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Inhibitory control is classically considered a domain-general process, yet recent findings suggest it may operate
in context-specific ways. This has important implications for theories in other cognitive domains, such as
mathematics, in which inhibitory control is proposed to play a key role. Inhibitory control has been implicated in
resolving interference between competing number facts when retrieving them from memory, yet clear evidence
for this is lacking. Here we report two pre-registered experiments with adults that investigated transfer of
inhibitory control between interleaved Stroop and multiplication fact retrieval trials. Experiment 1 (n = 450)
measured the congruency sequence effect, where transfer of inhibitory control between trials leads to a reduced
congruency effect following an incongruent trial. Experiment 2 (n = 370) measured transfer of the list-wide
proportion congruency effect, where the congruency effect is reduced when incongruent trials are more
frequent. We found evidence of transfer of the congruency sequence effect between Stroop and multiplication.
This did not differ depending on whether the Stroop task used number or animal stimuli. There was no transfer of
the list-wide proportion congruency effect. These results suggest that reactive, transient domain-general inhib-
itory control processes are involved in retrieving multiplication facts from memory. Our findings have impli-
cations for theories of cognitive control and mathematical cognition, but caution should be taken in interpreting

implications for educational interventions.

1. Introduction

Mathematics is essential for success in modern society, with higher
levels of mathematics achievement associated with better employment
prospects and quality of life (OECD, 2013). In particular, knowledge of
mathematical facts provides a solid foundation for future learning and
performance; fluent retrieval of multiplication facts (e.g. 6 x 7 =42, 6 x
8 = 48) helps lessen the cognitive burden of calculation and allows in-
dividuals to focus on more challenging aspects of mathematics, e.g.
conceptual and strategic aspects of arithmetic (Heirdsfield & Cooper,
2004). The importance of fluent access to multiplication facts is
increasingly recognised, for example, the UK government has intro-
duced a new national test to assess 8-9 year olds’ knowledge of multi-
plication facts. Direct retrieval is the dominant, but not only, strategy for
retrieval of multiplication facts by adults (LeFevre et al., 1996).

Several models of multiplication fact knowledge exist (Ashcraft,
1992; Campbell, 1995; Siegler, 1988; Verguts & Fias, 2005), which all

* Corresponding author.
E-mail address: lucy.cragg@nottingham.ac.uk (L. Cragg).

https://doi.org/10.1016/j.cognition.2024.106054

share an assumption that multiplication facts and their answers are
stored in an associative network. Operand nodes (e.g. 3,5) and products
(15) are associated via links which support bidirectional activation (e.g.
Rusconi et al., 2004; Rusconi et al., 2006). Due to these associations,
when presented with a multiplication fact (e.g. 6 x 7) the answer to a
related problem, i.e. a neighbouring problem in the same times table as
one of the operands (in this case 6 x 8 = 48) might therefore interfere
with retrieval of the correct answer (in this case 42). Error analyses and
performance on verification tasks support this suggestion; 48 % of
adults’ errors (Campbell & Graham, 1985) and 70 % of children’s errors
(Britton-Drewry et al., 2022) on multiplication problems come from
answers to closely related problems. Individuals are also slower to reject
incorrect answers when they come from the times table of one of the
operands within the problem (Galfano et al., 2003). Moreover, problems
classified as high in proactive interference take children and adults
longer to solve than problems classified as low in proactive interference
(De Visscher et al., 2015; De Visscher & Noel, 2014). Here, proactive
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interference was determined by the number of previously learned
problems that share at least two digits (in either the operands or the
product) with the current problem.

Interference between problems implies that individuals might
struggle to retrieve multiplication facts not because they lack sufficient
knowledge of those facts, but because they lack the skills required to
overcome interference (De Visscher & Noél, 2013, 2014). Overcoming
this interference may require inhibitory control, the ability to resolve
interference from competing sources of information, and/or prepotent
responses, in order to suppress activation from closely related but
incorrect answers and boost activation to the correct answer. In this
study we use an experimental approach to test whether inhibitory
control is used when recalling multiplication facts. We also investigate
whether, if inhibitory control is used, it is context-specific, and whether
it is proactive or reactive in nature. We discuss the importance of these
three questions in turn below.

The role of inhibitory control in mathematics has been a recent focus
of interest within the field of mathematical cognition (see Allan et al.,
2014; Lee & Lee, 2019; Van Dooren & Inglis, 2015 for reviews). The
findings from this research are largely supportive of a role of inhibitory
control in mathematics (Blair & Razza, 2007; Brookman-Byrne et al.,
2018; Bull & Scerif, 2001; Clark et al., 2010; Coulanges et al., 2021;
Cragg et al., 2017; Espy et al., 2004; Lemaire & Lecacheur, 2011;
Merkley et al., 2016; St Clair-Thompson & Gathercole, 2006; Winegar,
2013), although the evidence is mostly correlational. Measures of
inhibitory control, which often involve difference or ratio scores and
have low between-subject variability, are not well suited to correlational
designs (Hedge et al., 2018; Rouder & Haaf, 2019; von Bastian et al.,
2020). Experimental approaches are therefore better suited to detect any
role that inhibitory control might play in recalling numerical facts. To
date, these experimental approaches have focused on negative priming
and retrieval-induced forgetting techniques.

Negative priming refers to slower and less accurate responses to in-
formation that has previously been suppressed (e.g. Tipper, 1985).
Across a series of studies, Megias and Macizo (Megias et al., 2015;
Megias & Macizo, 2015, 2016a, 2016b, 2016¢) used a negative priming
paradigm where adult or child participants verified single-digit addi-
tions. Their key finding was that when the result of the current trial (e.g.
2 + 6 = 8) was also the result that would have occurred by multiplying
the operands of the previous trial (2 + 4 = 8), participants were
significantly slower to respond. Megias and Macizo suggested that the
results of addition and multiplication problems containing the same
operands are coactivated, which in turn causes interference that in-
dividuals must inhibit to retrieve the correct result: Inhibitory control
mechanisms remain active on the subsequent trial which individuals
then need to counteract if the correct answer is the one that was
inhibited on the previous trial. However, negative priming phenomena
have also been explained in terms of episodic memory retrieval of a ‘do
not respond’ tag (e.g. Neill, 1997) or as the automatic retrieval of inci-
dental stimulus-response associations (e.g. Rothermund et al., 2005)
rather than inhibitory control. Therefore, evidence of negative priming
may not be sufficient to conclude that inhibitory control is involved.

Retrieval-induced forgetting refers to the finding that repeated
practice retrieving information from memory can suppress the subse-
quent retrieval of related but unpractised information (e.g. Anderson
et al., 1994) and commonly occurs when items are stored in associative
networks in memory. In the context of multiplication facts, retrieval of
unpractised multiplication facts that share an operand with practised
multiplication facts has been found to be slower and less accurate than
unpractised facts that share no operands with practised facts (Galfano
et al., 2011; Phenix & Campbell, 2004). This provides further evidence
that number facts are stored in an associative network and that this
generates interference between facts. The exact inhibitory mechanisms
underpinning retrieval-induced forgetting are still debated however.
They have been attributed to active suppression (e.g Anderson et al.,
1994) or associative connections between operands and answers that are
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strengthened and weakened in response to top-down control signals (e.
g. Camp et al., 2007; Williams & Zacks, 2001). Yet it has also been
argued that the retrieval-induced forgetting phenomenon can be
explained without the need for inhibitory control and instead can be
attributed to a facilitative effect of context at test for both unrelated-
unpractised and related-practised items compared to related-
unpractised items (Jonker et al., 2013).

Taken together, findings based on negative priming and retrieval-
induced forgetting provides valuable information about how arith-
metic facts are represented and retrieved. However, they do not
conclusively demonstrate that inhibitory control is required to resolve
interference and correctly retrieve multiplication facts. More impor-
tantly, they do not clarify what the nature of any inhibitory control may
be. In particular, it is unclear whether the inhibitory control resources
employed are similar to those involved in other cognitive domains, or
whether the inhibitory processes are specific to the multiplication
network context.

In this study we aimed to provide converging evidence for the role of
inhibitory control in retrieving multiplication facts using an approach
from the cognitive control literature, in which inhibitory control is
inferred through the congruency effect: This is the well-established
finding of slower and less accurate performance on incongruent trials,
where competition or conflict between two stimuli or responses needs to
be resolved, compared to congruent trials where no such competition is
present. The resolution or reduction of this conflict is attributed to
inhibitory control mechanisms. The congruency sequence effect refers to
the finding that the congruency effect is smaller following a previous
incongruent trial compared to a previous congruent trial. The effect was
first demonstrated by Gratton et al. (1992) who gave participants a letter
flanker task (termed a noise-compatibility paradigm) and found that
responses to congruent trials were faster if the previous trial was also
congruent, and that responses to incongruent trials were faster and more
accurate if the previous trial was also incongruent.

