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Abstract

This study examined adults’ frequent, efficient and adaptive use of direct subtraction (DS) and
subtraction by addition (SBA) in mental multi-digit subtraction with the choice/no-choice method.
Participants were offered subtractions in one choice condition (choice between DS and SBA) and two
no-choice conditions (mandatory use of either DS or SBA). SBA was used as frequently as DS in the
choice condition. DS was most accurate on subtractions with a large difference (e.g., 502 — 18), while
SBA was fastest on subtractions with a small difference (e.g., 903 — 886). In general, participants were
adaptive for task characteristics and their personal speed characteristics. We further analyzed task-
based adaptivity on an individual level via a Latent Class Analysis. Results showed that two-thirds of
the participants were adaptive to task characteristics, and that these adaptive participants were the
most proficient in accuracy and speed in the choice condition. We further examined whether executive
functions (updating, inhibition, shifting) were related to individual differences in strategy efficiency
and task-based adaptivity. In line with our hypothesis, updating was related to strategy efficiency, such
that participants with higher updating skills were more accurate. In contrast to our expectations,
inhibition and shifting were not related to task-based strategy adaptivity. This study highlights adults’
efficient and adaptive use of arithmetic strategies, and its association with their proficiency and
executive functions.
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Introduction

About a decade ago, Torbeyns et al. (2009) reported a study in which they investigated young
adults’ use of the subtraction by addition (SBA) strategy to solve multi-digit symbolic subtractions. SBA
involves the use of an addition strategy, i.e., counting on from the subtrahend, to determine how many
should be added to reach the minuend (e.g., 712 — 346 = ?; 346 + 54 = 400, 400 + 300 = 700, 700 + 12
=712 and 54 + 300 + 12 = 366). This strategy is an alternative for the ‘standard’ strategy that is widely
taught and practiced in elementary school, namely direct subtraction (DS). DS encompasses
subtracting the subtrahend from the minuend, such as consecutively taking away the hundreds, tens
and units of the subtrahend from the minuend (e.g., 712 -346="7?; 712 -300=412,412 - 40=372,372
-6=366). The SBA strategy is assumed to be an efficient shortcut strategy, particularly for subtractions
with a small difference (SD; e.g., 903 — 886) between minuend and subtrahend (Torbeyns et al., 2009).
Onthe other hand, when subtractions have a large difference (LD; e.g., 502 — 18) between the minuend
and the subtrahend, DS is assumed to be the most efficient (Van Der Auwera et al., 2022).

Torbeyns et al. (2009) used Lemaire and Siegler’s (1995) theoretical framework of strategy
competence. This theoretical framework describes strategy competence via four parameters, namely
strategy repertoire, distribution, efficiency and adaptivity. Strategy repertoire includes the different
strategies used to solve subtractions, i.e., DS and/or SBA. Strategy distribution encompasses how
frequently each strategy is applied. Strategy efficiency refers to how accurately and fast each strategy
is executed. Finally, strategy adaptivity addresses participants’ strategy choices in relation to task and
subject characteristics, i.e., whether participants take into account the numerical characteristics of the
item or their own strategy efficiency characteristics when making strategy choices, respectively.
Torbeyns et al. (2009) also applied Siegler and Lemaire’s (1997) choice/no-choice research method to
examine these four parameters. In this method participants are given a series of items in a choice
condition, where they are allowed to choose their preferential strategy from a given set of strategies
for each item. They additionally receive similar series of items in two or more no-choice conditions,
wherein they are forced to solve all items with a particular strategy, depending on the no-choice
condition. The strategy choices in the choice condition are used to examine strategy repertoire,
distribution and adaptivity for task characteristics. Because no strategy choices have to be made in the
no-choice conditions, unbiased efficiency data for each strategy can be collected. Finally, the
combination of the strategy choices in the choice condition and the efficiency data from the no-choice
conditions allows one to examine participant’s adaptivity for subject characteristics. Individuals are
considered adaptive for subject characteristics if, for accuracy and/or speed, the strategy that was
found to be most efficient in the no-choice conditions is also selected more frequently in the choice

condition.



Torbeyns et al. (2009) examined 25 adults’ SBA use on mental multi-digit subtractions with a LD
(subtrahend ranging from 170 to 190; e.g., 813 — 176), medium difference (MD; subtrahend ranging
from 470 to 490; e.g., 821 — 475) or SD (subtrahend ranging from 770 to 790; e.g., 812 — 783) between
the minuend and subtrahend. Using the choice/no-choice method, adults had to solve an item set in
one choice condition, in which they could freely choose between DS or SBA, and in two no-choice
conditions in which participants were obligated to use either DS or SBA on all items. Results showed
that most adults spontaneously applied the SBA strategy at least once, and, aggregated over all
participants and item types, they used SBA with the same frequency as DS. Moreover, SBA resulted in
faster responses compared to DS on all item types, without any loss in accuracy. Adults adaptively
fitted their strategy choices to task and subject characteristics. Concerning task-based adaptivity, SBA
was used more frequently on SD items than on MD or LD items. Participants took into account their
speed (as measured in the no-choice conditions) when selecting a strategy in the choice condition, but
not their accuracy.

To further examine adults’ SBA use, Torbeyns et al. (2011) conducted another study using a more
extreme set of subtractions, namely subtractions with either a very large (i.e., subtrahend is a two-
digit number; 613 — 67 = 546) or a very small difference (i.e., difference is a two-digit number; 713 —
695 = 18), and they included adults (N = 70) with different levels of arithmetic ability (measured using
the arithmetic sub-test of the WAIS-R; Wechsler, 1981). Similar to their first study, Torbeyns et al.
(2011) reported frequent and efficient SBA use, with higher efficiency for the higher arithmetic ability
group. SBA turned out to be more accurate and faster than DS on both very SD and LD items. Adults
were adaptive to task characteristics, and, surprisingly, only the lower arithmetic ability group fitted
their strategy choices to their individual speed.

These two studies of Torbeyns et al. (2009, 2011) provided the first steps in understanding
adults’ use of the alternative SBA strategy, yet they suffered from some weaknesses. First, due to the
small number of adults involved in these studies, results should be interpreted with caution. This may
be particularly the case for the surprising finding that only the lower arithmetic ability group adapted
their strategy choices to their subject characteristics. A follow-up study that includes more
participants, who vary in their arithmetic abilities, is needed for a more robust analysis of the role of
subject characteristics such as arithmetic ability, in the use of SBA.

Second, the studies by Torbeyns et al. (2009, 2011) analyzed strategy adaptivity only at group
level, and not at the level of individual participants. As a result, these studies were unable to look at
the association between participants’ adaptive strategy use and their task proficiency (i.e., their
accuracy and speed in the choice condition). In a recent study on SBA in ten-year-olds (fourth-graders),
Hickendorff (2020) introduced the use of Latent Class Analysis (LCA) to address this issue. An LCA on

the strategy choices (either DS or SBA) for the ten subtraction items in the choice condition revealed
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three latent classes of participants: Children who consistently used DS (45%), children who adapted
their strategy choices to the task characteristics (33%) and children who consistently used SBA (23%).
Applying such an LCA to adults’ data would allow us to perform an analysis of task-based adaptivity at
the level of the individual. It consequently allows a more fine-grained examination of the association
between adults’ adaptive strategy use and their task proficiency in the choice condition.

