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We investigated the role of working memory in symbolic and spatial algebra and related tasks across five
experiments. Each experiment combined a processing task (expression evaluation, arithmetic, coordinate
plane, geometry, or mental rotation) with verbal and spatial memory loads in a dual-task design. Spatial
memory was compromised in the presence of more difficult processing tasks, and verbal memory was only
compromised in the presence of algebraic tasks. The latter was related to the demands of retaining quanti-
ties associated with variables in verbal memory. We suggest that both verbal and spatial working memory
retention engage domain-general attention, but that their maintenance mechanisms differ. Verbal memory
has attention-based and rehearsal-based mechanisms, and thus sustaining verbal information over a short
period is less attention-demanding than holding spatial information. We suggest that effects of a memory
load on processing (e.g., x = 6) depend on whether use of maintenance strategies are possible for the spe-
cific memory load while carrying out processing. In all, our results indicate that algebraic tasks use do-
main-general attention and include verbal processing of algebraic variables (i.e., information conveyed in
x, y). We discuss the implications for algebra learning and working memory theories.
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Competence with algebra sets the foundation for learning the
more complex mathematics that undergirds preparation for success
in many science, technology, engineering, and mathematics
(STEM) fields (Gamoran & Hannigan, 2000; National Mathemat-
ics Advisory Panel [NMAP], 2008) and contributes to future ca-
reer success more broadly (Crisp et al., 2009; Hansen, 2014).
Despite its well-documented importance and repeated attempts to
improve outcomes, many students fail to achieve a level of compe-
tence with algebra that prepares them for further mathematics
learning (Stein et al., 2011). Changes in instructional approaches
are needed for these students and basic research on the factors that

contribute to algebraic learning has the potential to influence the
development of such approaches, but there are few such studies
(e.g., Geary et al., 2015; Pollack et al., 2016; Sweller & Cooper,
1985; Walczyk & Griffith-Ross, 2006).

Based on cognitive load theory, instructional practices that
reduce the working memory demands of the presented material
foster learning across domains, especially during the early
phases of this learning (Cooper & Sweller, 1987; Paas et al.,
2010; Sweller et al., 2019; Van Merrienboer & Sweller, 2005).
The development of such instruction approaches will be facili-
tated by an understanding of the working memory and atten-
tional demands associated with performance in key aspects of
algebra. Across five experiments, we explore the working mem-
ory and attentional demands associated with early but critical
components of algebraic knowledge and skills; specifically, ef-
ficiency and accuracy in evaluating expressions and placing or-
dered pairs in the coordinate plane, both of which predict
performance on tests of algebra achievement (Geary et al.,
2015).

The Current Study

Although numerous studies have demonstrated a significant
relationship between working memory and mathematics and
linked higher working memory capacity with better mathematics
performance (Peng et al., 2016), most of the associated findings
have come from individual differences research, and thus, causal
inferences cannot be drawn. Moreover, despite the considerable
importance of advanced mathematics skills, including algebra, less
is known about learning in these areas relative to arithmetic (Peng
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et al., 2016). Almost none of the studies that have been conducted,
to our knowledge, has used experimental designs to identify the
working memory processes engaged during problem solving in
these areas (though effects of memory load on algebraic process-
ing were observed by Ellis et al., 2020).
We aim to address this gap by investigating the working mem-

ory processes in higher-level mathematics through experimental
manipulations, using a dual-task method. The latter requires per-
forming a primary task (i.e., processing task) under a memory
load. Our focus is specifically on algebra because of its founda-
tional role in more complex mathematics (Fyfe et al., 2018; Gamo-
ran & Hannigan, 2000; NMAP, 2008) and the coordinate plane as
a precursor of algebra (Leinhardt et al., 1990).

Current Processing Tasks

We conducted five experiments, each with different processing
tasks (i.e., expression evaluation, arithmetic, coordinate plane, ge-
ometry, and mental rotation) and two memory loads (i.e., verbal
and spatial). The arithmetic task was included to assess the work-
ing memory and attentional demands of the arithmetic in the
expression evaluation task and the geometry and mental rotation
tasks were included to assess the potential spatial load demands of
the coordinate plane task. As an experimental procedure, we first
present a memory load (e.g., word list), then ask participants to do
a processing task and, after that, asked them to recall the memory
load material.