A large body of subsequent research has been dedicated to studying
the congruency sequence effect and the cognitive processes it involves
(see Braem et al., 2014; Egner, 2014 for reviews). There has been much
discussion in the literature as to whether the congruency sequence effect
is driven by top-down inhibitory and cognitive control processes (e.g.
Botvinick et al., 2001), or lower-level stimulus-response priming pro-
cesses (e.g. Hommel et al., 2004). Notably, the congruency sequence
effect can still be observed when these lower-level explanations are
controlled for (e.g. Duthoo et al., 2014; Kim & Cho, 2014; Weissman
et al., 2014), suggesting that there are top-down control processes
involved. Some theories propose an integration of the top-down and
bottom-up accounts, such that control states are included in ‘event files’
for a task, along with task-specific stimulus and response information,
which are then retrieved when cued by matching features on a future
trial (e.g. Dignath et al., 2019; Egner, 2014). Alternatively, it has been
suggested that the detection of conflict triggers an arousal response that
strengthens currently active representations (Verguts & Notebaert,
2009). Therefore, while discovering the exact processes underpinning
the conflict adaptation effect is an ongoing focus of research, there is a
significant body of evidence suggesting that the conflict adaptation ef-
fect, at least in part, reflects top-down inhibitory control processes. This
is therefore an appropriate paradigm to explore the role of inhibitory
control in multiplication fact retrieval.

Many cognitive control researchers have used interleaving para-
digms to compare whether inhibitory control processes transfer across
tasks and contexts (e.g. Akcay & Hazeltine, 2011; Freitas et al., 2007;
Funes et al., 2010a; Hazeltine et al., 2011; Kan et al., 2013; Kiesel et al.,
2006; Wendt et al., 2006; Wiihr et al., 2015; for a review see Braem
et al., 2014). If the congruency sequence effect is present even when the
task on the previous trial differs from the task on the current trial, it
suggests that the two tasks involve similar inhibitory processes. An
absence of the congruency sequence effect indicates that the inhibitory
processes are context specific. Some studies using very different tasks
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and types of conflict have shown evidence of transfer of the congruency
sequence effect between tasks, consistent with the idea of domain-
general inhibitory processes (e.g. Adler et al., 2020; Freitas et al.,
2007; Kan et al., 2013; Kleiman et al., 2014), although these have not
always fully replicated (Aczel et al., 2021; Dudschig, 2022). In contrast,
the majority of studies exploring the transfer of inhibitory control be-
tween standard cognitive control paradigms such as Stroop and Simon
tasks have found that inhibitory control processes only transfer between
tasks when the task sets (e.g. Akcay & Hazeltine, 2008; Kiesel et al.,
2006) and type of conflict (e.g. between stimuli and/or responses; e.g.
Akcay & Hazeltine, 2011; Funes et al., 2010a; Viarouge et al., 2023;
Wiihr et al., 2015) overlap. These studies suggest that inhibitory control
processes are context-specific, supported by computational accounts of
the congruency sequence effect (Blais et al., 2007; Jiang et al., 2014;
Verguts & Notebaert, 2008). Braem, Abrahamse, Dutoo and Notebaert
(2014) reconciled these contradictory findings by suggesting that there
is a u-shaped function determined by how much the task sets interfere
with each other when actively maintained in working memory. When
the task sets are very similar or very different both can be maintained
and transfer of inhibitory control can occur, but when the task sets are
different enough to cause interference, only one can be actively main-
tained and transfer will not occur.

Within the field of mathematical cognition, the context-specificity of
inhibitory control is an active area of interest (Borst et al., 2015;
Medrano & Prather, 2023; Wilkey, 2023). The work of Borst, Houdé and
colleagues has used negative priming paradigms, as described above, to
indicate that both adults and children use inhibitory control to suppress
misleading strategies when comparing rows of items of similar length
but with different numbers of items (number conservation; Linzarini
et al., 2015) or when comparing the total number of items to a subset of
those items (class inclusion; Borst et al., 2013). Interestingly, the
negative priming effect appears to transfer across these tasks (Borst
et al., 2012), as well as from a colour-word Stroop task to a number
conservation task (Linzarini et al., 2015), leading the authors to suggest
that the inhibitory control mechanisms involved are more domain-
general than context-specific.

More generally, researchers have explored whether training on
inhibitory control tasks can improve mathematics outcomes, which can
also help to understand the extent to which inhibitory control processes
are context-specific. Some researchers have investigated whether
training on standard inhibitory control paradigms, such as the go/no-go,
stop-signal and flanker paradigms improves performance on mathe-
matics tests (Honoré et al., 2020; Thorell et al., 2009). Transfer of these
training effects would indicate that similar inhibitory control processes
are applied across many domains. Others have built on theories that
inhibitory control processes are context-specific and embedded within
domains of knowledge (McClelland & Rogers, 2003; O’Reilly et al.,
2010) and have therefore developed and tested context-specific inhibi-
tory control training programs (Wilkinson et al., 2020). Evidence for
transfer of both types of interventions to mathematics achievement is
limited. Moreover, intervention studies, especially those run within a
classroom context, are likely to be influenced by a large number of
factors. Using an experimental approach provides a simpler test to
determine whether the transfer of inhibitory control is context-specific
and applied in a similar way across cognitive domains.

Another factor of interest when thinking about the mechanisms un-
derpinning the transfer of inhibitory control, particularly with regards to
interventions, is the extent to which it is proactive, and instigated in
advance of when it required, potentially over a long period of time, or
reactive, and instigated in the moment that it is required, potentially
only for a short period of time. This question has been investigated
within the inhibitory control literature by studying different types of
transfer effects. The congruency sequence effect discussed above refers
to a reduction in the congruency effect (in speed and/or accuracy) on a
trial when the preceding trial is incongruent compared to congruent
(Gratton et al., 1992). This is interpreted as reflecting a reactive,
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transient deployment of inhibition on a trial-by-trial basis. In contrast,
the list-wide proportion congruency effect refers to the reduction in
congruency effects across blocks of trials that contain a higher propor-
tion of incongruent trials compared to blocks that contain a higher
proportion of congruent trials (Logan & Zbrodoff, 1979). This is inter-
preted as a proactive, sustained deployment of inhibition across a whole
task (Braem et al., 2019). Studies that have directly compared the
transfer of these two types of inhibitory process suggest that proactive,
sustained proportion congruency effects are more likely to transfer
across different tasks than reactive, transient, congruency sequence ef-
fects (Funes et al.,, 2010b; Torres-Quesada et al., 2013; Wiihr et al.,
2015). This question has not yet been explored within the domain of
mathematical cognition.

1.1. The present research

Our research used an experimental approach to investigate the role
of inhibitory control in multiplication fact retrieval by interleaving trials
of a Stroop paradigm with a multiplication task. First, we aimed to
investigate whether inhibitory control transfers between an established
inhibitory control paradigm (Stroop task) and a multiplication fact
retrieval task (Research Question 1). This would provide experimental
evidence that inhibitory control is recruited when performing mathe-
matics. More specifically, it would demonstrate that resolving interfer-
ence between neighbouring multiplication facts requires inhibitory
control. Second, we tested whether the transfer of inhibitory control is
dependent on the stimuli that are used (Research Question 2). Transfer
between a non-numerical Stroop task and the multiplication fact
retrieval task would be consistent with the notion that the inhibitory
control required for resolving interference between neighbouring
multiplication facts is similar to that applied in other cognitive domains.
Alternatively, if transfer only occurs between a numerical Stroop task
and the multiplication fact retrieval task, this would indicate that the
inhibitory control required for resolving interference between neigh-
bouring multiplication facts is stimulus-specific and embedded within
the numerical domain. Finally, we explored the extent to which inhib-
itory control mechanisms in multiplication fact retrieval are reactive
and transient (i.e., congruency sequence effect) and/or proactive and
sustained (i.e., list-wide proportion congruency effect; Research Ques-
tion 3). To answer these questions we conducted two pre-registered
studies that focused on the congruency sequence effect and the list-
wide proportion congruency effect respectively. Both experiments
were approved by [removed for blind review] Ethics committee
(#F1271).

2. Experiment 1
2.1. Method

2.1.1. Transparency and openness

We report how we determined our sample size, all data exclusions,
all manipulations, and all measures in the study, and we follow the
Journal Article Reporting Standards (JARS, Kazak, 2018). All data and
analysis code are available at https://doi.org/10.17605/0SF.10/
ZMA4AT. Data were analyzed using R(R Core Team, 2020) and the
package ggplot,(Wickham, 2016) as well as JASP (JASP Team, 2021).
The design, hypotheses and analyses were preregistered (Experiment 1:
https://aspredicted.org/7zdd-r98t.pdf; Experiment 2: https://aspre
dicted.org/w5bp-tt87.pdf ).

2.1.2. Participants

450 adults aged 18-29 years (mean = 24.34, SD = 3.60, 299 female,
149 male, 2 prefer not to say) participated. This sample size was
determined from an a priori power analysis using the Superpower
package in R (Lakens & Caldwell, 2021) with effect size estimates from a
preparatory study investigating the impact of trial order on the conflict
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adaptation effect (N = 160). A sample size of 450 provides 98.65 %
power to detect a 2 x 2 x 2 interaction in accuracy (ng = 0.02) and
89.45 % power to detect a 2 x 2 x 2 interaction in RT (ng =0.014), atan
alpha level of 0.025. We set alpha at 0.025 to control for multiple
comparisons so that we could interpret effects either in terms of accu-
racy or RT. Participants were recruited through Prolific, and we used
Prolific’s filters such that all participants reported being aged 18-30
years, spending most of their time in the UK before the age of 18, had
English as their first language, and had not taken part in any of our
previous studies.