Third, Torbeyns et al.’s studies (2009, 2011) did not include any other subject variables besides
participants’ arithmetic skill. It remains to be determined to what extent general cognitive skills explain
individual differences in adults’ strategy selection and execution in the domain of symbolic multi-digit
subtraction. One area for further investigation deals with the extent to which adult’s strategy
performance could be explained by individual differences in their executive functions (EFs). The
present study aimed at addressing this shortcoming. It is commonly agreed that EFs can be described
as a set of cognitive functions that control, direct or coordinate other cognitive processes (Bull & Lee,
2014). In line with Miyake and colleagues (2000), we distinguished between three components of EF:
updating, inhibition, and shifting. Updating encompasses the ability to hold information in working
memory (WM) and flexibly manipulate it at the same time (Baddeley & Hitch, 1994). Inhibition is
described as the deliberate ability to inhibit dominant, automatic or prepotent responses, i.e.,
someone’s intentional capability to override the tendency to produce a dominant, impulsive answer
(Miyake et al., 2000). Finally, shifting, is the ability to fluently switch between multiple tasks,
operations or mental sets (Monsell, 1996). Several studies already investigated the associations
between EFs and strategy use in arithmetic. Results showed that updating correlated with strategy
efficiency, while inhibition and shifting were related to strategy selection. For instance, Imbo et al.
(2007) and Furst and Hitch (2000, Experiment 2) showed that adults’ accuracy and speed during a
multi-digit multiplication and addition task were impaired when their WM was loaded. Hodzik and
Lemaire (2011) showed that both inhibition and shifting mediated the association between adults’ age
and their strategy adaptivity when solving multi-digit multiplications.

The present study

The present study aimed to address the three above-mentioned shortcomings from the studies
of Torbeyns et al. (2009, 2011) by (1) replicating their findings regarding the frequent, efficient and
adaptive use of SBA in a larger sample, (2) including an analysis of strategy adaptivity at the level of
the individual and its association with task proficiency, and (3) including measures of participants’ EFs
and investigating the association between EFs and adults’ strategy efficiency and adaptivity.

First, we examined the following hypotheses regarding the frequent, efficient and adaptive use
of SBA, which were all based on the results of Torbeyns et al. (2009, 2011), unless stated otherwise.
First, we hypothesized that most adults would use SBA at least once in the choice condition (RQ13;

Repertoire), and, regarding strategy distribution, that SBA would be used about as frequently as DS
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(RQ1b). Next, we hypothesized SBA to be faster than DS and at least as accurate, but, contrasting
Torbeyns et al. (2009), we expected the advantage of SBA compared to DS to be most pronounced on
SD items (RQ1c), based on the theoretical assumption that SBA is particularly efficient on SD items. We
also hypothesized that adults would use more SBA on SD items than on LD items (task-based adaptivity;
RQ1d) and that they would be adaptive for their individual strategy efficiency. Specifically, we expected
participants to be adaptive for their individual strategy speed, but not for their individual strategy
accuracy (RQle). Finally, concerning arithmetic ability, we hypothesized no effect of arithmetic
achievement on strategy repertoire and distribution, and hypothesized that participants with high
arithmetic skills would be the most accurate and fastest in the no-choice conditions. Concerning
adaptivity, we hypothesized the participants with high arithmetic skills to be most adaptive for task
characteristics and, contrasting Torbeyns et al. (2011) but based on theoretical considerations, also for
subject characteristics (RQ1f).

Our second goal was to examine participants’ task-based adaptivity on an individual level, and
to verify whether adaptive strategy choices were related with higher proficiency in mental multi-digit
subtraction. For the first time in adults, we investigated adaptivity for task characteristics on an
individual level, using an LCA (similar to Hickendorff, 2020). The latter study revealed three latent
classes in ten-year-olds: a class that consistently used DS, a class that adapted their strategy choices to
the task characteristics, and a class that consistently used SBA. In the current study, we expected to
find the same three latent classes, but with a larger proportion of adaptive switchers, and a smaller
proportion of consistent DS users (RQ2a). The adult participants in the current study were more
experienced in solving subtractions, and, compared to the ten-year-olds from Hickendorff’s study
(2020) who were involved in an instructional setting that heavily focused on DS, adults may have had
ample opportunities to develop SBA as an alternative strategy, which should allow them to resist the
tendency to only use the DS strategy, and to adaptively use SBA. Furthermore, we compared the
proficiency (both in terms of accuracy and speed) in the choice condition, i.e., the condition in which
participants were allowed to make adaptive strategy choices, between the latent classes found in the
LCA. We expected the class that adapted their strategy choices to the task characteristics to be the
most accurate and fast in the choice condition (RQ2b).

As a third goal, we examined whether EFs were related to individual differences in strategy
efficiency and adaptivity. We examined whether updating was related to strategy efficiency in the no-
choice conditions (i.e., conditions not influenced by strategy selection). Because the mental multi-digit
subtraction task is a complex task, which places a great demand on WM, we hypothesized that
participants with higher updating skills would execute the SBA and DS strategy more efficiently (RQ3a).
Finally, we investigated whether inhibition and shifting were related to task-based strategy adaptivity

in the choice condition. A role of inhibition was expected because participants have to inhibit the use
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of the dominant subtraction-based process during their strategy selection when confronted with a
minus sign (e.g. =‘). A role of shifting in strategy adaptivity was predicted, as this encompasses the
ability to switch between different strategies within a given set of items. We hypothesized that
participants with higher scores for inhibition and/or shifting would be more adaptive in the choice

condition (RQ3b).

Method

Participants
One hundred and forty Flemish undergraduate psychology students (91% female;

Moage = 19 years 11 months, SD = 1 year 9 months) participated in the study as part of a university
course. From every participant a written informed consent was obtained. The study was approved by

the local ethical board of the university (SMEC; registration number: G- 2017 12 1033).

Materials
All tests were computerized and group administered, except the Tempo Test Arithmetic, which

is a paper-and-pencil test. We used OpenSesame (Mathot et al., 2012) to program the computerized
tests. None of the EF tasks included numbers to prevent interference from numerical processing.

