the number line needs to be scanned, whereas for triplets with larger between-item
distances (e.g., 1-3-5), a larger section of the number line needs to be scanned. Alternatively,
ordered triplets could be retrieved from long-term memory (Lefevre & Bisanz, 1986; Lyons &
Beilock, 2013; Rubinsten et al., 2013; Vogel et al., 2017; Vos et al,, 2017; Sella, Sasanguie &
Reynvoet, 2020). In long-term memory, associative chains are formed between consecutive
numbers. In these chains, each item triggers the next item in the sequence (e.g. 2 triggers
3, Serra & Nairne, 2000). Items that often co-occur will have stronger inter-item associations
and, as a consequence, activate the next item more strongly. More specifically, consecutive
triplets (i.e., 1-2-3) co-occur more frequently than triplets with a larger between-digit distance,
such as 1-3-5, resulting in stronger associations and faster reaction times. Similarly, when
the direction of the triplets is manipulated, faster reaction times are observed for ascending
(e.g., 1-2-3) than descending (e.g., 3-2-1) trials (e.g., Vogel et al, 2019) presumably because
ascending triplets co-occur more frequently, leading to stronger inter-item associations. These
chaining mechanisms can also explain the observation that reaction times on consecutive
triplets explain most of the individual variance in an arithmetic fluency test (Lyons et al., 2014).
Arithmetic fluency is also a heavily memory-based skill (e.g., DeStefano & LeFevre, 2004; Hitch,
1978). The verification of correctly ordered consecutive sequences and arithmetic fluency
possibly share the same process, that is, retrieving sequence knowledge (e.g., “1 2 3” and “2
times 3 is 6”; Sasanguie & Vos, 2018).

The precise contribution of different strategies in a symbolic order judgment task should be
examined further, though. So far, evidence for the use of different strategies in the number
order judgment task is indirectly inferred from reaction time differences between different
types of trials (e.g., ascending vs descending, consecutive vs non-consecutive). Retrospective
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self-reports after every trial constitutes an effective methodology to assess strategy
implementation. This method has been successfully applied to examine the use of strategies
in mental arithmetic in children and adults (e.g., Torbeyns et al., 2016; 2019; Sella et al., 2019;
see Lemaire & Siegler, 1995 for the method). Retrospective techniques might be well suited to
gain more insight into the repertoire of strategies, their frequency and speed of execution in
number ordering. In turn, the frequency and speed of execution of strategies can be related
to arithmetic fluency. Specifically, it will be possible to determine whether arithmetic fluency
correlates with the frequency and/or the speed of execution of certain solving strategies.

In the first study, we aimed to identify the common solution strategies that participants
implement when judging the ordinality of triplets. Previous studies based on mental reports
suggested that adults are capable of describing their solution processes retrospectively
for simple arithmetic problems (LeFevre, Sadesky, & Bisanz, 1996). However, strategies for
symbolic number ordering are, unlike arithmetic, not introduced as a part of the educational
curriculum at schools. Therefore, we needed an exhaustive overview of possible strategies
before assigning them to meaningful categories. In the second study, participants completed
a number order judgment task as fast and as accurately as possible and, after each trial,
indicated which strategy they used by selecting one among those categories derived from the
first study. Additionally, in the second study, participants also completed an arithmetic fluency
test as we aimed to get a better insight into strategies underlying symbolic order processing
and its relation with arithmetic fluency.

STUDY 1
1.1 PARTICIPANTS

Sixteen undergraduates from Psychology or Educational Sciences at KU Leuven Kulak (M, = 18.6;
SD =1.55; 14 female) took part in the study in exchange for course credits.