The experiment was run online. Participants were presented with
two attention checks in the instruction screens during the practice phase
of the experiment. In accord with our pre-registration, participants who
failed the first attention check did not continue with the experiment.
Participants who failed subsequent attention checks were reminded to
pay attention but were not excluded. In addition to the main experi-
mental task participants completed a non-verbal reasoning screener and
a multiplication fact screener in order to characterise the sample, ensure
that participants met basic requirements in terms of general cognitive
skills and multiplication fact fluency, and were matched between groups
and experiments. Those who performed below our pre-registered
criteria (< 11 on the non-verbal reasoning screener and < 28 on the
multiplication fact screener, based on pilot work) were excluded from
the data analysis and replaced (non-verbal screener, N = 6; multiplica-
tion fact screener, N = 20; both, N = 1).

2.1.3. Materials

The main experimental task consisted of trials of a Stroop task and a
multiplication task, interleaved in a fixed alternating order (Fig. 1).
There were two Stroop task conditions, a number Stroop and an animal
Stroop. Participants were randomly allocated to complete one of these
two conditions based on their participant ID. Participants also
completed a non-verbal reasoning screener and multiplication fact
screener. All tasks were programmed in PsychoPy (https://psychopy.
org; Peirce et al., 2019) and run using Pavlovia (https://pavlovia.org).

2.1.3.1. Number Stroop task. Images of eight numbers were created,
four that were designated high (6, 7, 8 and 9) and four that were
designated low (1, 2, 3 and 4). Each high number was presented with
each low number, creating 16 number pairs. The size ratio of the pairs of
stimuli was 2:1, where the larger stimulus was double the width and
height of the smaller stimulus. Pairs could either be congruent (where
the physical size of the low number was half that of the high number) or
incongruent (where the physical size of the low number was twice that
of the high number), resulting in 32 unique number pairs. The ratio of
congruent and incongruent trials was 50:50. For each number pair, the
location of the correct response occurred an equal number of times on
the left and right in each format (congruent, incongruent) resulting in 64
unique trials. On each trial, a pair of numbers was presented on opposite
sides of the screen and participants were asked to press a key (z or m) to
indicate the number that was higher numerically (e.g. 7 or 2). For all
tasks, the z key corresponded to the stimulus presented on the left of the
screen and the m key corresponded to the stimulus presented on the
right of the screen.

2.1.3.2. Animal Stroop task. Images of eight animals were created, four
that were large in real-life (an elephant, a giraffe, a lion, a shark) and
four that were small in real-life (a ladybird, a snail, a frog, a mouse).
Each small animal was presented with each large animal, creating 16
animal pairs. The size ratio of the pairs of stimuli was 2:1, where the
larger stimulus was double the width and height of the smaller stimulus
Pairs could either be congruent (where the physical size of the small
animal was half that of the large animal) or incongruent (where the
physical size of the small animal was twice that of the large animal),
resulting in 32 unique animal pairs. The ratio of congruent and
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incongruent trials was 50:50. For each animal pair, the location of the
correct response occurred an equal number of times on the left and right
in each format (congruent, incongruent) resulting in 64 unique trials. On
each trial a pair of animals was presented on opposite sides of the screen,
and participants were asked to press a key (z or m) to indicate the animal
that was larger in real life (e.g. an elephant or a ladybird).

2.1.3.3. Multiplication task. Sixteen non-tie multiplication problems
from the 3, 4, 6, 7 and 8 multiplication tables with double digit answers
were selected based on a range of criteria (see Supplementary Material
for more details). For each problem, four related foil answers and four
unrelated foil answers were created, resulting in 128 multiplication
problems and response pairs (16 problems with 8 sets of response pairs).
Related foils were drawn from the times table of one of the operands in
the presented problem (e.g. 20 was a related foil for 6 x 4 =). Unrelated
foils were plausible solutions of similar parity and numerical size to the
correct answer, but were not drawn from the times table of either
operand in the presented problem (e.g. 22 was an unrelated foil for 6 x 4
=). Werefer to the related foils as interfering (i.e. incongruent) trials and
the unrelated foils as non-interfering (i.e. congruent) multiplication
trials respectively. On each trial a multiplication fact (e.g. 6 x 7) was
presented, along with two answers presented below the multiplication
fact on opposite sides of the screen. (e.g. 42 and 48). Participants were
asked to press a key (z or m) to indicate the correct answer.

For each multiplication problem, the location of the correct response
occurred an equal number of times on the left and right in each format
(interfering, non-interfering) resulting in 256 unique trials.’

2.1.3.4. Non-verbal reasoning screener. We used the Matrix reasoning
item bank (MaRs-IB) developed by Chierchia et al. (2019) to measure
non-verbal reasoning skills. Full details are provided in the Supple-
mentary Material. In brief, participants were presented with 3 x 3
matrices containing eight abstract images and one empty cell in the
bottom right-hand corner. Their task was to find the image that was
missing from four possible alternatives. They were given 8 min to
complete as many matrices as possible.

2.1.3.5. Multiplication fact screener. Participants were asked to solve 48
single-digit multiplication problems from the 2 x 2 through to the 9 x 9
times tables except those used in the interleaved multiplication task.
They responded by typing their answer and then pressing the return key.
Full details can be found in the Supplementary Material.

2.1.4. Procedure

The multiplication trials were intermixed with the number or animal
Stroop trials to create eight blocks of 64 trials. We constrained the order
of the trials so that there were no more than six consecutive congruent
(C) trials or six consecutive incongruent (I) trials in a row and so that
there were an equal number of the four transition types (CC, CI, IC, II)
within each block. Each animal stimulus was assigned a respective
number stimulus such that after the Stroop trials were intermixed with
the multiplication trials, the order of animal and number stimuli and the
order of the multiplication trials were the same in both Stroop
conditions.

In both conditions of the main experimental task (number Stroop,
animal Stroop), each trial began with a blank screen (1000 ms), followed
by a fixation (500 ms). Stimuli were presented between 400 and 600 ms
after the fixation (creating interstimulus interval that varied between
1900 and 2100 ms). The stimuli were presented for up to 1000 ms fol-
lowed by a ‘?’ if no response had been received by this time. The trial

1 Due to experimenter error, half of the response locations were not reversed,
resulting in some problems with the correct answer being presented in the same
location in blocks 5-8 as they were in blocks 1-4.
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Fig. 1. A sequence of three trials of the interleaved Stroop and multiplication task for the number Stroop condition (left) and the animal Stroop condition (right).

ended upon the participant’s response. Participants were asked to
respond as quickly and as accurately as they could. At the end of each
block participants were presented with their time taken to complete that
block in order to motivate them to respond quickly.

Participants first completed 8 trials where they were asked to cate-
gorise each number or animal image (depending on which condition
they were in) as small or large in real life using the down (small) and up
(large) arrow keys. Participants completing the number Stroop task were
informed that numbers below 5 were classed small and numbers above 5
were classed as large. They were then presented with 4 trials of number
or animal pairs where they were asked to select the stimulus that was
larger in real-life, ignoring their physical size on the screen. After this
they were presented with 4 multiplication practice trials followed by 4
trials of the interleaved number or animal Stroop and multiplication
tasks. Feedback was given on all practice trials but not on experimental
trials. Following the practice trials, participants completed four exper-
imental blocks, followed by the non-verbal reasoning screener, four
more experimental blocks and finally the multiplication fact screener.
The non-verbal reasoning screener was administered half-way through
the experimental blocks in order to to break up the task and prevent
boredom or fatigue. The experiment took approximately 1 h to
complete.

2.1.5. Analysis plan

To answer our research questions we conducted 2 x 2 x 2 mixed
ANOVAs for accuracy and RT, with Stroop condition (number, animal)
as a between-subjects factor, and previous congruence (congruent,
incongruent) and current congruence (congruent, incongruent) as
within-subjects factors. Median RTs were calculated for each participant
for the Stroop and multiplication tasks separately for each condition and
then averaged across tasks (as task was not included as a factor in our
pre-registered analyses). Evidence that inhibitory control transfers be-
tween an established inhibitory control paradigm (Stroop task) and a
multiplication fact retrieval task would be indicated by a significant
two-way interaction between previous and current congruence. If the
transfer of inhibitory control depends on the similarity of the

information being processed (i.e. numerical or non-numerical) we
would also expect a significant three-way interaction between Stroop
condition (number, animal), previous congruence and current congru-
ence. We report Bayesian analyses and equivalence tests where our
theoretical interpretations are based on null frequentist effects.

2.2. Results

Below we first present the analyses of accuracy and RT data followed
by equivalence tests. We focus on reporting the key interaction terms
relevant for answering our research questions. Full analyses tables with
all results can be found in the Supplementary Material. Bayes Factors
were calculated in JASP 0.18.3.0.° Twenty one participants were iden-
tified as outliers according to our pre-registered criterion (Mahalanobis
distance with p < 0.001) leaving a final sample of 429 participants for
analysis (number Stroop condition: 216; animal Stroop condition: 213).°

2.2.1. Accuracy

There was a significant interaction between previous and current
congruence (F (1, 427) = 82.848, p < 0.001, ng = 0.162 [CI: 0.112,
0.214], BFp = 2.781 x 10*13, Fig. 2). Bonferroni-corrected post-hoc
tests indicated that congruent trials were answered more accurately
following a congruent compared to an incongruent trial (CC = 95.3 %
[94.9 %, 95.7 %], IC = 94.6 % [94.2 %, 95.0 %], t = 4.28, ppont < 0.001,
BF;¢ (paired samples t-test) = 76,566.367), whereas incongruent trials
were answered more accurately following an incongruent compared to a

2 Bayes Factors were calculated with ‘legacy options’, and compared to a null
model. Null models included the simpler terms for the effect of interest. For
example, the BF for the 3-way interactions is derived from a null model that
includes all 2-way interactions.