Tempo Test Arithmetic.
To investigate the role of arithmetic ability, participants’ fluency in mental subtraction and

addition was assessed using an extended version of the Tempo Test Arithmetic (Vanbinst et al., 2020).
The original version of the Tempo Test Arithmetic (de Vos, 1992), which consisted of a list of 40
subtractions and a list of 40 addition problems, was extended with 20 additional subtraction and
addition problems with a view to make the test better suited for older and more experienced
participants. The problems in the extended version were ranging from easy (e.g., 8 — 6, 2 + 3) to more
complicated (e.g., 71 — 43, 33 + 39). First, participants were given 60 seconds to solve as many
subtractions as possible, without leaving problems empty. After that, the same procedure was used
for the addition problems. The test score consisted of the mean number of problems solved correctly
over both lists. Participants’ score was included as a continuous variable in the analyses to examine
the effect of arithmetic achievement. However, when needed (i.e., for post-hoc testing), participants
were divided into four arithmetic achievement groups (quartiles) based on their score: Low (Pc < 25;
n = 35), Below-average (Pc 25-49; n = 35), Above-average (Pc 50-74; n = 34) and High (Pc > 74; n = 36).

Multi-digit subtraction task.
We used a multi-digit subtraction task similar to the one described in Torbeyns et al. (2018), and

used the same item series as the latter study. Participants were offered three parallel series of 13
multi-digit subtractions (see supplementary materials). Each series consisted of five subtractions with
a small difference (i.e., a three-digit minuend, a three-digit subtrahend and a two-digit difference, e.g.,

903 — 886 = 17), five subtractions with a large difference (i.e., a three-digit minuend, a two-digit



subtrahend and a three-digit difference, e.g., 502 — 18 = 484) and three buffer items (i.e., a three-digit
minuend, a three-digit subtrahend and a three-digit difference about half of the minuend, e.g., 712 —
346 = 366). The buffer items were added to the item series to increase the variety of the items. More
specifically, in contrast to the LD and SD items which, respectively, were expected to evoke the use of
the DS and SBA strategy, these buffer items were assumed not to specifically evoke any of the two
strategies. All subtractions required crossing of both tens and units and none of the subtractions had
unit values 0, 5 or 9. The mean sizes of the minuends and subtrahends as well as the mean sizes of the
differences across the three series were about equal to match the series in difficulty, and to make them
as comparable as possible. Within each series all items were ordered (1) to guarantee an unpredictable
order of SD, LD and buffer items; (2) to avoid repetition of item types on consecutive items, and (3) to
avoid that the answer of an item could easily be derived from the previous one. The order of the items
within each series was identical for all participants. Participants solved the subtractions in one choice
condition, wherein they could choose between DS and SBA to solve each subtraction, and two no-
choice conditions, wherein they could only use DS or SBA.

After completing three practice items, all participants completed the choice condition, followed
by the two no-choice conditions, for which the order was counterbalanced (as recommended by
Siegler and Lemaire, 1997). In each condition a different series of 13 subtractions was used. Each
subtraction was shown until the participant pressed the space bar. The latter time point was used as
measure for solution speed. Subsequently, participants had 5 seconds to type in their answer. We
applied this time limit to prevent participants from calculating their answer after their initial press on
the space bar. Finally, participants had to select which strategy they had used to solve the subtraction:
DS or SBA. They could also select ‘Other’, when they could not tell how they had solved the item or
when they had used a different strategy. This happened only very rarely and these cases were removed
from the analyses. Participants were instructed to answer as accurately and fast as possible. A
researcher was present to ensure that all participants entered their data correctly.

Executive functions
Updating ability was measured with an N-back task (Pelegrina et al., 2015). During this task a

sequence of letters was shown. Participants had to indicate whether the presented letter was identical
to the one shown ‘N’ trials back, either two trials (two-back condition) or three trials (three-back
condition) back. Both conditions consisted of 40 stimuli with 30% target trials. The letters A, B, C, D, E,
H,1,K, L M,OQ,P,R,SandTwere used as stimuli. The performance measure for updating was the total
number of correct answers on the target trials.

To measure inhibition ability, we used a Simon (Simon & Wolf, 1963) and Flanker (Eriksen &
Eriksen, 1974) task. During the Simon task participants had to indicate the direction that was expressed

by the words ‘Left’ and ‘Right’ that were shown randomly in the middle of the screen. In the baseline



condition 20 such stimuli were presented. In the test condition 40 stimuli were presented either on
the left or right side of the screen. Half of these 40 stimuli were congruent with their location (e.g., the
word ‘Left’ being presented on the left side of the screen) while the other half were incongruent (e.g.,
the word ‘Right’ being presented on the left side of the screen). The Flanker task required participants
to indicate in which direction the target arrow was pointing (either left or right), without getting
distracted by the flanking distractor arrows (three arrows on each side of the target arrow). Two types
of items could appear: congruent items, wherein the distractor arrows pointed in the same direction
as the target arrow (e.g.,, 2222222 or €< <€), orincongruent items, wherein the
distractor arrows pointed in the opposite direction as the target arrow (e.g.,, 22>2>€<>>> or
CECEDECECC) In the test condition 32 items were presented in a random order, with half of the
items having a target arrow pointing left and the other half a target arrow pointing right, and,
furthermore, half of the items being congruent and the other half being incongruent. The test
condition was preceded by a baseline condition, consisting of a series of 15 single arrows for which
participants had to indicate in which direction they were pointing. We calculated an interference score
(Bull & Scerif, 2001; i.e., mean time incongruent items - mean time baseline) as measure for inhibition,
both for the Simon task and the Flanker task.

Finally, shifting ability was measured using a modified version of the Wisconsin Card Sorting Task
(WCST; Nelson, 1976). The task consisted of 60 trials, and the total number of correct responses was
used as performance measure.

A more detailed description of all tasks is included in the supplementary materials, and the
descriptive results can be found in Table 1.

Table 1

Descriptive results for the Tempo Test Arithmetic and all EF tasks.

Measure n M SD Minimum Maximum
Tempo Test Arithmetic 140 63.03 6.54 42 79
N-back task 140 12.43 4.75 1 21
Simon task 139 114.23 ms 52.98 ms 12.26 ms 440.56 ms
Flanker task 140 130.48 ms 64.30 ms -21.19 ms 463.74 ms
WCST 139 75 % 12 % 25% 87 %

Note. WCST = Wisconsin Card Sorting Task.
Procedure

All tests were conducted in groups of approximately 20 participants. Testing was split up in two
test sessions which took place during the same week. During the first session, we administered the

multi-digit subtraction task and the Simon task. During the second session, we conducted the Tempo



Test Arithmetic, the N-back task, the Flanker task and the WCST. Tasks were always administered in
the order listed above. The multi-digit subtraction task and the Tempo Test Arithmetic were presented
in separate sessions to eliminate subtraction practice effects. Instructions for all tests were given at

the beginning of each session. The duration of a session was approximately 50 minutes.