1.2 PROCEDURE, TASK AND STIMULI

Participants received a booklet, whereby each page presented a triplet (font bold Courrier view,
size 40). The task included 56 triplets; 28 ordered and 28 non-ordered, that were taken from the
study of Vos et al. (2017). For 28 ordered triplets, there were 14 ascending and 14 descending.
Half of the ascending and descending triplets consisted of consecutive triplets (e.g., 1-2-3 or
3-2-1), the other half of non-consecutive triplets with a numerical distance of 2, 3, or 4 (e.g.,
1-4-7 or 7-4-1). Triplets with distance 2, 3 and 4 were grouped together to have an equal
number of trials for consecutive and non-consecutive conditions. The distance between the
first two digits and the last two digits of the triplet was always identical. The remaining 28
triplets were not-ordered and matched the size and the distance of the ordered ones (e.g. 1-3-
2; 4-7-1). The full list of triplets is reported in Appendix 1.

Participants were instructed to choose between two options “correct” and “incorrect” and mark
the right answer. After each triplet, they also needed to write down the strategy they implemented
to decide whether the three digits were in order or not. They could choose between reporting
their solutions in English or in Dutch (their first language) to avoid language-related difficulties in
using math-related terminology. All the participants held nativelike proficiency in Dutch.

1.3. RESULTS

The self-reports are available at OSF link. Two researchers (i.e., the first and last author)
independently categorized participants’ self-reports into solution strategies. A solution strategy
was labelled as “Memory” when participants rapidly recognized the presented triplet as being
in order or not by matching it with stored representations in memory. Two examples of
memory retrieval are “I immediately recognized the wrong order” or “I whispered the numbers
in my head and they sounded right”. In “Decomposition”, participants conducted additional
operations on the triplet, such as comparing two digits, replacing one digit with another digit
within the sequence, adding a digit at the end or at the beginning, and reading the triplet
backwards. Examples from this category are: “7 is > 4 and 4 is < 1”; “There is no number possible
between 1 (‘the first digit of the triplet’) and 2 (‘the last digit of the triplet’)”; “I looked for a
pattern and then imaginary put 1 before the triplet (‘the original triplet was 234°)”.
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Based on the previous literature (Lefevre & Bisanz, 1986, Vos et al., 2017), we expected
participants to implement memory retrieval and triplet decomposition as the two main solution
strategies. However, not all reported strategies could be assigned to these two categories. A third
strateqy, “Arithmetic”, comprises the implementation of arithmetic procedures to determine
the order of the triplet. For example, the arithmetical relation between the first two and last
two digits was computed (e.g., triplet 5-3-4, that is first -2’ and then ‘+1’) to decide whether
the triplet was ordered or not. Other examples include digit division to make digits smaller to
facilitate further recognition process. Ultimately, a small number of self-reported strategies
with very heterogeneous nature could not be categorized in one of the three categories and
were labelled as “Other” strategies. For example, “I compared it with the trial before” and “I
recognized odd numbers”.

To check the validity of the categorical system, a third independent rater, who was familiar with
the task,! was asked to assign the self-reports of half of the participants (N = 8; 447 trials)? into
one of the four categories. The inter-rater agreement was Cohen’s k = 0.81, which is considered
as being high (Landis & Koch, 1977). The majority of the self-reports on which there was
disagreement contained elements that could be linked with more than one category, such as, “I
compared 1 with 2 and saw that 1 was added. And from 2 to 3 there is also 1 added. So I Simply
recognized it” and “It is ascending from 3 to 5 with one. It’s also how we learn to count. I Simply
recognized it”.

We then applied these categories to the dataset (N = 16; 894 trials)® to calculate the use of
the strategies for each of the conditions. We reported the percentage of strategies across
conditions in Table 1 and they are visually represented in Figure 1.

Consecutive Non-consecutive

100% -

75%

= Strategy

g . Memory

§ 50% . Decomposition
° Arithmetic

o Other

25%

0%

Ascelnding Descénding Not-o‘rdered Ascehding Descénding Not—o‘rdered

Figure 1 and Table 1 make clear that strategy use changed across conditions: The memory
retrieval strategy was used more for ordered (than non-ordered), consecutive (than non-
consecutive) and ascending (than descending) trials.