3 We defined outliers based on Mahalanobis distance’s derived from eight
variables (accuracy and median correct RT for each combination of CC, II, CI
and IC trial transitions). We calculated these scores collapsed across both tasks
(Stroop and Multiplication) so that the data in the Stroop and Multiplication
analyses were derived from the same sample.
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Fig. 2. Mean accuracy (left) and median correct RT (right) for congruent and incongruent trials depending on their previous congruence. Error bars show 95 %

confidence intervals.

congruent trial (II = 89.4 % [88.8 %, 89.9 %], CI = 88.0 % [87.5 %, 88.5
%], t = —9.05, pponf < 0.001, BFy( (paired-samples t-test) = 5.912 x
10*19, The three-way interaction between Stroop condition, previous
congruence and current congruence was not significant (F (1, 427) =
1.215,p = 0.271, ng = 0.003 [0.000, 0.017]). Bayesian analysis for this
three-way interaction provided moderate evidence for the null hy-
pothesis, with a BFjo = 0.164 compared to a null model that included all
the main effects and 2-way interactions. These findings indicate that
inhibitory control transferred between the Stroop and multiplication
tasks and that there was no difference in this transfer for the number and
animal Stroop conditions.

We conducted an exploratory analysis including task (Stroop task,
multiplication task), previous congruence, current congruence to
investigate the direction of transfer. This revealed that for accuracy data,
there was transfer in both directions between the Stroop task and the
multiplication task and this transfer was not significantly larger in one
direction than the other (see Supplementary Material Table S2 and
Fig. S1).

2.2.2. RT

There was a significant interaction between previous and current
congruence (F (1, 427) = 33.777,p < 0.001, ng =0.073[0.038, 0.116],
BFjp > 100 (71,999.37), Fig. 2). Bonferroni-corrected post-hoc tests
indicated that congruent trials were answered more quickly following a
congruent compared to an incongruent trial (CC = 714 ms [701 ms, 726
ms], IC = 732 ms [718 ms, 745 ms], t = —9.732, pponf < 0.001, BF;o
(paired samples t-test) = 4.924 x 1072!) whereas the congruency of the
previous trial had no impact on RT for incongruent trials (CI = 756 ms
[742 ms, 771 ms], Il = 759 ms [745 ms, 773 ms], t = —1.590, pponf =
0.673, BF( (paired samples t-test) = 0.154). The three-way interaction
between Stroop condition, previous congruence and current congruence
was not significant (F (1, 427) = 0.001, p = 0.970, ng < 0.001 [0.000,
1.00]). Bayesian analysis indicated that there was strong evidence in
favour of the null hypothesis for the three-way interaction, with BFy =
0.114 compared to a null model that included all the main effects and 2-
way interactions. Similarly to the analysis of accuracy, these findings
indicate that inhibitory control transferred between the Stroop and
multiplication tasks and that there was no difference in this transfer for
the number and animal Stroop conditions.

We conducted an exploratory analysis including task (Stroop task,
multiplication task), previous congruence, current congruence to
investigate the direction of transfer. This revealed that for RT data, there
was evidence of transfer from the Stroop task to the multiplication task
but not from the multiplication task to the Stroop task (see Supple-
mentary Material Table S4 and Fig. S2).

2.2.3. Equivalence tests

To further test the lack of a three-way interaction between Stroop
condition, previous congruence and current congruence, we conducted
equivalence tests using the Two One-Sided Tests (TOST) procedure
(Lakens, 2017). As per our pre-registration, we calculated difference
scores to index the congruency sequence effect. For accuracy, the pre-
registered difference score was the mean accuracy of the II trials
minus the CI trials, and for RT this was the (mean of the) median correct
RT of the CI trials minus the II trials. However, as the interaction be-
tween previous and current congruence was most evident on current
congruent trials for RT, we also conducted an exploratory analysis using
the median correct RT of the CC trials minus the IC trials. We conducted
equivalence tests comparing these difference scores in the two Stroop
conditions. For all equivalence tests, we set our upper and lower
boundary to d + 0.3, so that only small effects would be deemed
equivalent (Lakens, 2017). For both accuracy and RT, the difference
scores were statistically equivalent between the Stroop conditions and
not statistically different (see Supplementary Material). This provides
further support that the 2 x 2 interaction between current and previous
congruence did not differ between the number and animal Stroop con-
ditions and thus indicating that the transfer of inhibitory control does
not depend on the similarity of the information being processed.

2.3. Discussion

Experiment 1 addressed our first research question and demon-
strated that the congruency sequence effect transfers between an
established inhibitory control paradigm (a Stroop task) and a multipli-
cation fact retrieval task. This indicates that inhibitory control is
involved in resolving the interference between neighbouring multipli-
cation facts. Moreover this transfer of inhibitory control did not differ
depending on whether a numerical or non-numerical Stroop task was
performed, addressing our second research question as to whether
inhibitory control processes in recalling multiplication facts are
stimulus-specific. For accuracy, this transfer was bi-directional between
the Stroop task and the multiplication fact retrieval task, but for RT the
congruency sequence effect transferred from the Stroop to the multi-
plication fact retrieval task but not vice-versa. This is likely due to
smaller interference effects on the multiplication task for RT than
accuracy.

Our third and final research question considers whether the inhibi-
tory control mechanisms involved in multiplication fact retrieval are
reactive and transient and/or proactive and sustained. The congruency
sequence effect measured in Experiment 1 reflects inhibitory control
that is transient and deployed reactively on a trial-by-trial basis. In
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Experiment 2 we consider whether the transfer of inhibitory control also
extends to list-wide proportion congruency effects that reflect proactive
and sustained inhibitory control.

3. Experiment 2

To investigate list-wide proportion congruency effects we adopted
another established methodology from the cognitive control literature
and manipulated the proportion of congruent and incongruent trials in
the number or animal Stroop task, but not on the multiplication fact
retrieval task. Transfer would be observed if the proportion of congruent
and incongruent trials on the Stroop (inducer) task had an impact on
performance on the multiplication (diagnostic) task. More specifically, a
list-wide proportion congruency effect would be indicated by a two-way
interaction between proportion of congruent trials and congruency. If
this is found on both the diagnostic as well as the inducer task this can be
taken as evidence of transfer of inhibitory control between the tasks.
Following Torres-Quesada et al. (2013), to ensure that any such transfer
cannot be explained by a congruency sequence effect driven by the
uneven proportions of trial type transitions, we included a final shorter
phase of the experiment in which there was an equal proportion of
congruent and incongruent trials on both the inducer (Stroop) and
diagnostic (multiplication) tasks.

3.1. Method

3.1.1. Participants

370 adults aged 18-30 years (mean = 23.02, SD = 3.65, 271 female,
98 male, 1 with no data provided) participated. This sample size was
determined from an a priori power analysis using the Superpower
package in R (Lakens & Caldwell, 2021) with effect size estimates from a
preparatory study investigating transfer between animal and number
Stroop tasks (N = 60). A sample size of 370 provides 90.64 % power to
detect a 2 x 2 x 2 interaction in accuracy (ng = 0.034) and 90.72 %
power to detect a 2 x 2 x 2 interaction in RT (ng = 0.035), for each
Stroop condition separately, at an alpha level of 0.025. The experiment
was run online and participants were recruited through Prolific in the
same way as Experiment 1. Participants also completed a non-verbal
reasoning screener and a multiplication fact screener. Those who per-
formed below our pre-registered criteria on these tasks were excluded
from the data analysis and replaced (non-verbal screener, N = O;
multiplication fact screener, N = 15).

3.1.2. Materials and procedure

There were four between-subjects conditions, created by different
combinations of the factors a) proportion (75 % congruent, 75 %
incongruent) and b) Stroop condition (number, animal). Participants
were assigned to one of the four conditions at random based on their
online participant ID.

The task consisted of the number or animal Stroop and the multi-
plication fact retrieval task, which were created and interleaved as
described in Experiment 1. There were two phases to the experiment, a
congruency manipulation phase (4 blocks of trials) and an equal con-
gruency phase (2 blocks of trials).

3.1.2.1. Congruency manipulation phase. During the congruency
manipulation phase, the proportion of congruent and incongruent trials
was manipulated on the inducer (Stroop) task but not the diagnostic
(multiplication) task (Table 1). Participants were either presented with
75 % congruent Stroop trials per block (number 75 % congruent and
animal 75 % congruent between-subject conditions) or 75 % incon-
gruent Stroop trials per block (number 75 % incongruent and animal 75
% incongruent between-subject conditions).

3.1.2.2. Equal congruency phase. In the equal congruency phase the
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Table 1
Design of Experiment 2.

Between-subject Experiment Inducer task Diagnostic task
conditions phase (Stroop) (multiplication)
75 %
Congruency congruent 50 % congruent
75 % congruent manipulation ‘25 % 50 % incongruent
(number or incongruent
animal) 50%
Equal congruent 50 % congruent
congruency 50 % 50 % incongruent
incongruent
25 %
Congruency congruent 50 % congruent
75 % incongruent manipulation 75 % 50 % incongruent
(number or incongruent
animal) 50 %
Equal congruent 50 % congruent
congruency 50 % 50 % incongruent
incongruent

proportion of congruent and incongruent trials on both the inducer and
diagnostic task were 50 % for all conditions. As this phase of the
experiment was shorter than the congruency manipulation phase we
selected 64 multiplication trials from the 128 multiplication problem set
described in Experiment 1, ensuring that the related and unrelated
problems were matched, on average, for size and parity.