Analyses
All analyses were performed using JASP software (JASP Team, 2020), except the LCA and

permutation tests, for which we used R (R Core Team, 2021) and, respectively, the poLCA (Linzer &
Jeffrey, 2013) and RcmdrPlugin.coin (Leucuta, 2014) packages. For the multi-digit subtraction task,
data from the choice condition were included for all participants. Most (87%; n = 122) of the
participants correctly followed the instructions regarding strategy selection in the no-choice
conditions, i.e., they solely used the requested strategy in each no-choice condition. The remaining
participants (n = 18; not systematically belonging to the same arithmetic achievement level, p = .50)
used the other strategy on more than two LD or SD items in either of the no-choice conditions.
Therefore, data from their no-choice conditions were excluded from the analyses. For the Simon task
and the WCST data from one participant were missing. Preliminary analysis indicated that the order of
the no-choice conditions had no influence on participants’ accuracy and speed of responding in the
no-choice DS (F(1, 120) = 0.76, p = .39 and F(1, 120) = 1.40, p = .24, respectively) and SBA conditions
(F(1,120)=3.43, p=.07 and F(1, 120) = 0.84, p = .36, respectively). Therefore, all data were grouped
for further analyses. We included Spearman’s r;, Cohen’s d and partial eta-squared (n%,) as measures

of effect size (Cohen, 1988).

Results

Repertoire and distribution

Ninety percent of the participants used SBA at least once in the choice condition (RQla). Only
9% never used SBA, 82% used both SBA and DS, and 9% always used SBA. Furthermore, a Monte Carlo
K-sample Fisher-Pitman permutation test showed no association between arithmetic achievement
level and strategy repertoire (RQ1f), p = .28.

Participants used SBA to solve about half of the items in the choice condition (M = 51%, SD =
26%; RQ1lb). Spearman correlation analyses showed no correlation between arithmetic achievement

level and the frequency of SBA use (RQ1f; rs(N = 140) = .09, p = .30).

Efficiency
To evaluate differences in efficiency in the no-choice conditions (separately for strategy

accuracy and speed; RQ1c), repeated measures ANOVAs with strategy (SBA, DS) and item type (SD, LD)

as within-subject factors were used.



Regarding strategy accuracy (Table 2; for figure see supplementary materials), no main effect of
strategy was found, F(1, 121) = 1.81, p =.18, n%=.02, but a main effect for item type was found,
F(1,121)=30.79, p <.001, n%=.20. SBA (M =0.85, SD=0.18) and DS (M =0.87, SD = 0.16) were applied
with a similar accuracy, but SD items (M = 0.90, SD = 0.14) were solved significantly more accurately
than LD items (M = 0.82, SD = 0.18). A significant item type x strategy interaction effect was found,
F(1,121) = 8.45, p < .01, n%,= .07. Post-hoc testing indicated no difference between SBA and DS on SD
items (prom = .33, d = 0.09), whereas LD items were solved significantly more accurately with DS
compared to SBA (prom = .01, d = -0.27). After adding arithmetic achievement level to the model, a
main effect was found for the latter variable (RQ1f), F(1, 120) =7.22, p < .01, n?,= .06. Post-hoc testing,
including arithmetic achievement as a categorical variable, indicated that the low arithmetic
achievement group scored significantly lower compared to the below-average (prom < .01, d = -0.30)
and high arithmetic achievement groups (prom < .01, d = -0.34). Furthermore, a significant strategy x
arithmetic achievement level interaction was found, F(1, 120) =4.54, p = .04, n?,= .04. Post-hoc testing
showed that the effect of arithmetic achievement was only present for SBA, where the low arithmetic
achievement group scored significantly lower compared to the below-average (prom = .02, d = -0.31)
and high arithmetic achieving participants (prom < .01, d = -0.37), while no differences were found for
DS (pShoim > .76). No other significant main or interaction effects were found.

Table 2
Average accuracy (in proportion correct; SD in brackets) in the no-choice conditions for both item types

per arithmetic achievement group.

Arithmetic achievement group No-choice SBA No-choice DS
Small Large Small Large

difference difference difference difference
Low (n=29) 0.82 (0.25) 0.67 (0.28) 0.85(0.23) 0.77 (0.27)
Below-average (n=31) 0.96 (0.10) 0.80 (0.21) 0.90(0.13) 0.90 (0.12)
Above-average (n=29) 0.88 (0.20) 0.81 (0.20) 0.88(0.18) 0.88 (0.19)
High (n=33) 0.96 (0.08) 0.86 (0.24) 0.91(0.17) 0.87(0.21)
Total (N=122) 0.91 (0.18) 0.79 (0.24) 0.89 (0.18) 0.86 (0.21)

For strategy speed (Table 3; for figure see supplementary materials), significant main effects for
strategy and item type were found, F(1, 121) =37.61, p < .001, n?,= .24, and F(1, 121) =49.48, p < .001,
n% = .29, respectively. Participants responded faster in the SBA condition (M = 10.10s, SD = 5.02s)
compared to the DS condition (M = 14.14s, SD = 5.86s), and SD items (M = 11.52s, SD = 4.85s) were
solved faster than LD items (M = 13.85s, SD = 5.49s). A significant item type x strategy interaction was
found as well, F(1, 121) = 111.97, p < .001, n?, = .48. Post-hoc testing showed that SBA was only faster
than DS on SD items (prom < .001, d = -1.02), but not on LD items (prom = .29, d = 0.13). Furthermore,

after adding arithmetic achievement level to the model, a significant main effect for the latter variable
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was found (RQ1f), F(1,120)= 40.88, p<.001, n%=.25. Post-hoc testing, including arithmetic
achievement as a categorical variable, showed that the low arithmetic achievement group responded
significantly slower than the below-average (phom = .02, d = 0.25), above-average (pnom = .01, d = 0.28),
and high arithmetic achievement group (prom < .001, d = 0.51), and that the below-average (prom = .02,
d = 0.25) and above-average (pnom = .04, d = 0.21) arithmetic achievement group responded
significantly slower compared to the high arithmetic achievement group. A significant item type x
arithmetic achievement level interaction was found too, F(1, 120) = 8.08, p < .01, n?,=.06. Post-hoc
testing, including arithmetic achievement as a categorical variable, showed that participants in all
arithmetic achievement groups answered SD items faster compared to LD items (ps < .02), except for
the high arithmetic achievement group, where no difference between these two item types was found
(prom =1, d =0.11). No other significant main or interaction effects were found.

Table 3

Average speed (in seconds; SD in brackets) in the no-choice conditions for both item types per arithmetic

achievement group.
Arithmetic achievement group No-choice SBA No-choice DS
Small Large Small Large
difference difference difference difference
Low (n=29) 10.58 (6.64) 17.53 (7.17) 18.50 (8.33) 17.45 (7.12)
Below-average  (n=31) 8.46 (5.13) 15.69 (7.51) 13.71 (4.87) 13.57 (6.04)
Above-average  (n=29) 8.14 (4.12) 14.28 (5.71) 14.51 (5.91) 12.78 (5.10)
High (n=33) 5.41 (1.95) 10.14 (3.90) 13.48 (6.26) 10.22 (4.39)
Total (N=122) 8.06 (5.01) 14.29 (6.72) 14.98 (6.67) 13.40 (6.22)
Adaptivity

To examine participants’ adaptivity, we investigated task-based adaptivity (RQ1d) on a general
level, using a repeated measures ANOVA, and on an individual level, using an LCA (RQ2a).
Furthermore, subject-based adaptivity (RQle) was examined using ANCOVAs.