MEMORY (%) DECOMPOSITION (%) ARITHMETIC (%) OTHER (%)

AC 60.71 24.11 15.18 0.00
AnC 4414 15.32 33.33 7.21
DC 43.75 32.14 17.86 6.25
DnC  32.43 24.32 3333 9.91
NC 22.77 55.36 18.30 3.57
NnC  21.43 54.91 22.32 1.34

1 Helene Vos. PhD in Psychology.
2 One observation was missed due to a participant skipping a trial.

3 Two observations were missing because two participants skipped a trial.
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Figure 1 The percentage of
strategy use (y-axis) as a
function of the direction of
the triplet (x-axis; ascending,
descending, not-ordered)
and the numerical distance
between digits [Consecutive,
left panel; Non-consecutive,
right panel).

Table 1 Distribution of the
strategies (in percentage)

per condition in Study 1 (AC:
ascending consecutive; AnC:
ascending non-consecutive;
DC: descending consecutive;
DnC: descending non-
consecutive; NC: not-ordered
consecutive; NnC: not-ordered
non-consecutive).



We analyzed the implementation of the memory strategy compared to the three remaining
strategies, which were clustered together as “not-retrieval strategies”. We ran a logistic
regression on memory strategy use [0 = not-memory, 1 = memory] with distance [consecutive,
non-consecutive] and direction [ascending, descending, not-ordered] as predictors. We found
the main effects of distance and direction (x?> = 70.24, p < .001) whereas the interaction
model was not significant (x? = 3.03, p =.22). Participants used more often memory retrieval
in ascending compared to descending (Wald = 9.199, p = .002) and not-ordered triplets
(Wald = 59.65, p<.001), and in consecutive than non-consecutive triplets (Wald = 5.88,
p=.015).

1.4. DISCUSSION

Study 1 aimed toidentify the strategy repertoire in a symbolic number ordering task and examine
the frequency of strategies across task conditions. We assigned participants’ solving strategies
to four categories: memory retrieval, triplet decomposition, arithmetic operations and “other”
strategies. Participants used memory retrieval more often for ascending triplets compared to
descending and not-ordered ones, and for consecutive compared to non-consecutive digits.
This result suggests the use of memory retrieval, either through verbal or visual recognition,
when triplets matched a portion of the counting list (Lyons & Beilock, 2013; Rubinsten et al.,
2013; Vogel et al., 2017; Vos et al., 2017).

Decomposition, which entails the sequential magnitude comparison of digits within the
sequence, was most widely used for not-ordered triplets. We speculate that participants
adopted a decomposition strategy when they realized that the triplet did not belong to the
counting list (forward or backwards). The strategy based on arithmetic operations was not
previously contemplated (see Lefevre & Bisanz, 1986), but it was used quite often (about
22.6% of the total amount of the trials), especially in ascending and descending trials
with large distances (i.e., non-consecutive digits). Again, when the digits in the sequence
were not consecutive, participants resorted to procedural, rather than memory retrieval,
strategies.

In summary, by assessing retrospective self-reports, Study 1 demonstrated that participants
use a variety of solution strategies in a symbolic number ordering task. We propose the
presence of three main strategies: memory retrieval, decomposition, and arithmetic operations.
Descriptive statistics showed that memory retrieval is used more often for ordered triplets with
consecutive digits, whereby a direct recognition that the triplet belongs to the counting list
can be made. Conversely, not-ordered triplets with non-consecutive digits prompted the use
of more sequential strategies, such as comparing the magnitude of digits or performing some
arithmetical operations.

In Study 2, we aimed at replicating these results in a larger sample, using a choice menu for
assessing strategies instead of retrospective self-reports. We also registered reaction times to
analyse the speed of execution for each strategy. Finally, we measured participants’ arithmetic
fluency to evaluate whether the frequency and the speed of execution of one or more strategies
is related to arithmetic skills.

STUDY 2
2.1. PARTICIPANTS

Sixty-one undergraduates from Applied Economics at KU Leuven Kulak (M,,, = 18.22; SD=0.72;
27 female) took part in this study in exchange for course credits.