Current Memory Load Tasks

We chose commonly used, simple, verbal, and visual short-term
memory (STM) tasks to serve as memory loads during processing.
In the verbal memory task, participants saw a sequence of six ver-
tically represented words (i.e., reference array). The words disap-
peared and then reappeared after 16 s. The participants were to
determine whether the final word sequence was in the same order
as the initially presented sequence (for a similar procedure, see
Trbovich & LeFevre, 2003). In the spatial memory task, partici-
pants saw six crosses in a four-by-four grid, followed by an 11.3-s
blank screen. They then determined whether a newly presented
group of six crosses was in the same or different position as the
original group. The type of visual load was like the one used in the
visual pattern span task (Della Sala et al., 1999).
These tasks were meant to be relatively comparable except that

the verbal task involves word sequences, and the visual task
involves a spatial array of marked locations. One can compare the
tasks on both the types of materials involved and the types of proc-
esses involved. One point of view is that verbal and visual materi-
als are stored in different modules (e.g., Baddeley & Hitch, 1974;
Baddeley & Logie, 1999), and thus the different types of memory
load should differentially affect processes that draw upon verbal
and visual stores. For example, mental rotation must involve spa-
tial processing that should be dependent on a visual store, whereas
the assessment of algebraic expressions must involve symbolic
processing that should be dependent on a verbal store.
In addition to these modality effects, however, an asymmetry

would be expected according to other points of view (e.g., Cowan,
1988, 2019), in which attention plays an important role. Specifi-
cally, there is considerable research support for an asymmetry in

which the storage of visual materials recruits general attention,
whereas verbal materials recruit it less and can make use of less-
attention-demanding, verbal forms of holding information (Bar-
rouillet & Camos, 2015; Gray et al., 2017; Morey et al., 2013;
Vergauwe et al., 2010). According to these views, there should be
a more pervasive effect of visual span than of verbal span. The
two span tasks used here were selected to assess the processes
involved in each kind of algebraic task, including both domain-
specific processes and a reliance on general attention.

A great deal of previous research confirms that the effect of
processing tasks on memory load retrieval depends on task
demands. For instance, random interval generation (i.e., produc-
tion of time intervals that do not follow any pattern; Vandieren-
donck et al., 1998) interfered with verbal and spatial span tasks
(Martein et al., 1999). On the other hand, articulatory suppression
(i.e., repetition of the same verbal stimuli, DeStefano & LeFevre,
2004) selectively affected memory span task performances; partic-
ipants could recall fewer verbal items, but it didn't influence the
maximum number of spatial items they remembered (Martein et
al., 1999). The observation of interference between a processing
task and a memory load task would indicate shared resources
(Trbovich & LeFevre, 2003) if both tasks demand general atten-
tion. Therefore, using the same memory load tasks from one
experiment to the next, a difference in the extent of mutual inter-
ference between a visual load and processing may indicate a dif-
ference in processing task difficulty. Any effect from a dual-task
cost between visual memory and the processing task also could be
interpreted as indicating a specific visual processing component of
the task, but that conclusion is more likely for some processing
tasks than for others. For example, interference between a visual
load and mental rotation could easily be due to shared visual proc-
essing, but the same cannot be said if there is a dual-task cost
between visual span and algebraic expression evaluation. There-
fore, our conclusions depend on comparison of the results from all
the experiments.

Main Issues

Using this technique, we explored (a) the extent to which coor-
dinate plane and algebra depend on domain-specific stores like the
phonological loop and the visual-spatial sketchpad (or in Cowan’s
approach, activated long-term memory with feature-specific inter-
ference) and (b) to the extent to which coordinate plane and alge-
bra depend instead on attention and executive functions. The
difference between the two possibilities is that only the latter pre-
dicts interference between a verbal process and a visual memory
load, or between a visual process and a verbal memory load. Thus,
the experiments contribute to our understanding of the working
memory and attentional demands of core algebraic competencies
and to our understanding of whether these working memory and
attentional demands are domain-specific or based on domain-gen-
eral attentional resources. First, we examine what the literature
tells us about what we might expect.