Adaptivity to task characteristics
A repeated measures ANOVA, with frequency of SBA in the choice condition as dependent

variable and item type as within-subject factor showed a main effect of item type, F(1, 139) = 229.28,
p < .001, n?,= .62. Participants use more SBA on SD items (M = 3.93; SD = 1.69) compared to LD items
(M =1.19; SD = 1.70). This indicates that they were adaptive to task characteristics on a general level.
When including arithmetic achievement level in the model, the item type x arithmetic achievement
level interaction was not significant, F(1, 138) = 2.68, p = .10, n%,=.02.

Adaptivity to subject characteristics
Two ANCOVAs were used to examine whether participants took into account their individual

strategy efficiency (separately for accuracy and speed) when selecting a strategy in the choice

condition. The analysis, with the frequency of SBA as dependent variable and either the accuracy or
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speed differences between the no-choice conditions as covariate, revealed that participants were
adaptive for their personal speed characteristics (F(1, 120) = 13.13, p < .001, n?,=.10) but not for their
accuracy characteristics (F(1, 120) = 0.24, p = .63 n?,<.01). Thus, participants who were faster solving
the subtractions in the SBA condition compared to the DS condition selected SBA more frequently in
the choice condition. No main or interaction effects were found for arithmetic achievement level when

this variable was added to the models (ps > .29).

Individual differences in task-based adaptivity and its relation with proficiency
We performed an LCA on the strategy choices in the choice condition to assess participants’

adaptivity to task characteristics on an individual level (RQ2a). A model with three classes was retained
based on theoretical considerations and statistical evidence. Theoretically, a three-class model,
including a class of participants who consistently use DS, a class of consistent SBA users, and a class of
participants who adapt their strategy choices to the task characteristics, was considered most likely.
These were actually also the three classes that Hickendorff (2020) obtained in her LCA analysis of ten-
year-olds’ strategy use in multi-digit subtraction. Turning to the statistical evidence obtained in our
study, the comparison of the BIC values (i.e., a measure for the relative quality of a statistical model
for a given set of data) of the different models indicated the best fit for a model with these three
classes.

The estimated class population shares indicated that 18.5% of the participants belonged to the
DS class, 15.7% to the SBA class, and 65.8% to the adaptive class (Entropy R? = .97, posterior error =
.03). Subsequently, the software predicted the class membership for each individual participant, based
on modal posterior probability, leading to the final distribution into classes that was used in the
remainder of this article. Figure 1 shows, separately for the three latent classes, the estimated
probability to use SBA on the ten subtractions from the choice condition (for exact probability values
and SE, see supplementary materials). The DS class consisted of 25 participants with a very high
likelihood (Mo = 89%, SD = 10%) of using DS on all items, the SBA class consisted of 22 participants
with a very high likelihood (Mpron = 95%, SD = 5%) of using SBA on all items, and the adaptive class
comprised 93 participants with a very high likelihood of using SBA on SD items (Mo = 93%, SD = 3%)
and DS on LD items (Mpro = 88%, SD = 5%).
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Figure 1. Probability to use subtraction by addition (and SE) on the ten items in the choice condition for
the three classes.

A Monte Carlo K-sample Fisher-Pitman permutation test showed that participants from different
arithmetic achievement levels were not equally distributed (p = .04) over the three latent classes
(RQ1f). Inspection of Table 4, splitting the participants in arithmetic achievement groups, shows that
the low arithmetic achievement group contained fewer adaptive participants and more participants
that always used DS compared to the other three arithmetic achievement groups.

Table 4

Number of participants (and percentages) per arithmetic achievement group per latent class.

Arithmetic achievement groups Latent class

DS class Adaptive class SBA class
Low (n=35) 11 (31%) 15 (43%) 9 (26%)
Below-average (n=35) 6 (17%) 26 (74%) 3 (9%)
Above-average  (n=34) 4 (12%) 25 (74%) 5 (15%)
High (n=136) 4 (11%) 27 (75%) 5(14%)
Total (N =140) 25 93 22

To examine the relation between adaptivity and the proficiency in the choice condition (RQ2b),
we used repeated measures ANOVAs to compare the accuracy and speed in the choice condition (in
separate analyses; dependent variable) per item type (within-subject variable) between the three
latent classes found in the LCA (between-subjects variable).

For accuracy, there was a main effect for latent class F(2, 137) = 5.06, p < .01, n?,= .07, with the
adaptive class being most accurate, and significantly more accurate than the DS class (prom < .01, d =
0.25; see Table 5; for figure see supplementary materials). No differences were found between the

adaptive class and the SBA class (phom = .22, d = 0.14) or between the DS and SBA class (phom = .32,
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d =-0.09). A significant latent class x item type interaction was found, F(2, 137) = 7.22, p <.01, n%= .10,
showing that SD items were solved more accurately than LD items in the adaptive class (prom < .001, d
=-0.44), but not in the DS and SBA class (ps > .72), and that the adaptive class was only more accurate
than the DS class on SD items (proim < .001, d = 0.39), but not on LD items (prom = 1, d = 0.03).

Turning to speed, again, a main effect for latent class was found (Table 5; for figure see
supplementary materials), F(2, 137) =7.79, p < .001, n?,=.10: The DS class was significantly slower
than the adaptive (prom < .001, d =-0.33) and the SBA classes (pnom = .03, d = 0.21), while there was no
difference between the adaptive and SBA class (prom = .48, d = -0.06). A significant item type x latent
class interaction was found as well F(2, 137) = 12.52, p <.001, n?,= .15. Post-hoc analyses showed that
SD items were solved faster than LD items in the adaptive (prom < .001, d = 1.10) and SBA class (phom <
.001, d = 0.56), but not in the DS class (pnom = 1, d = 0.11), and that the DS class was slower than the
adaptive (prom < .001, d = -0.47) and SBA classes (prom = .001, d = 0.33) on SD items, but not on LD
items (ps =.75).

Table 5
Accuracy (in proportion correct; SD) and speed (in seconds; SD) in the choice condition for both item

types per latent class.