2.2. PROCEDURE, TASK AND STIMULI

At the beginning of the experimental session, participants completed the Tempo Test Rekenen
(TTR; Vos, 1992). The TTR is a time-limited test consisting of five columns on a sheet of paper:
addition, subtraction, multiplication, division and one with mixed operations. Each column
consists of forty arithmetic problems (e.g., 12 x 3 = ) presented in increasing difficulty.
Participants completed one column at time and had one minute to solve as many problems as
possible in a column. We calculated the total number of correct responses.
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After completing the arithmetic fluency test, participants were introduced to the number order
judgement task and the strategies derived from Study 1. They received sheets with explanations
of the four strategies and some examples (The description of the strategies can be found at
OSF link). The symbolic number ordering task was presented via E-prime 2.0 (Psychological
Software Tools, Pittsburgh, PA, USA). Participants indicated whether three digits presented in
the middle of the screen (res. 1920x1080) were ordered (i.e., ascending or descending), or not-
ordered by pressing the ‘a’ or ‘p’ key on an AZERTY keyboard, respectively. After responding,
participants reported which strategy they employed by choosing among the four strategies
derived from Study 1, namely, memory, decomposition, arithmetic and “other” by pressing
the keys ‘a’, ‘D', ‘c’, and ‘d’, respectively. There was no time limit for selecting the used strategy.
Fifteen practice trials were presented to make participants familiar with the procedure. Then,
the same 56 triplets used in Study 1 were presented randomly. Accuracy and reaction times,
together with the strategy choices, were recorded. The dataset is available at OSF link.

2.3. RESULTS

We removed responses below 200 msec (i.e., anticipations; 6 trials) and extremely slow
responses (44 trials) that were three standard deviations above the grand mean. We then
calculated the individual median reaction times of correct responses. We removed one
participant from further analysis because had a median response time that was more than
three standard deviations above the sample mean. Accuracy was close to ceiling (M = 0.94,
SD =0.05) and therefore not analysed.

First, we examined the presence of reversed distance effect (RDE) and distance effect (DE) in
the response times (RTs) across conditions. Second, we evaluated the frequencies of strategies
and execution times of memory compared to the remaining strategies. Finally, we examined
the relation between the performance in the order judgement task and arithmetic fluency.

DISTANCE EFFECTS

To check to which extent our data replicated behavioral effects from previous studies (Franklin
et al., 2009; Goffin & Ansari, 2016; Morsanyi et al., 2017; Vogel et al., 2017; Vos et al., 2017), we
analyzed the median reaction times of correct responses in a repeated-measures ANOVA with
direction [Ascending, Descending, Not-ordered] and distance [Consecutive, Non-consecutive] as
within-subjects factors. Whenever the assumption of sphericity was violated, the Greenhouse-
Geisser correction was applied. The main effect of distance was not significant, F(1, 59) = 2.66,
p=.108, nzg =.003, whereas the main effect of direction was, F(2,118) = 7.42, Peg=-002, leg =.02.
Crucially, the interaction between distance and direction was also significant, F(2, 118) = 9.51,
p<.001, nzg =.01. Participants were faster with consecutive (M = 1377, SD = 452) compared to
non-consecutive digits (M =1501, SD =490) in ascending triplets, that is the RDE, t(59) =2.93, Prsont
=.015. A similar tendency for a RDE was observed for descending triplets (consecutive: M = 1514,
SD = 504; non-consecutive: M = 1625, SD = 568; t(59) = 2.31, Pioonts = .075). No such difference was
observed between consecutive and non-consecutive triplets in the not-ordered trials (consecutive:
M=1622, SD = 461; non-consecutive: M = 1540, SD = 478; t(59) = 2.03, Proony = 141).

STRATEGY USE

In Figure 2, we reported the distributions of use (in percentage) of each strategy. Memory and
decomposition were two widely used strategies, whereas arithmetic and “other” strategies were
applied less often. One participant (1.67% of the sample) never used memory, 8 participants
(13.33%) never used decomposition, 23 participants (38.33%) never used arithmetic, and 35
participants (58.33%) never reported “other” strategies.