Working Memory and Processing Mathematics
Information, Including Algebra

Both experimental and individual differences studies have
shown that higher working memory (WM) capacity is associated
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with better performance in various areas of mathematics, although
most of these studies have focused on arithmetic (Adams & Hitch,
1997; Cragg et al., 2017; De Smedt et al., 2009; Geary et al.,
2007; Geary & Widaman, 1992; Hitch, 1978; Imbo & Vandieren-
donck, 2007; for a review, see DeStefano & LeFevre, 2004). Indi-
vidual differences studies are useful for identifying relations
between WM and performance in mathematics, but experimental
manipulations of working loads are needed to make causal infer-
ences (e.g., Imbo & Vandierendonck, 2007). Manipulations of
visuospatial and verbal loads using dual task methods have been
shown to influence aspects of arithmetic computation (DeStefano
& LeFevre, 2004; Fürst & Hitch, 2000; Hitch, 1978). As an exam-
ple, Trbovich and LeFevre (2003) found that manipulation of
verbal load disrupted adults’ ability to correctly solve horizontally
presented arithmetic problems (e.g., 6 þ 37), whereas manipula-
tion of spatial load disrupted their ability to solve vertically pre-
sented problems.
However, there are no comparable studies (to our knowledge)

of visuospatial and verbal load manipulations as related to per-
formance on algebraic tasks. We provide these studies and focus
on algebraic expression evaluation and accuracy in placing or-
dered pairs in the coordinate plane. The latter is an important
prerequisite for understanding how equations and functions map
to coordinate space. The evaluation of expressions is dependent
on the processing of arithmetic and variables (Walczyk & Grif-
fith-Ross, 2006). We first review the evidence on the role of
working memory in algebraic expressions and arithmetic evalua-
tions, and then review the evidence on its role for spatial aspects
of algebra.

Algebraic Expression and Arithmetic Evaluation

An understanding of and fluency with variables are cornerstones
of the early learning of algebra and taught based on students’
knowledge of arithmetic (e.g., Barbieri & Booth, 2020; Fuchs et
al., 2012; NMAP, 2008; Pillay et al., 1998). Fuchs et al. (2012)
showed that students’ emerging understanding of variables is
influenced by their earlier competence with arithmetic, with indi-
vidual differences in verbal working memory indirectly influenc-
ing the learning of variables through individual differences in
arithmetic competence. Walczyk and Griffith-Ross (2006) found
that adults’ accuracy in solving algebraic expressions (e.g., x = 6,
solve 3 3 �6) was strongly correlated (r = .68) with the speed of
solving complex arithmetic problems (e.g., 82 þ 34). Their hy-
pothesis was that arithmetic fluency reduced the WM demands of
evaluating the expressions. We might then expect that the influ-
ence of WM on evaluating expressions is like the influence of
WM on learning and solving complex arithmetic problems.
However, the interference between the verbal load and the proc-

essing of arithmetic versus algebraic expressions could differ inas-
much as some recent studies indicate differences in how this
information is processed. As an example, Pollack et al. (2016) used a
comparison task with Arabic numerals (e.g., 6) and variables (e.g., x,
y, and z). After learning and practicing predetermined variable and
numeral pairs (e.g., y = 9), participants were primed with an Arabic
numeral (e.g., 2) and asked to determine whether it was larger than 5.
The sequence of priming-target symbols had two different versions:
(a) Arabic numeral-Arabic numeral (e.g., 2 then 4), and (b) Arabic
numeral-variable (e.g., 7 then W). The goal was to compare the

distance effect, in which reaction times are slower and less accurate
as the priming and target items get closer to a benchmark (5 in
this case), as well as the priming distances effect in which reac-
tion times and error rates go up as the distance between prime
and target decreases. It was found, though, that both distance
effects were present for the comparison of two Arabic numerals
to 5, but absent when the target item was a variable. Based on
this finding, the researchers suggested that the mental process-
ing of variables differs from that of Arabic numerals. These
results indicate that interpretation of the variables (e.g., retriev-
ing the fact that G = 7) may include additional verbal processing
and partially overlap in time with the process of the numeral
comparisons that drive the distance effect. One possibility is
that the overlap obscures the distance effects.

Similar distinctions between numeral and variable processing
were observed in magnitude comparisons (Pollack & Price, 2020).
While comparing an Arabic numeral (e.g., 5) with a variable (e.g.,
R, where participants previously learned that R = 7), a number word
(e.g., TWO), or an artificial symbol (e.g., "j, previously learned
that "j=1), the fastest response times occurred for number words
and the slowest for variables. Getting the fastest responses in Arabic
numeral-number-word pair comparisons was expected based on
participants’ long-term exposure to numerals and number words
and the quantities they represent. However, slower responses with
variables compared with the artificial symbols is noteworthy
because it indicates a potential interference effect from literacy
experiences when processing variables in a mathematical context
(Pollack & Price, 2020; see also McNeil et al., 2010).