Latent class Accuracy Speed

Small difference Large difference Small difference Large difference

DS class 0.72 (0.29) 0.79 (0.20) 16.61 (6.12) 17.91 (8.02)
Adaptive class 0.93 (0.11) 0.81(0.23) 8.87 (4.83) 15.66 (6.74)
SBA class 0.85 (0.22) 0.76 (0.27) 9.63 (5.08) 16.80 (7.26)
Total 0.88 (0.19) 0.80 (0.23) 10.37 (5.87) 16.24 (7.06)

The association between executive functions and strategy efficiency and adaptivity
We first examined whether updating was related to strategy efficiency in the no-choice

conditions (RQ3a). We used the same analyses as described in ‘3.2 Efficiency’, i.e., two repeated
measures ANOVAs with strategy and item type as within-subject factors and arithmetic achievement
level as covariate, but included participants’ score on the N-back task as an additional covariate. No
significant effect for N-back score was found in the model for strategy speed (F(1, 119) = 2.46, p = .12,
n%,=.02), but a main effect of this covariate was found in the accuracy model (F(1, 119) =3.98, p < .05,

n%,=.03). Participants that scored higher on updating, were more accurate in the no-choice conditions.
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Table 6
Mean (and SD) for the EF tasks measuring inhibition (Flanker and Simon task) and shifting (WCST) per

LCA class.
Latent class Flanker task Simon task WCST
DS class 126.69 ms (71.92 ms) 119.55 ms (77.83 ms) 75 % (8 %)
Adaptive class 133.65 ms (65.44 ms) 115.75 ms (46.28 ms) 75 % (13 %)
SBA class 121.37 ms (50.44 ms) 101.86 ms (45.16 ms) 74 % (12 %)
Total 130.48 ms (64.30 ms) 114.23 ms (52.98 ms) 75 % (12 %)

Note. WCST = Wisconsin Card Sorting Task.

We then examined whether inhibition and shifting were related to task-based strategy
adaptivity in the choice condition (RQ3b). Multiple ANOVAs were used to compare the scores on the
tasks for inhibition and shifting (dependent variable) between the three latent classes (between-
subjects variable; see Table 6). No significant group differences were found for the Flanker task
(F(2,137) = 0.37, p = .69, n%,=.01), the Simon task (F(2, 136) = 0.76, p = .47, n%,=.01), or the WCST
(F(2,136) = 0.03, p = .97, n%,=0), suggesting no association between inhibition or shifting and task-
based strategy adaptivity.

Discussion

The current study examined adults’ use of SBA in mental multi-digit subtraction, expanding
previous research by Torbeyns et al. (2009, 2011) in a larger sample. The latter studies revealed that
adults frequently, efficiently and adaptively apply SBA to solve mental multi-digit subtractions, despite
the strong instructional emphasis on DS. As a first goal, the current study examined adults’ application
of the SBA strategy, employing the choice/no-choice method (Lemaire & Siegler, 1995), to replicate
Torbeyns et al. (2009, 2011; see RQla-f). Second, previous examinations of strategy adaptivity were
restricted to analyses on group level. We applied an LCA to examine task-based adaptivity at an
individual level (similar to Hickendorff, 2020). Furthermore, no previous study had explored whether
making adaptive strategy choices is related to better task proficiency, i.e., better accuracy and speed
in the choice condition. Based on the results of our LCA, we compared adults’ proficiency in the choice
condition between the different latent classes. Finally, as a third goal, we examined whether the EFs
updating, inhibition and shifting were related to individual differences in strategy efficiency and task-

based adaptivity.

The frequent, efficient and adaptive use of SBA in adults

Concerning strategy repertoire (RQla) and distribution (RQ1lb), we hypothesized that most
adults would use SBA at least once in the choice condition, and that SBA would be used in this condition

about as frequently as DS. Our expectations were met, as 90% of participants used SBA at least once,
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and 51% of the items in the choice condition were solved using SBA. As expected, based on the findings
of Torbeyns et al. (2011), no differences for arithmetic achievement level were found for these two
strategy parameters (RQ1f).

For strategy efficiency (RQlc), we expected adults to perform SBA faster than DS and at least as
accurately, and SBA to be more efficient than DS on SD items, in the no-choice conditions. Concerning
accuracy, our hypothesis was only partially confirmed, as on SD items both strategies were equally
accurate. However, contradicting the results of Torbeyns et al. (2009, 2011) who found that SBA was
as accurate as DS on all item types, on LD items DS was the most accurate strategy. The finding that
SBA is not more accurate than DS on SD items contradicts current theoretical claims (Torbeyns et al.,
2009) and is hard to explain. Possibly a ceiling effect in the accuracy data was present, as the SD items
were solved with 91% and 89% accuracy for SBA and DS, respectively, and this makes it hard to find
differences in accuracy between the two strategies. The advantage, both in terms of accuracy and
speed, of DS compared to SBA on LD items can be explained as follows: When solving LD items (e.g.,
502 — 18), the execution of the DS strategy (e.g., 502 — 10 = 492, 492 — 8 = 484) requires fewer steps in
the calculation process, and is thus considerably easier than the application of SBA (e.g., 18 + 82 = 100,
100 + 400 = 500, 500 + 2 = 502 and 82 + 400 + 2 = 484), reducing the possibility of errors. Turning to
the role of arithmetic achievement, the lowest arithmetic achievement group was the least accurate,
in line with the results of Torbeyns et al. (2011; RQ1f), but this effect was only found for SBA and not
for DS. A plausible explanation for this finding is that all participants presumably received intensive
instruction and training in the standard DS strategy in elementary school and continued to practice it
afterwards both in and out of school contexts. This was probably not the case for the SBA strategy, for
which reason arithmetic achievement level differences could be more easily detected.

Concerning strategy speed, our hypothesis was also only partially confirmed, since, while SBA
was, as expected, executed faster than DS on SD items, there was unexpectedly no speed difference
between the two strategies on the LD items. The efficiency on SD items might reflect a speed-accuracy
trade-off. Although participants were instructed to solve the items as accurately and fast as possible,
they might have prioritized accuracy at the expense of speed for the SD items. This could explain why
there was an advantage of SBA over DS on the SD items for speed, but not for accuracy. As expected,
the lowest arithmetic achievement groups were the slowest (RQ1f). Notably, while all other groups
solved SD items faster than LD items, the high arithmetic achievement group was the only group for
which the solution times for SD and LD items did not differ. This result could be explained by their
overall fast responses, which reveals their efficient use of both strategies on both item types.

We examined adults’ adaptivity for task and subject characteristics at group level. Confirming
our hypothesis (RQ1d), participants were adaptive for task characteristics, as they used SBA more

frequently on SD than on LD items in the choice condition. This effect was significant for participants
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from all arithmetic achievement levels. Turning to subject-based adaptivity (RQle), as expected,
participants were adaptive for their strategy speed, but not for their strategy accuracy. This contrastive
finding could be explained by the lack of direct feedback about accuracy, compared to speed, when
solving subtractions. When solving some items with DS and other items with SBA, there is a possibility
that participants notice that for certain types of items, one strategy leads to a faster answer than the
other, whereas they do not get such feedback for accuracy. Finally, there was no effect of arithmetic
achievement on speed-based adaptivity (RQ1f), contrasting the surprising result from Torbeyns et al.
(2011), obtained in a considerably smaller sample, that only the lower arithmetic achieving adults were
adaptive for subject characteristics.