Prior to the congruency manipulation phase, participants completed
practice trials in the same way described in Experiment 1, with the
exception that the number of intermixed practice trials was increased to
16 (with no option to repeat). Practice trials were 50 % congruent and
50 % incongruent. Following the practice trials, participants completed
4 blocks of 64 trials in the congruency manipulation phase followed
immediately by 2 blocks of 64 trials in the equal congruency phase. The
same screeners were completed as in Experiment 1. The non-verbal
reasoning screener was completed before the practice trials,” and the
multiplication fact screener after the equal congruency phase.

3.1.3. Analysis plan

To answer our research questions we conducted 2 x 2 x 2 mixed
ANOVAs for accuracy and RT with proportion (75 % congruent, 75 %
incongruent) as a between-subjects factor, and trial congruence
(congruent, incongruent) and task (inducer, diagnostic) as within-
subjects factors. Median RTs were calculated for each participant for
each task and condition. We performed separate ANOVAs for each
Stroop condition (number, animal), in each phase of the experiment
(congruency manipulation, equal congruency). Evidence of inhibitory
control transfer between the Stroop and multiplication tasks would be
indicated by a significant two-way interaction between proportion and
trial congruence and the absence of a significant three-way interaction
between proportion, trial congruence and task. We report Bayesian an-
alyses where our theoretical interpretations are based on null frequentist
effects.

3.2. Results

Below we first present the analyses of accuracy and RT data. We
focus on reporting the key interaction terms relevant for answering our
research questions. Full analyses tables with all results can be found in
the Supplementary Material. Twelve participants were identified as

4 While the nonverbal screener was administered half-way through the
experimental blocks in Experiment 1 to break up the task and prevent boredom
or fatigue, this was not possible for Experiment 2 as it would have interfered
with the transfer of the list-wide proportion congruency effect between blocks
of trials.
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outliers according to our pre-registered criterion (Mahalanobis distance
scores with p < 0.001) leaving a final sample of 358 complete datasets
for analysis (number Stroop 75 % congruent: 101; number Stroop 75 %
incongruent: 83; animal Stroop 75 % congruent: 89; animal Stroop 75 %
incongruent: 85).

3.2.1. Congruency manipulation phase

3.2.1.1. Number stroop conditions. For accuracy, there was a significant
interaction between trial congruence and proportion, (F (1, 182) =
25.438, p < 0.001, ng =0.123 [0.057, 0.198], BF;o = 432.237), and the
three-way interaction between trial congruence, proportion and task
was also significant, (Fig. 3; F (1, 182) = 18.075, p < 0.001, ng =0.090
[0.034, 0.160], BF;o = 27.178). Simple main effects analyses found that
for the inducer task (number Stroop), there was a significant main effect
of trial congruence (C = 99.1 % [98.9 %, 99.3 %], I = 95.0 % [94.1 %,
95.8 %], F (1, 182) =92.758, p < 0.001, ng =0.338[0.247,0.417], BFqo
=6.87 x 10719), a significant main effect of proportion (75 %C = 95.9 %
[95.3 %, 96.5 %], 75 %I = 98.2 % [97.5 %, 98.8 %], F (1, 182) = 24.001,
p<0.001, ng =0.117 [0.053, 0.191], BF; = 247.251), and a significant
interaction between trial congruence and proportion, (Fig. 3a; F (1, 182)
=50.106, p < 0.001, ng =0.216 [0.133, 0.297, BF1¢ = 5.019 x 1077). In
contrast, for the diagnostic task (multiplication) there was a significant
main effect of trial congruence, (C = 91.7 % [90.6 %, 92.7 %], I = 80.0
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% [78.6 %, 81.5 %], F (1, 182) = 556.65, p < 0.001, ng =0.754 [0.705,
0.788], BF1g = 1.798 x 10+54), no significant main effect of proportion
(75 %C = 87.1 % [85.5 %, 88.7 %], 75 %I = 84.6 % [82.8 %, 86.3 %], F
(1, 182) = 4.447, p = 0.036, nf, = 0.024 [0.001, 0.071], BF1o = 1.046),
and no significant interaction between trial congruence and proportion,
(Fig. 3b; F=(1, 182) 0.852, p = 0.357, T]Iz) = 0.005 [0.000, 0.035], BF19
= 0.248). These findings suggest that a list-wide proportion congruency
effect was observed in accuracy for the number Stroop task but that this
did not transfer to the interleaved multiplication task.

For RT, we found the same pattern of results, with a significant
interaction between trial congruence and proportion, (F (1, 182) =
22.736, p < 0.001, ng = 0.111[0.049,0.185], BF1p = 0.912, and a sig-
nificant three-way interaction between trial congruence, proportion and
task, (Fig. 3; F (1, 182) = 6.429, p = 0.012, ng = 0.034[0.004, 0.0871,
BF19 = 0.196). Simple main effects analyses found that for the inducer
task (number Stroop), there was a significant main effect of trial
congruence (C = 521 ms [511 ms, 532 ms], I = 573 ms [561 ms, 584
ms], F (1, 182) = 314.390, p < 0.001, 1]12, = 0.633[0.565,0.684], BF1p =
9.506 x 1072%), no significant main effect of proportion (75 %C = 551
ms [536 ms, 565 ms], 75 %I = 543 ms [527 ms, 559 ms], F (1, 182) =
0.470, p = 0.494, Tl;2> = 0.003[0.00,0.028], BF1o = 0.269), and a signif-
icant interaction between trial congruence and proportion, (Fig. 3a; F (1,
182) = 108.945, p < 0.001, ng = 0.374[0.284,0.451], BF1p = 1.038 x
107'7). In contrast, for the diagnostic task (multiplication) there was a
significant main effect of trial congruence, (C = 1036 ms [999 ms, 1073
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Fig. 3. Accuracy (left) and RT (right) on the inducer (top) and diagnostic (bottom) tasks for the number Stroop conditions in the congruency manipulation phase of

Experiment 2. Error bars show 95 % confidence intervals.
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ms], I =1059 ms [1017 ms, 1100 ms], F (1, 182) = 8.499, p = 0.004, ﬂ%
= 0.045[0.008,0.102], BF19 = 9.234), no significant main effect of
proportion (75 %C = 1060 ms [1008 ms, 1111 ms], 75 %I = 1035 ms
[978 ms, 1092 ms], F (1, 182) = 0.398, p = 0.529, ng = 0.002
[0.000,0.027], BF;¢ = 0.501), and no significant interaction between
trial congruence and proportion, (Fig. 3b; F (1, 182) = 1.57,p = 0.212,
T]g =0.009[0.000,0.0441, BF1o = 0.334). Consistent with the analysis of
accuracy, these findings suggest that a list-wide proportion congruency
effect was observed for the number Stroop task but that this did not
transfer to the interleaved multiplication task.

3.2.1.2. Animal stroop conditions. For accuracy scores, there was a sig-
nificant interaction between trial congruence and proportion, (F (1,
172) = 39.148, p < 0.001, nf, = 0.185[0.105,0.268], BF, =
17,153.309), and the three-way interaction between trial congruence,
proportion and task was also significant, (Fig. 4; F (1,172) = 39.36,p <
0.001, r]Iz, =0.186[0.105,0.269], BF1o = 3181.466). Simple main effects
analyses found that for the inducer task (animal Stroop), there was a
significant main effect of trial congruence (C = 97.7 % [97.2 %, 98.1 %],
I=94.5% [93.7 %,95.2 %], F (1, 172) = 60.365, p < 0.001, ng =0.260
[0.170,0.344], BF19 = 3.076 x 10*8), a significant main effect of pro-
portion (75 %C = 95.4 % [94.7 %, 96.0 %], 75 %I = 96.8 % [96.1 %,
97.4 %], F (1,172) = 8.471,p = 0.004, ng =0.047[0.009,0.1071, BF1p =
2.323), and a significant interaction between congruence and
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proportion, (Fig. 4a; F (1, 172) = 97.820, p < 0.001, ng = 0.363
[0.270,0.442], BF1o = 2.150 x 107'7). In contrast, for the diagnostic
task (multiplication) there was a significant main effect of trial
congruence, (C = 92.2 % [91.1 %,93.2 %], I = 80.5 % [79.0 %, 81.9 %],
F(1,172) =540.04,p < 0.001, ng =0.758 [0.709, 0.793], BF;o, = 4.869
x 10751, no significant main effect of proportion (75 %C = 85.7 %
[84.1 %, 87.4 %], 75 %I = 86.9 % [85.2 %, 88.6 %], F (1, 172) = 0.903,
p = 0.343, ng = 0.005[0.000,0.037], BF1¢ = 0.219), and no significant
interaction between trial congruence and proportion, (Fig. 4b; F (1,
172) =0.201,p = 0.654, ng =0.001[0.000,0.023], BF1o = 0.180). These
findings suggests that a list-wide proportion congruency effect was
observed in accuracy for the animal Stroop task but that this did not
transfer to the interleaved multiplication task.