In Figure 3, we plotted the percentages of the strategies (i.e., memory, decomposition,
arithmetic, other) across the six conditions (i.e., ascending, descending, not-ordered triplets with
consecutive or non-consecutive digits) of the number order judgment task. The percentages
can be also found in Table 2.

We analyzed the implementation of the memory strategy compared to the three remaining
strategies, which were clustered together as “not-retrieval strategies”. We ran a logistic
regression on memory strategy [0 =not-memory, 1 =memory] use with distance [consecutive,
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MEMORY (%) DECOMPOSITION (%) ARITHMETIC (%) OTHER (%)
AC 70.68 18.55 8.77 2.01
AnC 49.74 29.64 15.98 4.64
DC 63.73 42.35 9.59 2.38
DnC 44,09 38.22 14.70 2.89
NC 31.66 54.44 7.72 6.18
NnC 33.84 50.88 8.08 7.20

non-consecutive] and direction [ascending, descending, not-ordered] as predictors. We found
evidence for the interaction model compared to the model with the two main effects (y2 =
39.81, p<.001). When triplets were consecutive, participants used more often memory
retrieval for ascending compared to descending (Wald = 4.29, p =.038) and not-ordered triplets
(Wald = 150.75, p <.001). When triplets were non-consecutive, participants used more often
memory retrieval for ascending compared to not-ordered trials (Wald = 27.33, p <.001), but
not for descending triplets (Wald = 2.46, p =.117).

We also analyzed the execution times of the different strategies. The implementation of the
memory strategy, which is based on the immediate retrieval, should yield faster reaction times
compared to the remaining non-memory strategies, which, by definition, require a series of
additional procedures or manipulations in order to verify whether a triplet was in order or not.
In Figure 4, we plotted the distributions of reaction times for trials in which participants reported
using the memory strategy compared to those in which remaining strategies were used across
the conditions of the number order judgment task. Participants were indeed faster when they
reported using a memory strategy (M = 1431, SD = 394) compared to other non-memory
strategies (M = 1615, SD = 457; t(54) = -4.31, p <.001; five participants were excluded because
they did not use both strategies).
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Figure 2 Boxplots represent
the distribution of percentages
of strategy use (y-axis); dots
represent individual values.

Figure 3 The percentage of
strategy use (y-axis) as a
function of the direction of
the triplet (x-axis; ascending,
descending, not-ordered)
and the numerical distance
between digits [Consecutive,
left panel; Non-consecutive,
right panel).

Table 2 Distribution of the
strategies (in percentage)

per condition in Study 2 (AC:
ascending consecutive; AnC:
ascending non-consecutive;
DC: descending consecutive;
DnC: descending non-
consecutive; NC: not-ordered
consecutive; NnC: not-ordered
non-consecutive).
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THE RELATION BETWEEN SYMBOLIC NUMBER ORDERING AND
ARITHMETIC FLUENCY

We examined the zero-order correlations between arithmetic fluency and the overall median
RT and the median RTs for each condition separately (Table 3). The RTs in the descending
consecutive and non-consecutive conditions yielded the highest correlations with arithmetic
fluency, even though there is no significant difference (Z = 1.27, p = .21; Steiger, 1980;
Diedenhofen & Musch, 2015) between the smallest and the largest correlation observed in
one of the ordered conditions and TTR (“ascending non-consecutive”: r = -0.36 vs. “descending
non-consecutive” r = -0.44). Correlations between RTs on non-ordered trials and arithmetic
fluency were not significant. The correlation between median RTs on all ordered trials (i.e.,
ascending consecutive, ascending non-consecutive, descending consecutive, and descending
non-consecutive) and TTR was significant (r = -.53, p <.001), after controlling for the median
RTs on all non-ordered trials.