Individual differences in adaptivity and its relation with proficient problem solving

For the first time in adults, we examined task-based adaptivity in the choice condition also on
an individual level, with an LCA (RQ2a). In line with previous results in ten-year-olds (Hickendorff,
2020), three latent classes were found: 18% of the adults consistently used DS, 16% consistently used
SBA, and two-thirds (66%) mainly selected SBA on SD items and DS on LD items. In line with our
expectations, our adult sample contained more adaptive participants, and fewer consistent DS users
than Hickendorff’s (2020) sample. This difference can be attributed to the fact that ten-year-olds are
still in an instructional setting that is completely focused on DS, while adults had ample opportunities
to develop SBA as an alternative strategy, and to learn to use both strategies adaptively. Furthermore,
we found that the lowest arithmetic achievement group contained considerably fewer adaptive
switchers than the three other arithmetic achievement groups. The larger proportion of adaptive
participants in this adult population, and the larger number of adaptive switchers in the higher
compared to the lower arithmetic achievement groups, could be explained through the SCADS* model
(Shrager & Siegler, 1998; Siegler & Araya, 2005), arguing that fluency in the explicitly taught DS strategy
is a prerequisite for the discovery and adaptive use of SBA. Individuals with lower arithmetic achieving
levels might be insufficiently skilled in DS, as indicated by our efficiency data, to develop adaptivity in
using SBA.

As stated above, both previous studies of Torbeyns et al. (2009, 2011) provided evidence for
adults’ adaptive strategy use, albeit on group level. However, neither study examined whether
adaptive strategy users actually performed the task also more proficiently in the choice condition
compared to the other classes (RQ2b). Partially confirming our expectation, on SD items the
participants in the adaptive class were the most proficient, both in terms of accuracy and speed,
whereas the DS class was the least proficient. However, on LD items no difference was found between
the adaptive and DS class for accuracy or speed. This shows the advantage of task-based adaptivity, as
both the DS and adaptive class used the most efficient strategy on LD items (i.e., DS), but only the

adaptive class switched to the most efficient strategy (i.e., SBA) on SD items.
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The association between executive functions and strategy efficiency and adaptivity
We examined whether the EFs updating, inhibition and shifting were related to individual

differences in strategy efficiency and task-based adaptivity. On the one hand, our results showed that
updating was related to strategy accuracy (but not speed) in the no-choice condition (RQ3a). Our study
thus provides additional evidence that the ability to hold information in WM and to flexibly manipulate
it was related to overall mental multi-digit arithmetic efficiency (Furst & Hitch, 2000; Imbo et al., 2007).
On the other hand, contrasting our expectations, we found no association between inhibition or
shifting and participants’ task-based strategy adaptivity in the choice condition (RQ3b), as the scores
on these measures did not differ between the three latent classes.

Why did our study provide only limited evidence for an association between EFs and strategy
efficiency and adaptivity in mental multi-digit subtractions? At a general level, this might be due to the
fact that our sample was a rather homogeneous group of university students, all belonging to a similar
age range. A more heterogeneous sample would contain a better representation of the distribution of
arithmetic achievement and EFs in the general population, and this larger variation has the potential
to find stronger associations between EFs and strategy efficiency and adaptivity. Moreover, most
studies that did find a relation between EFs and mathematics achievement involved children (Bull &
Lee, 2014). Given that both mathematics ability and EFs improve during development, their
relationship may change with age (Cragg & Gilmore, 2014). Thus, follow-up studies should include a
more heterogeneous sample, including participants from different ages. Also, the number of tasks
used to measure EFs in this study was limited to one task each for updating and shifting, and two tasks
for inhibition. Based on the fact that each executive task also measures some other non-executive
cognitive processes (i.e., the 'task impurity problem'; Miyake et al., 2000), we advise future researchers
(a) to make use of multiple tasks to measure each EF, and (b) to make use of control tasks (e.g.,
processing speed) to further purify the relation between EF and other skills (van der Sluis et al., 2007).

While our expectations concerning the association between inhibition and shifting, on the one
hand, and strategy selection, on the other hand, were theoretically grounded — as it is reasonable to
expect that participants have to inhibit the use of a dominant subtraction-based process when
confronted with a minus sign, and need to switch between different strategies within a given set of
items — no evidence was found for these associations. In this respect, we point to a recent review by
Eaves et al. (2021), wherein it is theorized that updating might be most important for strategy
execution, while inhibition and shifting might be more important for strategy discovery. To identify
new strategies, one has to resist using pre-potent strategies (inhibition) and to switch between an
available, learned strategy and a new strategy (shifting). Future studies need to investigate the role of
EF both in the discovery and the efficient and adaptive use of SBA when solving mental subtraction

problems, both in adults and children.
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Conclusion

In addition to confirming findings from previous research regarding the frequent, efficient, and
adaptive use of SBA (Torbeyns et al., 2009, 2011), results showed that two-thirds of the adults in our
study were adaptive to task characteristics, and that these adaptive adults were the most proficient in
accuracy and speed in the choice condition. Furthermore, updating was related to strategy efficiency,
but no association was found between inhibition or shifting, and strategy selection.

As argued by several previous researchers (e.g., Torbeyns et al., 2009; Van Der Auwera et al.,
2022), the increasing amount of empirical evidence on the frequent, efficient and adaptive use of SBA
challenges mathematics instruction practices that focus heavily on DS. Furthermore, our finding that
adaptive adults performed most proficiently in the choice condition strengthens the plea for adaptive
expertise in mental arithmetic (Verschaffel et al., 2009), rather than focusing instruction on the routine
expertise in one single strategy. Although our study provided only evidence for the role of one of the
three examined EF components in solving multi-digit subtractions, our results support the growing
stream of research-based recommendations to pay more attention to the role of EF in education in
general, and mathematics education in particular. For example, teachers could instruct those who have

difficulties completing complex items to write down intermediate results to free up space in their WM.
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Supplementary materials

Article: Adults’ use of subtraction by addition and its association with executive functions
Authors: Stijn Van Der Auwera, Bert De Smedt, Joke Torbeyns, and Lieven Verschaffel

Items multi-digit subtraction task

Item Practice items Choice condition DS no-choice SBA no-choice
condition condition
1 521 -245 =276 502 -18 =484 602 -578 =24 802-788=14
2 634 - 378 = 256 903 -886 =17 504 - 26 =478 713 -27 =686
3 546 - 267 = 279 554 - 268 = 286 436 -258=178 514 - 486 = 28
4 606 - 588 = 18 702 -18 =684 336-188 =148
5 913 -27 =886 912 -884 =28 604 -577 =27
6 504 - 476 = 28 353-167 =186 902 - 18 =884
7 343 -187 =156 804 -787 =17 524 - 238 =286
8 714 - 687 =27 603 - 16 =587 806 - 28 =778
9 803 -26=777 704 - 677 =27 703 -686 =17
10 433-247 =186 546 - 268 = 278 512 -24 =488
11 704 -17 =687 903 -27=876 432 - 148 =284
12 802-778=24 514 -488 =26 603 - 26 =577
13 616 - 28 =588 816 -28 =788 913 -887 =26
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Executive functions tasks