Taken together, these findings suggest verbal processing might
be uniquely engaged during the solving of algebraic versus arith-
metic expressions, given that only the former includes variables. If
so, then imposition of a verbal WM load should disrupt the proc-
essing of algebraic expressions more severely than the processing
of arithmetic expressions.

Spatial Aspects of Algebraic Processing

Competence with the coordinate plane is a significant precursor of
and contributor to algebraic learning (Geary et al., 2015), and it is, at
the same time, an important part of the transition from number lines
to functional graphs (Earnest, 2015). In the initial stages of mathe-
matics development, students form space and number connections
through the number line in one-dimensional space where every num-
ber corresponds to a point (Earnest, 2015). Later, around fifth grade,
they expand this association to the two-dimensional coordinate plane,
where number-pairs (i.e., ordered x and y pairs, respectively) describe
the position of a point in space (Earnest, 2015). Determining the
position of a point on the coordinate plane is vital because it is neces-
sary for graphically presenting the relationship between x and y in
algebraic equations (e.g., how y changes while x changes) and
strengthens the associations between number and algebra (Kilpatrick
et al., 2001; Leinhardt et al., 1990). It has been demonstrated that ac-
curacy in placing ordered pairs on the coordinate plane predicts per-
formance in algebra, controlling other factors (e.g., intelligence,
executive functions; Geary et al., 2015), but little is known about the
WM demands of making these placements.

Verbal WM is one potential mechanism because, as noted, it
appears to be important for processing variables and the order-
pairs involve associating numerals with position along the x axis
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and the y axis. We also added a control (spatial) experiment that
only required the identification of angle change in the coordinate
plane (i.e., x axis and y axis information did not need to be
retained) to investigate whether the spatial nature of the task inter-
feres with the verbal WM memory demand of retaining and plac-
ing the coordinate pairs.
It is also possible that visuospatial WM contributes to accuracy

in placing ordered pairs because of the spatial nature of the plane.
However, visuospatial WM manipulations are not as straightfor-
ward as verbal WM manipulations, because it is difficult to sepa-
rate visuospatial WM demands from general attentional demands.
On the one hand, some researchers propose that WM consists of
distinct modules with their own attentional resources (e.g., Bad-
deley & Logie, 1999). On the other hand, opponents of multicom-
ponent working memory models claim that different types of
codes are part of activated central working memory, so they are
in a common place rather than in separate modules (e.g., Cowan,
1999), or that a representation-refreshing process is often used
that requires attention and can be applied to all kinds of represen-
tations (e.g., Vergauwe et al., 2010). In other words, a visuospa-
tial WM load might undermine speed and accuracy of placing
ordered pairs on the coordinate plane, but the underlying mecha-
nisms would be less certain than for a verbal WM disruption of
performance.
Placing ordered pairs in the coordinate plane requires, we

expect, the focusing of attention on a discrete area of the plane, as
well as coordinating information about relative position along the
x and y axis to make an accurate placement; placement of magni-
tudes on the x-axis is related to visuospatial attention (Geary et al.,
2021). We were interested in the latter and thus conducted a con-
trol experiment that involved a mental rotation task because of its
well-documented spatial component, absence of a verbal compo-
nent, and necessity of intensive attention (Berch et al., 1998). We
hypothesize that either storage (i.e., memory loads) or processing
task (i.e., mental rotation) can use attention, and thus storage and
processing task interfere with one another even when they occur in
different modalities, as in Vergauwe et al. (2010).

Distinguishing Between Views of Working Memory

As summarized in the third and fourth columns of Table 1, there
is a way to determine the most probable mechanism or mecha-
nisms related to the different processing task demands. We suggest
that there are substantial verbal processing demands in the first
three experiments (i.e., expression evaluation, arithmetic equa-
tions, coordinate plane), and substantial spatial processing
demands in the last three experiments (i.e., coordinate plane, ge-
ometry, mental rotation). If verbal and spatial representations
engage different modules with independent resources (Baddeley &
Logie, 1999), then each type of processing task should result in in-
terference with the kind of load or loads that match the processing
task demands.
In contrast, if there only is a single attentional mechanism that

is engaged in all tasks, we should see interference between storage
and processing for all tasks. Intermediate between these views,
Cowan (1988, 1999, 2019) has suggested that there is a need for
attention in most tasks but also with a second, less-attention-
demanding mechanism of verbal rehearsal available when articula-
tion is relevant (see also Barrouillet & Camos, 2015; Gray et al., T
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2017; Morey et al., 2013; Vergauwe et al., 2010). According to
that view, there should always be interference between processing
and a visual memory load, but with selective interference between
processing and a verbal memory load when the processing requires
verbal rehearsal.
There are two different ways in which a dual task can be exe-