MEASURE 1 2 3 4 5 6 7
1. All

2. AC .79*

3. AnC .88 76"

4.DC 86™ 75 72

5.DnC .85 71 85%  76*F

6. NC .88 59" 70** 69"  .63™

7.NnC 857 54 7k 59% 65 78*F

8. TTR =35% =37% -36% —44* 447 12 -19

To get a better insight into the relation between the frequency and efficiency of strategy use,
we correlated the proportion of the memory strategy use and median RTs for memory retrieval
and decomposition strategies with the TTR scores (Table 4). We excluded 9 participants who
never used either memory or decomposition strategy. We did not compute the correlation
between RTs for the arithmetic and “other” strategies and TTR because several participants
never used these strategies (see Figure 4). The frequency of the memory retrieval strategy was
not related to arithmetic fluency, indicating that memory retrieval was not used more often by
participants with a high arithmetic fluency. The mean execution time of the memory strategy
and the score on the TTR were significantly correlated (r = -.31), indicating that participants
who executed the retrieval strategy in the ordering task faster, performed better on the
arithmetic fluency test. The correlation between the RTs of the memory strategy and TTR
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Figure & Boxplots of reaction
times (y-axis) for trials in
which the memory strategy
was used (Yes; white) or not
(No; dark grey) across direction
(left: Ascending; middle:
Descending; right: Not-
ordered) and distance (x-axis).
The diamonds represent the
mean of the distribution
whereas transparent dots
represent single trials.

Table 3 Zero-order correlations
between overall median

RTs (All), median RTs across
conditions (AC: ascending
consecutive; AnC: ascending
non-consecutive; DC:
descending consecutive; DnC:
descending non-consecutive;
NC: not-ordered consecutive;
NnC: not-ordered non-
consecutive), and arithmetic
fluency score (TTR). ** p <.01.



was not significantly different from the correlation between the RTs from the decomposition
strategy and TTR (Z = -1.64, p = .10).

MEASURE 1 2 3

1. Proportion memory strategy

2. Median RTs for memory strategy -.04

3. Median RTs for decomposition strategy .12 .67**

4.TTR 13 -31F -12

DISCUSSION

The aim of Study 2 was twofold. First, we examined whether the findings from Study 1 could be
replicated in a larger sample by assessing strategies with a retrospective choice menu instead
of free self-reports. All categories of strategies derived on the basis of free retrospective reports
in Study 1 were selected on several occasions. In general, the memory retrieval strategy (45%)
and the decomposition strategy (40%) were reported more often. The arithmetic operations
strategy was reported in only 10% of the trials. This pattern is similar to the one observed
in Study 1. Moreover, as in Study 1, the frequency of each strategy varied across conditions:
memory retrieval was used more in ordered conditions, especially with consecutive triplets (i.e.,
consecutive triplets; Figure 3). For non-ordered trials, the decomposition strategy was reported
as the most frequently used. Importantly, the retrospective reports of the participants made
clear that all three strategies were applied in all conditions of the symbolic number order task.
Thus, our data shows that reaction times observed in each condition are always a combination
of execution times of different strategies.

A second aim of Study 2 was to examine whether frequency and efficiency of strategies
related to arithmetic fluency. The frequency of the memory retrieval strategy was not related
to arithmetic fluency. In contrast, participants doing well on the arithmetic fluency task were
faster on number ordering trials in which they reported using memory retrieval. We return to
the relevance of this finding in our general discussion.

GENERAL DISCUSSION

Recently, a lot of research has been devoted to the symbolic number ordering task judgement
because of its relation with arithmetic fluency (for reviews see Lyons, Vogel, & Ansari, 2016; Sury
& Rubinsten, 2011). However, the shared cognitive processes responsible for this relationship
remain unclear. In this paper, we explored the cognitive processes involved in number ordering,
by registering, for the first time, trial-by-trial retrospective reports on strategy use. In this way, we
gained insights in the different strategies and why number order relates to arithmetic fluency.

The first aim of this study was to identify the strategies applied in the symbolic number order
judgment task. In contrast to the field of arithmetic, in which strategies are introduced as a
part of the educational curriculum at schools, we needed to define a repertoire of strategies
in number ordering. Therefore, in Study 1, we analyzed participants’ self-reports on solving
strategies. We identified three main strategies: memory retrieval, triplet decomposition, and
arithmetic operations. A few self-reports did not fit in one of these three categories and were
labelled as “other” strategies. In Study 2, participants completed a number order judgment
task and, after each trial, they chose the strategy they implemented among one of the four
strategies identified in Study 1. Both studies revealed that memory retrieval and decomposition
strategies were used most frequently. Strategies relying on arithmetic operations were used
less often. Only about 4-5% of the applied strategies did not fit into one of these categories.