Updating
To measure updating abilities, an N-back task was used (Pelegrina et al., 2015). During this task

a sequence of letters was shown. Participants had to indicate whether the presented letter was
identical to the letter shown ‘N’ trials back, either two trials (two-back condition) or three trials (three-
back condition) back. When the presented letter was identical to the one presented N trials back
(target trials), participants had to press the right key on their keyboard. When it was not identical, they
had to press the left key. This task requires participants to store multiple elements in their memory
and update these elements rapidly. The items, consisting of the letters A, B, C,D, E, H, |, K, L, M, O, P,
R, S and T, were presented in the center of the screen. In both conditions each stimulus letter was
shown for 500ms after which a blank screen was shown for 2000ms during which participants could
press the left or right key. The two-back condition was presented first, preceded by 5 practice items.
Thereafter the three-back condition was presented, preceded by 6 practice items. Both conditions
consisted of 40 stimulus letters with 30% target trials. The performance measure for updating was the
total amount of correct answers on the target items.
Inhibition
We used a Simon (Simon & Wolf, 1963) and Flanker (Eriksen & Eriksen, 1974) task to measure
inhibition abilities. During the Simon task participants had to indicate the direction that was expressed
by the word (stimulus) on their screen, i.e., the words ‘Left’ and ‘Right’ were shown randomly. In the
baseline condition 20 stimuli were presented in the middle of the screen. In the test condition stimuli
were presented either on the left or right side of the screen. The test condition consisted of 40 items,
half of the items being congruent (e.g., the word ‘Left’ being presented on the left side of the screen)
and the other half being incongruent (e.g., the word ‘Right’ being presented on the left side of the
screen), and half of the time ‘Left’ being the correct answer. The order of the stimuli was randomized.
In both conditions each stimulus was preceded by a 1500ms fixation in the middle of the screen. The
stimuli were shown until participants gave a response, using the left or right key on their keyboard.
The Flanker task requires participants to indicate in which direction the target arrow is pointing
(either left or right), without getting distracted by the flanking distractor arrows (three arrows on each
side of the target arrow). Two types of items could appear: congruent items, i.e., the distractor arrows
point in the same direction as the target arrow (e.g., 2222222 or €< or
incongruent items, i.e., the distractor arrows point in the opposite direction as the target arrow (e.g.,
DDDED DD or & D) Inthe test condition 32 items were presented in a random order
with half of the items having a target arrow pointing left and half of the items being congruent. Before
every item a fixation was shown for 1500ms, then the items was shown until a response was given.

Before the start of the test condition a baseline condition was administered, consisting of a series of
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15 single arrows. As in the task condition, participants had to indicate the direction of the presented
arrow (either left or right) by pressing the left or right key on their keyboard.

Participants were instructed to answer as accurate and fast as possible in both tasks. We
calculated an interference score (Bull & Scerif, 2001) by subtracting the mean time required to
complete the items in the baseline condition from the mean time required to complete the
incongruent items in the test condition, separately for the Simon task and the Flanker task. A lower
interference score indicates better inhibitory abilities.

Shifting
To examine shifting abilities we used a modified version of the Wisconsin Card Sorting Task

(WCST; Nelson, 1976; see Wisconsin Card Sorting Test // OpenSesame documentation (cogsci.nl)).

Participants were presented four stimulus cards, which differed from each other on three dimensions:
color (red, green, blue, yellow), shape (circle, star, triangle, cross) and number of shapes (one, two,
three, or four). On the bottom of the screen a fifth card was shown, the response card, also having a
certain color, shape and number of shapes on it. The test was programmed so that one stimulus card
matched the response card based on color, one stimulus card matched the response card based on
shape, one stimulus card matched the response card based on number of shapes, and one stimulus
card had no matching dimension with the response card. Participants were instructed to match the
response card to the correct stimulus card, basing their choice on either one of the dimensions. At the
beginning of the task, participants had to figure out the ‘matching rule’, i.e., the dimension on which
the response and stimulus card should match to give a correct answer. On the first trial, the matching
rule was determined based on the dimension a participant first used to match response card and
stimulus card. Thus, the participant was always correct on the first trial, unless he or she chose the
stimulus card that had no matching dimension with the response card. This matching rule was then
kept until the participant had used it six times in a row. After six correct answers in a row, the sorting
rule was reset, again based on the participant’s chosen dimension on the first trial, except that the
matching rule had to be different from the one used on the previous six trials. This change of sorting
rule required participants to disengage from the previous sorting rule and to start applying a new one,
i.e., the application of shifting abilities. The task consisted of 60 trials, each time consisting of four
stimulus cards and one response card, appearing in a random order. Participants selected the stimulus
card of their choice by clicking on it using the cursor. Feedback regarding their card selection was given
by the appearance of a red (incorrect) or green (correct) rectangle around the selected stimulus card.
There was no time limit, each item remained visible until a response was given. As performance

measure we used the total number of correct responses.
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Exact probability values and SE for LCA
The table below describes the probability to use SBA on the ten subtractions (LD1 to SD5) from the choice condition per LCA class.

LD1 LD2 LD3 LD4 LD5 SD1 SD2 SD3 SD4 SD5
DS class 0.00% 12.97% 3.73% 15.09% 4.99% 10.09% 13.80% 4.93% 9.62% 34.21%
Adaptive class  11.00% 13.75% 4.42% 13.16% 17.09% 91.67% 91.40% 90.96% 93.99%  96.83%
SBA class 86.39% 95.49% 100.00% 90.93% 95.48% 86.37% 95.25% 95.45% 100.00% 100.00%

The table below describes the SE for the probability to use SBA on the ten subtractions (LD1 to SD5) from the choice condition per LCA class.

LD1 LD2 LD3 LD4 LD5 SD1 SD2 SD3 SD4 SD5

SE DS class 0.00% 17.88% 6.93% 11.86% 6.32% 18.15% 9.14% 4.85% 8.70% 11.61%
SE Adaptive class 355% 391% 230% 4.07% 4.52% 3.63% 3.35% 4.04% 2.99% 2.10%
SE SBA class 8.89% 4.50% 0.00% 8.60% 4.50% 16.68% 8.47% 7.64% 0.00% 0.00%
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Figures displaying strategy efficiency and proficiency
The figure below displays the accuracy (in proportion correct) in the no-choice conditions for both
subtraction types per arithmetic achievement group.

Proportion correct

SBA - SD items

H Low M Below-average

SBA - LD items

DS - SD items DS - LD items

W Above-average M High ™ Total

The figure below displays the speed (in seconds) in the no-choice conditions for both subtraction
types per arithmetic achievement group.
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The figures below displays the accuracy (in proportion correct; left) and speed (in seconds; right) in
the choice condition for both subtraction types per latent class.
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