For RT, we found a consistent pattern of results, with a significant
interaction between trial congruence and proportion, (F (1, 172) =
25.11, p < 0.001, ng = 0.127[0.059, 0.205], BF1o = 0.373), and a sig-
nificant three-way interaction between trial congruence, proportion and
task, (Fig. 4; F (1, 172) = 21.563, p < 0.001, T]g =0.111[0.047,0.1871,
BF10 = 0.529). Simple main effect analyses found that for the inducer
task (animal Stroop), there was a significant main effect of trial
congruence (C = 565 ms [553 ms, 576 ms], I = 613 ms [601 ms, 625
ms], F (1, 172) = 267.159, p < 0.001, ng = 0.608[0.535,0.663], BFo =
3.229 x 10729, no significant main effect of proportion (75 %C = 593
ms [577 ms, 609 ms], 75 %I = 585 ms [568 ms, 601 ms], F (1, 172) =
0.526, p = 0.469, ng = 0.003[0.000,0.031], BFjp = 0.284), and a
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Fig. 4. Accuracy (left) and RT (right) on the inducer (top) and diagnostic (bottom) tasks for the animal Stroop conditions in the congruency manipulation phase of

Experiment 2. Error bars show 95 % confidence intervals.
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significant interaction between trial congruence and proportion,
(Fig. 4a; F(1,172) =175.329, p < 0.001, nf, =0.505[0.419,0.572], BF1o
= 3.702 x 1074, For the diagnostic task (multiplication) there was no
significant main effect of trial congruence, (C = 1001 ms [958 ms, 1044
ms], I = 1005 ms [957 ms, 1052 ms], F (1, 172) = 0.212, p = 0.646, ng =
0.001[0.000,0.0241, BF;( = 0.128), no significant main effect of pro-
portion (75 %C = 1017 ms [955 ms, 1079 ms], 75 %I = 989 ms [925 ms,
1053 ms], F (1,172) = 0.387, p = 0.535, ng = 0.002[0.000,0.028], BF19
= 0.538), and no significant interaction between trial congruence and
proportion, (Fig. 4b; F (1, 172) = 0.014, p = 0.905, ng < 0.001
[0.000,0.007], BF1¢ = 0.206). Consistent with the analysis of accuracy,
these findings suggest that a list-wide proportion congruency effect was
observed for the animal Stroop task but that this did not transfer to the
interleaved multiplication task.

3.2.2. Equal congruency phase

3.2.2.1. Number stroop conditions. For accuracy, there was a signif-
icant interaction between trial congruence and proportion, (F (1, 182) =
5.18,p = 0.024, nﬁ = 0.028 [0.002, 0.077], BF;¢ = 0.494) but the three-
way interaction between trial congruence, proportion and task was not
significant, (F (1, 182) < 1, ns, BF1p = 0.158). Independent samples t-
tests indicated that the congruency effect was larger in the 75 %
congruent condition (7.1 %) than the 75 % incongruent condition (5.4
%; t (182) = 2.276, p = 0.024, BF;o = 0.1775). These findings suggest
that a list-wide proportion congruency effect was observed in accuracy
for both the number Stroop and the interleaved multiplication task in
the equal congruency phase.

For RT, there was a significant interaction between trial congruence
and proportion, (F (1, 182) =7.71, p = 0.006, ng =0.041 [0.007, 0.0971,
BF19 = 0.247), but the three-way interaction between trial congruence,
proportion and task was not significant, (F (1, 182) < 1, ns, BFy =
0.134). Independent samples t-tests indicated that the congruency effect
was larger in the 75 % congruent condition (390 ms) than the 75 %
incongruent condition (200 ms; (t (182) = 2.776, p = 0.006, BF;y =
5.535)). These findings suggest that a list-wide proportion congruency
effect was observed in RT for both the number Stroop and the inter-
leaved multiplication task in the equal congruency phase.

3.2.2.2. Animal stroop conditions. For accuracy scores, there was no
significant two-way interaction between trial congruence and propor-
tion, (F (1, 172) < 1, ns, BF;g = 0.187) but the three-way interaction
between trial congruence, proportion and task was significant, (Fig. 5; F
(1,172) = 6.539, p = 0.011, n% = 0.037 [0.005, 0.093], BF19 = 0.704).
Simple main effects analyses found that for the inducer task (animal
Stroop), there was a significant main effect of trial congruence (C = 97.2
% [96.7 %, 97.8 %], I = 95.3 % [94.7 %,96.0 %], F (1, 172) = 32.033,p
< 0.001, ng =0.157[0.082, 0.238], BF;¢ = 121,679.730), no significant
main effect of proportion (75 %C = 96.0 % [95.3 %, 96.6 %], 75 %I =
96.6 % [95.9 %, 97.3 %], F (1, 172) = 1.840, p = 0.177, nf, = 0.011
[0.000, 0.049]1, BF19 = 0.353), and a significant interaction between
trial congruence and proportion, (F (1, 172) = 13.688, p < 0.001, r]g =
0.074[0.023, 0.142], BF1g = 78.755). For the diagnostic task (multi-
plication) there was a significant main effect of trial congruence, (C =
91.1 % [89.8 %, 92.4 %], I = 83.2 % [81.7 %, 84.7 %], F (1, 172) =
145.407, p < 0.001, n3 = 0.458[0.369, 0.530], BF1g = 2.607 x 10721),
no significant main effect of proportion (75 %C = 86.7 % [85.0 %, 88.5
%], 75 %I = 87.6 % [85.8 %, 89.4 %], F (1, 172) = 0.467, p = 0.495, qg
= 0.003[0.000, 0.030], BF1g = 0.209), and no significant interaction
between trial congruence and proportion, (Fig. 5b; F (1, 172) = 0.553, p
= 0.458, ng = 0.003 [0.000, 0.032], BF;g = 0.204). These findings
suggest that a list-wide proportion congruency effect was observed in
accuracy for the animal Stroop task but that this did not transfer to the
interleaved multiplication task.

For RT, there was no significant interaction between trial congruence
and proportion, (F (1, 172) = 1.202, p = 0.274, ng = 0.007[0.000,
0.0414], BF1¢ = 0.105), but a significant three-way interaction between
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trial congruence, proportion and task, (Fig. 5; F (1, 172) = 5.939, p
0.016, nﬁ = 0.033 [0.003, 0.087], BF1p = 0.293). Simple main effect
analyses found that for the inducer task (animal Stroop), there was a
significant main effect of trial congruence (C = 533 ms [522 ms, 544
ms], I =566 ms [555 ms, 576 ms], F (1,172) =117.272, p < 0.001, ng =
0.405[0.313, 0.482], BF;o = 6.135 x 107%), no significant main effect
of proportion (75 %C = 551 ms [53 ms, 565 ms], 75 %I = 548 ms [533
ms, 563 ms], F (1, 172) = 0.059, p = 0.809, ng < 0.001[0, 0.016], BF1o
= 0.298), and a significant interaction between trial congruence and
proportion, (Fig. 5a; F (1, 172) = 18.872, p < 0.001, ng = 0.099[0.039,
0.173], BF19 = 752.412). For the diagnostic task (multiplication) there
was a significant main effect of trial congruence, (C = 887 ms [852 ms,
923 ms], I =904 ms [865 ms, 943 ms], F (1, 172) = 6.464,p = 0.012, ng
= 0.036[0.004, 0.092], BF1p = 2.336), no significant main effect of
proportion (75 %C = 910 ms [859 ms, 962 ms], 75 %I = 881 ms [829
ms, 934 ms], F (1, 172) = 0.611, p = 0.436, Th% = 0.004[0.000, 0.033],
BF;19 = 0.554), and no significant interaction between trial congruence
and proportion, (Fig. 5b; F (1, 172) = 0.661, p = 0.417, nf, = 0.004
[0.000, 0.033], BF1p = 0.234). These findings suggest that a list-wide
proportion congruency effect was observed in RT for the animal
Stroop task but that this did not transfer to the interleaved multiplica-
tion task.

3.3. Discussion

Experiment 2 addressed our third research question considering
whether the transfer of inhibitory control between an established
inhibitory control paradigm (Stroop task) and a multiplication fact
retrieval task is reactive and transient and/or proactive and sustained.
While the task did induce proactive control, evidenced by transfer of the
list-wide proportion congruency effects to the equal congruency phase
for the inducer (Stroop) task, we found no evidence that the list-wide
proportion congruency effects transferred from the Stroop to multipli-
cation task in the congruency manipulation phase. This was the case
when the Stroop task involved processing either numerical or non-
numerical information. While there was a suggestion of transfer of the
list-wide proportion congruency effect from the number Stroop task to
the multiplication task in the equal congruency phase, this is difficult to
interpret given the lack of transfer in the congruency manipulation
phase.

4. General discussion

We carried out two experiments to investigate the role of inhibitory
control in multiplication fact retrieval, bringing together questions and
methods from the cognitive control and mathematical cognition
research literatures. By applying an experimental paradigm in a new
context we demonstrated that some types of inhibitory control processes
transfer between established inhibitory control tasks and multiplication
fact retrieval and this does not differ according to the similarity of the
material being processed. Our findings have implications for three main
theoretical issues; the role of inhibitory control in multiplication fact
retrieval, whether the inhibitory control involved is stimulus-specific,
and if it is proactive or reactive in nature. We consider these in turn
below. This is followed by discussion of the implications for in-
terventions to improve multiplication fact knowledge.