Memory retrieval was more frequently used for ordered triplets, especially with consecutive
digits. In contrast, decomposition was applied more often for non-ordered triplets. Presumably,
memory strategies are more often used when the triplet matches the counting list either
forward or backwards. When the triplet does not match the counting list, participants used more
sequential strategies like decomposition. It remains an open question whether participants
compare the triplet with the counting list and, in case of a non-match, apply decomposition or
arithmetic strategies or whether the strategies are run in parallel.
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Our findings are in line with previous studies (Vos et al,, 2017; Sella et al.,, 2020), in which a
similar proposal was made for different solution strategies usage for ordered and not-ordered
triplets. This assumption was based on reaction times that displayed a reversed and a standard
distance effect in ordered and non-ordered conditions respectively. This reaction time
pattern was replicated in Study 2: the distance effect interacted with condition (ascending,
descending, not-ordered). We should note also that the standard distance effect in the not-
ordered condition was in the expected direction, but not statistically significant. Possibly, this
is caused by more noise in the reaction times, either caused by a reduction of trials compared
with previous studies (we only presented each triplet once in this study), or alternatively, due to
the dual-task requirement (i.e., verifying order and reporting strategy).

As expected, response times were faster when memory retrieval strategy was applied compared
to non-memory retrieval strategies. This has important consequences for the origin of the reversed
distance effect. Previous studies argued that the reversed distance may be the consequence
of different association strengths between consecutive and non-consecutive digits (Franklin et
al, 2009; Lyons & Beilock, 2013; Vogel et al,, 2017; Vogel et al, 2019; Vos et al.,, 2017). More
specifically, consecutive triplets (e.g., 1-2-3) co-occur more frequently than triplets with a larger
between-digit distance, such as 1-3-5, resulting in stronger associations and faster retrieval for
consecutive triplets (Vos et al., 2017). Study 2 provides supportive evidence for this account:
the frequency of memory retrieval is higher for ordered triplets with consecutive digits than for
ordered triplets with non-consecutive digits (see Figure 3). Because memory retrieval is faster than
other strategies, a logical consequence is that average reaction times in the ordered consecutive
triplets will be faster than in the ordered non-consecutive triplets, that is the reversed distance
effect. A similar explanation may hold for the direction effect previously reported, that is, faster
reaction times on ascending than descending trials (Vos et al. 2017; Vogel et al, 2019): memory
retrieval is reported more for ascending trials, which could give rise to the direction effect. The
present observation makes clear that using the average reaction time data per condition can
provide a misleading picture on the behavioral patterns and underlying cognitive processes in
the symbolic number ordering task, because the frequency of strategies differs across conditions.