4.1. The role of inhibitory control in multiplication fact retrieval

In Experiment 1 the congruence of a Stroop trial influenced perfor-
mance on the subsequent multiplication trial and vice-versa, evidenced
by a significant two-way interaction between previous and current
congruence. Resolving interference on the Stroop trials resulted in more
accurate performance on a subsequent multiplication trial that also
required resolution of interference; it resulted in less accurate, and
slower, performance on a subsequent multiplication trial that did not
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Fig. 5. Accuracy (left) and RT (right) on the inducer (top) and diagnostic (bottom) tasks for the animal Stroop conditions in the equal congruency phase of

Experiment 2. Error bars show 95 % confidence intervals.

require resolution of interference. The resolution of interference on a
multiplication trial also transferred back to accuracy on the Stroop task.
This bi-directional transfer supports the hypothesis that the cognitive
processes that are recruited to resolve interference in the Stroop task are
also employed to resolve interference between competing answers when
retrieving multiplication facts.

The involvement of similar inhibitory control processes in Stroop
tasks and retrieval of multiplication facts has implications for theories of
number fact retrieval. Theoretical models propose that multiplication
facts are stored in an associative network (Ashcraft, 1992; Campbell,
1995; Siegler, 1988; Verguts & Fias, 2005) and, according to several of
these models, interference occurs during the retrieval process leading to
characteristic patterns of performance and errors (Campbell, 1995;
Verguts & Fias, 2005). For example, Campbell (1995) proposes that
interference arises from other problems within the network with similar
characteristics and magnitudes, while Verguts and Fias (2005) propose
that interference arises from neighbouring facts that share an operand. It
has previously been proposed that inhibitory control is required to
overcome this interference (e.g. Bull & Lee, 2014; Cragg & Gilmore,
2014; Galfano et al., 2011; Megias et al., 2015; Megias & Macizo, 2015,
2016a, 2016b, 2016c¢). However, evidence from correlational studies for
a specific association between inhibitory control and number fact
retrieval is mixed (e.g. Bellon et al., 2016; Cragg et al., 2017; Gilmore
et al., 2015). Furthermore, findings from negative priming (Megias &
Macizo, 2015, 2016a, 2016b, 2016¢) and retrieval-induced forgetting
phenomena (Galfano et al., 2011; Phenix & Campbell, 2004) remain
inconclusive. Here, we find experimental evidence that overcoming
interference from related multiplication facts does require a similar form
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of inhibitory control to that recruited in established inhibitory control
paradigms.

We also carried out exploratory drift diffusion modelling (e.g. Myers
et al., 2022; Ratcliff, 2006) which decomposes RT and accuracy data
into components that reflect evidence accumulation (drift rate) and
response caution (boundary separation) as well as non-decision time
(see supplementary material for full results). This additional analysis
showed that the drift rate, which measures the speed of evidence
accumulation, was lower when the participant had to choose between
neighbouring facts, i.e. it took them more time to reach the decision
threshold, and reduced when the previous trial involved resolving
interference compared to when there was no interference on the previ-
ous trial. Our findings therefore provide support for those models of
multiplication fact retrieval which incorporate interference mecha-
nisms. The current experiments cannot distinguish between the source
of this interference (i.e., problems with similar magnitudes vs. neigh-
bouring facts) but our paradigm provides a method for doing so in future
research. Nevertheless, our findings suggest that retrieving knowledge
of multiplication facts might be difficult for some individuals not
because they lack mathematical knowledge of those facts, but because
insufficient inhibitory control, or difficulty deploying it, means that they
struggle to overcome the interference between multiplication facts. This
is consistent with other findings indicating that individuals with high
sensitivity to interfering information struggle with multiplication fact
retrieval (De Visscher & Noél, 2013, 2014).

Despite indicating that similar inhibitory control processes are
required in both Stroop paradigms and multiplication fact retrieval, our
experiments cannot determine the precise inhibitory mechanisms
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involved. Inhibitory control is an umbrella term that covers a range of
different mechanisms, including suppression of motor responses or
pausing motor output, as well as competitive activation/suppression of
competing cognitive processes (e.g. Munakata et al., 2011). It has been
suggested that the congruency sequence effect includes both a threshold
adjustment process that temporarily halts motor output, as well as a
controlled selection process which recruits top-down resources to ensure
that the correct target and/or response is selected (Erb & Marcovitch,
2018). This is consistent with findings from the drift diffusion modelling
which showed that both evidence accumulation (drift rate) and response
caution (boundary separation) processes contributed to the congruency
sequence effect.

A further possibility, as indicated by the significant main effect of
previous congruence found in our main analyses (see supplementary
material) is that our findings reflect an increase in response caution
following incongruent trials. We explored this using the drift diffusion
modelling. For both the multiplication and Stroop tasks we found an
interaction between previous and current congruence in drift rate
indicating that evidence accumulation was facilitated by previous
incongruent trials, consistent with top-down, cognitive control expla-
nations of the congruency sequence effect. For boundary separation,
there was only a significant interaction between previous and current
congruence for the Stroop tasks. Moreover, there was no significant
main effect of previous congruence for either task. Taken together, this
suggests that our findings cannot be simply explained by an increase in
response caution following incongruent trials. The fact that the con-
gruency sequence effect on the multiplication task was not evident in the
boundary separation parameter may be because participants are aware
that there is conflicting information that they need to ignore in the
Stroop tasks, and are therefore more cautious in their response, but they
are unaware that this is also the case in the multiplication task.

It is possible that there are other non-inhibitory processes that may
contribute to the transfer of the congruency sequence effect. Cognitive
processes such as working memory have been found to be engaged in
Stroop paradigms (e.g. Botvinick et al., 2004; Perianez et al., 2021), and
it is possible that some of these other processes may also be contributing
to the transfer of the congruency sequence effect, perhaps in addition to
lower-level stimulus-response priming processes (e.g. Hommel et al.,
2004). Indeed, the congruency sequence effect was also present on the
non-decision time parameter of the drift diffusion modelling, such that
participants exhibited shorter non-decision times for congruent trials
following congruent trials compared to incongruent trials. This poten-
tially reflects facilitation or inhibition of stimulus encoding and response
execution processes contingent on the congruency sequence. More
research is required to precisely pinpoint the combination of inhibitory
and non-inhibitory mechanisms underpinning the transfer of the con-
gruency sequence effect, further informing our understanding of the
cognitive requirements involved in the retrieval of multiplication facts.

Nevertheless, our findings add to the growing literature exploring
the role of inhibitory control in mathematics more generally. Sup-
pressing interference between stored facts is one mechanism proposed to
explain the broader relationship between inhibitory control and math-
ematics skills. Other proposed mechanisms include suppressing inter-
ference from whole number knowledge when processing rational
numbers and suppressing prepotent or inappropriate strategies to make
adaptive strategy choices (Borst et al., 2012, 2013; Coulanges et al.,
2021; Lemaire & Lecacheur, 2011; Linzarini et al., 2015; Lubin et al.,
2013; Van Dooren & Inglis, 2015). To date, theorising on this topic has
largely been based on correlational evidence of an association between
inhibitory control and overall mathematics achievement (e.g. Blair &
Razza, 2007; Bull & Scerif, 2001; Clark et al., 2010; Espy et al., 2004;
Merkley et al., 2016; St Clair-Thompson & Gathercole, 2006) as well as
specific components of mathematics (e.g. counterintuitive reasoning
Brookman-Byrne et al., 2018; rational number understanding: Cou-
langes et al., 2021; arithmetic fact knowledge and procedural skill:
Cragg et al., 2017; strategy choice: Lemaire & Lecacheur, 2011; word
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problem solving: Winegar, 2013). However this correlational evidence is
mixed, with other studies failing to replicate these relationships (e.g.
Miller et al., 2013; Monette et al., 2011). Correlational findings provide
only limited evidence on which to base theories of the mechanisms
underpinning the learning and performance of mathematics. They are
able to demonstrate that inhibitory control and mathematics skills are
related but are unable to pinpoint how. The experimental paradigm we
have used here starts to uncover these precise mechanisms and could be
adapted further to directly test which other mathematical processes
recruit inhibitory control.

4.2. Is inhibitory control in multiplication fact retrieval stimulus-specific?

Within the cognitive control literature, transfer of inhibitory control,
particularly the congruency sequence effect, has primarily been found in
situations where the task sets (e.g. Akcay & Hazeltine, 2008; Kiesel et al.,
2006), and/or type of conflict (e.g. between stimuli and/or responses; e.
g. Akcay & Hazeltine, 2011; Funes et al., 2010a; Wiihr et al., 2015)
overlap. The task sets and type of conflict used in our tasks differed,
therefore it is notable that in Experiment 1 the congruency sequence
effect transferred. The two tasks (Stroop, multiplication) differed in a
number of ways: In the Stroop tasks the conflict arose primarily between
the perceptual and conceptual representations of size, whereas in the
multiplication task the conflict arose between competing multiplication
facts. The task sets differed in terms of the instructions given (to respond
to physical/numerical size, and to select the correct answer to the
problem). Moreover, we used two different types of Stroop task, a
number Stroop and an animal Stroop, to investigate whether the transfer
of inhibitory control depends on the similarity of the stimuli being
processed. If the transfer differed depending on the similarity of the
stimuli we would expect a significant three-way interaction between
previous congruence, current congruence and Stroop condition. This
interaction was not significant for either accuracy or RT. Moreover,
equivalence tests and Bayes Factors provided support for the null hy-
pothesis. Taken together, these results suggest that there was no dif-
ference in the level of transfer of inhibitory control for the two types of
Stroop task and that transfer of inhibitory control occurred even when
the stimuli used were very different.