The second aim was to get a better insight into the association between symbolic number
ordering and arithmetic proficiency. In line with previous studies, we found that fast response
times in the order judgment task are associated with better arithmetic fluency (Sasanguie et
al, 2017; Lyons & Beilock, 2011, 2013; Lyons et al., 2014; Morsanyi, Mahoney, & Mccormack,
2016; Morsanyi, van Bers, O’Connor, & McCormack, 2018; Rubinsten & Sury, 2011; Sasanguie &
Vos, 2018; Vogel et al., 2017; Vogel, Remark, & Ansari, 2014; Vos et al., 2017). When analyzing
the task conditions, we found the reaction times in descending non-consecutive trials had the
strongest correlation with arithmetic fluency, although the correlation was not significantly
larger than the lowest observed among ascending conditions (i.e., ascending non-consecutive).
In contrast, reaction times in not-ordered trials were not related to arithmetic (Table 3). This
observation is at first sight somewhat different than the one in Lyons & Ansari (2015), who
found that the biggest variance in arithmetic was explained by the performance on consecutive
ascending triplets (i.e., 1-2-3). However, it is difficult to compare both studies as Lyons and
Ansari, in contrast to this study, studied primary school children and did not present descending
trials in their design. The fact that the largest correlations between symbolic number ordering
and arithmetic fluency was observed for conditions in which proportionally more retrieval
was used (ascending/descending ordered conditions) suggests that memory retrieval is the
common process responsible for the relation. This was confirmed by the fact that only RTs
on trials where retrieval was used were related to arithmetic fluency (Table 4). This is in line
with the proposal of Sasanguie and Vos (2018), who argued that both the symbolic number
ordering task and an arithmetic fluency task require memory retrieval (see also Sella et al,,
2020). Moreover, a recent neuroimaging study of Sommerauer and colleagues (Sommerauer,
Grass, Grabner, & Vogel, 2020) also suggests that children with high arithmetic performance
complete symbolic ordering task faster than less proficient control group due to more efficient
retrieval of sematic associations, stored in long-term memory. Next to more efficient memory
retrieval, we also aimed to verify whether arithmetic proficiency influenced the frequency of
the memory retrieval strategy. This was not the case: more arithmetic proficient participants
did not use this strategy more than less skilled ones.

The findings of the present study should be considered in light of some limitations. First, the
distance between the first two and last two digits of each ordered triplet was always the same.
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The regular pattern of the ordered triplets may have triggered the memory retrieval strategy,
resulting in an overestimation of this strategy in the current study. Further studies are needed
to examine whether including triplets with varying inter-item distances (e.g., 2-4-7) influences
the frequency of strategies.

Second, the homogeneity of our sample may have resulted in participants using the different
strategies with similar frequency. Therefore, whether arithmetically skilled and less-skilled
participants differ present a different frequency distribution of strategies remains to be further
investigated in a more heterogeneous sample. Related, our findings cannot be generalized to
children, who are still learning associations between single digits (i.e., ordering) and associations
between arithmetic problems and solutions (i.e., arithmetic fluency).

The finallimitation concerns the validity of the retrospective self-reports as an empirical method.
For instance, participants can differ with respect to the ability to give these retrospective reports;
there is no consistent evidence yet for a relation between the awareness level of the strategy
usage and its further verbalization (for the discussion, see Lemaire, 2016), and it could be the
case that some participants are more confident in reporting their solutions retrospectively and
that their reports are a more reliable source of information. There are also no reliable ways to
distinguish between mental operations that can be easily verbalized and those which are more
difficult to verbalize. However, some work has shown that verbal reports are a valid source of
data (Robinson, 2001) and can provide a more accurate representation of the applied strategies
than accuracy and reaction times in a variety of mental arithmetic tasks (Siegler, 1989; Siegler
& Stern, 1998). The validity of self-reportsis also supported by neuroscientific evidence (Grabner
& De Smedt, 2011; Grabner, Brunner, Lorenz, Vogel, & De Smedt, 2020). For instance, Grabner
and De Smedt (2011) observed different oscillatory brain responses for arithmetic problems
for which participants reported to have used retrieval compared to arithmetic procedures. In
future studies, the validity of self-reports in the symbolic order judgement task could be further
investigated with eye movements. Accordingly, eye movements can reveal the implementation
of strategies as demonstrated in other numerical tasks (e.g., Van’t Noordende, Van Hoogmoed,
Schot & Kroesbergen, 2016; Paul, Reeve, & Forte, 2020). In symbolic number ordering, eye
movements may go back and forth between the digits when a decomposition strategy is used
whereas fewer movements may be performed in the case of memory retrieval.

CONCLUSIONS

Using retrospective self-reports, this study demonstrated the distribution of strategies
across different conditions of the symbolic number ordering task. Memory retrieval was used
more often for ordered sequences and decomposition for not-ordered sequences. The well-
established relation between symbolic number ordering and arithmetic fluency is due to faster
execution of memory retrieval strategies, suggesting that the common core between symbolic
number ordering and arithmetic is memory retrieval.
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