Inhibitory control is classically considered as a domain-general
mechanism (e.g. Miyake et al., 2000; Norman & Shallice, 1986), how-
ever based in part on findings showing the lack of transfer of the con-
gruency sequence effect it has been suggested that there might be
multiple inhibitory control mechanisms (Egner, 2008; Notebaert &
Verguts, 2008), or more recently, that domain-general processes may be
activated in very context-specific ways (Abrahamse et al., 2016; Egner,
2014). This is supported by evidence that congruency sequence effects
do not typically transfer between inhibitory control paradigms (Akcay &
Hazeltine, 2008, 2011; Funes et al., 2010a; Kiesel et al., 2006; Viarouge
et al.,, 2023; Wiihr et al., 2015). Our findings are consistent with a
smaller body of research that has showed transfer between an estab-
lished inhibitory control paradigm (e.g. the Stroop or flanker task) and a
distinctively different paradigm such as an implicit bias task (Kleiman
et al., 2014), a number conservation task (Linzarini et al., 2015), a
bilingual code-switching task or syntactic or perceptual ambiguity tasks
(Kan et al., 2013; but see Aczel et al., 2021; Dudschig, 2022). These
findings suggest that, in some circumstances, inhibitory control pro-
cesses can be applied in a similar way across domains, such that transfer
can occur. Transfer between very different paradigms has been
explained by the suggestion that when tasks differ sufficiently they can
both be actively maintained in working memory and transfer of inhib-
itory control can occur (Braem et al., 2014). The fact that we showed
transfer when the tasks used similar stimuli (numbers) as well as very
different stimuli (animals) suggests that it is not the similarity of the
stimuli that determines whether the tasks are different enough to be
simultaneously maintained in working memory or not. Further research
is required to fully reconcile the mixed findings in the literature
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concerning transfer of congruency sequence effects. The time is perhaps
right for a meta-analysis to weigh the balance of evidence and system-
atically explore the factors that influence whether transfer occurs, or
not.

The extent to which inhibitory control is recruited in a stimulus- or
context-specific manner is also of interest within the field of mathe-
matical cognition. Previous investigations have relied on intervention
studies using either general or context-specific inhibitory control tasks
(Thorell et al., 2009; Wilkinson et al., 2020) or on comparing the
strengths of correlations between mathematics tasks and either numer-
ical or non-numerical inhibitory control tasks (Brookman-Byrne et al.,
2018; Bull & Scerif, 2001; Cragg et al., 2017; De Weerdt et al., 2013;
Gilmore et al., 2015; Kaufmann et al., 2013; Wang et al., 2012; Winegar,
2013; Zhang & Wu, 2011). These have produced mixed results. Our
results provide experimental evidence suggesting that inhibitory control
may not always be stimulus-specific and that similar inhibitory control
mechanisms can be employed across situations that differ in their stimuli
and task demands.

4.3. Is inhibitory control in multiplication fact retrieval proactive or
reactive?

A further question of interest to both fields concerns the time-frame
over which inhibitory control transfers and the extent to which proac-
tive or reactive mechanisms are involved. In Experiment 1 we showed
congruency sequence effects - the transfer of inhibitory control between
adjacent/subsequent trials of interleaved Stroop and multiplication fact
retrieval tasks with 50 % congruent and incongruent trials. In Experi-
ment 2, while we showed list-wide proportion congruence effects in both
the number and animal Stroop (inducer task) in both the congruency
manipulation and equal congruency phase, we failed to find evidence for
the transfer of list-wide proportion congruency effects: Manipulating the
proportion of congruent and incongruent trials on the Stroop (inducer)
tasks reduced the size of the congruency effect on the Stroop trials
themselves, but did not influence the congruency effect on the inter-
leaved multiplication (diagnostic) task trials. The congruency sequence
effect is interpreted as reflecting reactive, transient inhibitory control
processes that act on a trial-by-trial basis, whereas the list-wide pro-
portion congruency effect is thought to reflect a proactive sustained
deployment of inhibition across a whole task (Braem et al., 2019; De
Pisapia & Braver, 2006; Dosenbach et al., 2008;Funes et al., 2010b;
Torres-Quesada et al., 2013). While both of these inhibitory control
processes might be at play in both the Stroop and multiplication tasks,”
we found that only the reactive transient processes are similar enough to
transfer.

This finding is in contrast to previous studies that have compared the
transfer of congruency sequence effect and list-wide proportion con-
gruency effects between Stroop and Simon tasks, which suggest that the
sustained, proactive processes indexed by the list-wide proportion con-
gruency effect are more likely to transfer than the reactive, transient
processes indexed by the congruency sequence effect (Funes et al.,
2010b; Torres-Quesada et al., 2013). A Bayesian model of cognitive
control has been put forward that is able to account for flexible adjust-
ments in inhibitory control over changing congruency levels across
different time frames that can explain both the congruency sequence
effect and list-wide proportion congruency effect within the same model
(Jiang et al., 2014). The model predicts the probability of encountering
an incongruent trial in order to determine the amount of control that is
required. It estimates this probability by combining information from

5 The use of a predictable task order may have encouraged participants to
proactively switch to a different task set after each trial. However, even if
proactive transfer does also occur then finding evidence of reactive transfer in
Experiment 1 is perhaps even more notable, as a proactive switch would pre-
sumably reduce the effects.
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both the previous trial as well as longer-term experience across blocks of
trials. In a stable environment, where most of the trials are the same, the
weighting is biased to long-term information (i.e. when the majority of
trials are either congruent or incongruent). In a more volatile environ-
ment when the environment changes rapidly the weighting is biased to
shorter-term information. It could be argued that even though in the
congruency manipulation phase of Experiment 2 the congruency infor-
mation is stable, the fact that the task constantly changes results in a
weighting biased to shorter-term information, such that the list-wide
proportion congruency effect is weakened and does not transfer.
Importantly, this model provides an explanation as to why congruency
sequence effects were found in Experiment 1, as these are driven by
short-term information on the previous trial, but not the list-wide pro-
portion congruency effects in Experiment 2 which rely more heavily on
longer-term information.

A further possible explanation as to why proactive control was seen
in the Stroop tasks but did not transfer to the multiplication task may be
that participants are aware that there is conflicting information they
need to ignore in the Stroop tasks and therefore they may be more likely
to proactively engage control. In contrast, they may not be aware that
there is interfering information present in the multiplication task and
therefore not engage control proactively. This hypothesis could poten-
tially be tested by making participants aware of the interference in the
multiplication task. A further reason for the difference between studies
may be that list-wide proportion congruency effects are more sensitive
to differences between stimuli than to the type of conflict (Fernandez-
Duque & Knight, 2008; Funes et al., 2010b) and therefore the differences
between stimuli in the Stroop and multiplication tasks used in this study
was too wide for the transfer of list-wide proportion congruency effects
to occur.

4.4. Implications for interventions

Our experimental approach has been able to demonstrate transfer of
the congruency sequence effect from an inhibition paradigm to multi-
plication fact retrieval. This is valuable for identifying the mechanisms
underpinning the relationship between inhibitory control and mathe-
matics in order to inform theories of multiplication fact knowledge.
Congruency sequence effects within the same task are present in chil-
dren as young as 5 years of age (Ambrosi et al., 2016). Studies tracking
changes in the congruency sequence effect across development either
show stability from mid-childhood to adulthood (Cragg, 2016; Erb &
Marcovitch, 2018; Larson et al., 2012) or provide tentative evidence that
they may reduce slightly with age (Erb & Marcovitch, 2019; Kray et al.,
2012; Liu et al., 2018). This suggests that a similar transfer of the con-
gruency sequence effect from inhibition to multiplication fact retrieval
would take place in children as well as adults. Nevertheless, this does not
mean that educational interventions incorporating standalone inhibi-
tory control training would be beneficial. There has been increasing
interest in the potential of inhibitory control training to support chil-
dren’s learning and academic achievement in mathematics and other
subjects. However, most attempts to use inhibitory control training to
improve academic skills have failed to show significant transfer (Honoré
etal., 2020; Thorell et al., 2009). These studies used standalone practice
with inhibitory tasks as the training mechanism. Attempts to embed
inhibitory control training within lessons using ‘stop and think’ strate-
gies have been slightly more successful (Wilkinson et al., 2020) although
significant transfer was found only in science subjects and not in
mathematics. The fact that we found transfer of reactive inhibitory
control over a short timescale, but not proactive inhibitory control over
a longer timescale, makes it more unlikely that standalone non-
mathematical interventions designed to improve children’s responses
to interference would successfully transfer to mathematical learning
situations. Instead, educational approaches that focus on improving
children’s understanding of the ways in which mathematical material
and representations can cause interference (e.g. the interference of
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whole number knowledge when dealing with rational numbers) may be
a better avenue to explore. Critically, while experimental findings such
as those reported here can have implications for interventions, it is vital
to consider the range of additional factors that come into play when
moving from the lab to the classroom, such as the wider classroom
context, length and format of the intervention and who it will be
delivered by. It is essential to design and test any evidence-based in-
terventions with these in mind.

5. Conclusion

Our research provides experimental evidence that inhibitory control
transfers between an established inhibitory control paradigm (Stroop
task) and a multiplication fact retrieval task on a trial-by-trial basis. This
suggests that similar transient, reactive inhibitory control processes are
involved in both retrieving multiplication facts from memory and
ignoring irrelevant information in a Stroop task. Our findings have im-
plications for theories of cognitive control and mathematical cognition,
but caution should be taken in interpreting the implications for educa-
tional interventions.
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