cuted. In an attention-switching method, participants can cease to try
to maintain the load while the process is carried out, and then return
to the load later, using attention to retrieve information from the acti-
vated portion of long-term memory. In contrast, in an attention-shar-
ing method, the participant can attempt to continue to maintain the
load while processing. Attention-switching should result in an effect
of processing on storage, but little or no effect of storage on process-
ing (cf. Cowan et al., 2021; Doherty et al., 2019). In contrast, the
attention-sharing method should result in a more moderate effect of
processing on storage (e.g., a more moderate influence of perform-
ing a processing task on spatial memory recall) but also an effect of
storage on processing (e.g., the influence of holding spatial informa-
tion on processing task performance; Cowan et al., 2021). Although
this distinction could apply to either the domain-specific or the do-
main-general views of working memory, it is an important one in
understanding the full pattern of dual-task effects.

Experiment 1: Expression Evaluation

Method

Participants

We initially recruited 60 participants through Prolific but
excluded three of them for their existing or potential distraction
statements (e.g., Please try to minimize distractions. If there is a
distractor that you cannot help, please tell us what it is; “People
talking around me”), reducing the total to 57 participants (38
females, 18 males, one unreported). We simulated data from three
imaginary populations, one with a smaller condition effect (H1A),
one with a larger condition effect (H1B), and one without a condi-
tion effect (H0). For each simulation, we created a large data sam-
ple including 1000 imaginary participants with 10 experimental
trials in each condition (Conditions A and B). This large data sam-
ple had a specified overall accuracy rate for each condition, repre-
senting the assumed true population effect for these three different
scenarios (H1A, H1B, H0). For each scenario, we selected N = 52
random imaginary participants (the smallest included sample size
in the article) and ran our statistical model 100 times. This allowed
us to assess the rate at which evidence for or against an effect was
observed in these 100 simulations.
We consider either a Bayes Factor . 3 and . 10 as evidence

for or against an effect. First, in the imaginary population without
a condition effect (H0; simulated data sample: condition A: 80%
accurate, condition B: 80% accurate), with a Bayes Factor . 3
cut-off, 0% of the simulations found evidence for an effect, 5% of
simulations were inconclusive, and 95% found evidence against
an effect, suggesting that this sample size and method produced a
low rate of false positives. Using a cut-off Bayes Factor . 10, 0%
of the simulations found evidence for an effect, 24% of simula-
tions were inconclusive, and 76% found evidence against an
effect. Next, we assume a small effect (H1A; condition A: 80%
accurate, condition B: 75% accurate). With a cut-off Bayes Factor

. 3, 22% of the simulations found evidence for an effect, 23% of
simulations were inconclusive, and 55% found evidence against
an effect. Using a cut-off Bayes Factor . 10, 13% of the simula-
tions found evidence for an effect, 57% of simulations were incon-
clusive, and 30% found evidence against an effect. This suggests
that if an effect exists but is small (five percentile units or less), we
are not very likely to accurately detect it. Finally, we assumed a
true larger condition effect (H1B; condition A: 80% accurate, con-
dition B: 70% accurate). With a cut-off Bayes Factor . 3, 78% of
the simulations found evidence for an effect, 18% of simulations
were inconclusive and 4% found evidence against an effect. Using
a cut-off Bayes Factor . 10, 66% of the simulations found evi-
dence for an effect, 33% of simulations were inconclusive, and 1%
found evidence against an effect. This suggests that this sample size
and method is quite suitable to accurately detect larger effects.

The mean age of participants was 24.03 years (SD = 3.79,
Range 18.11–31.10). All participants were native English speak-
ers, and most of them (88%) had at least one college degree. Seven
percent of the participants were Hispanic or Latino, and 3% did
not report their ethnic identity. Their racial distribution was 78%
White or European, 2% Asian, 9% Black or African American,
and 9% multiracial; 2% did not report their racial identity. To
accommodate participants’ preferences, all the experiments were
compatible with both touchpad (i.e., small screen and tablet) and
computer screens (i.e., large screen); 2% and 98% of participants
used small and large screens, respectively. They had normal or
corrected vision. The study was approved by the University of
Missouri Institutional Review Board (IRB #2002634).

Design

The experimental setup is depicted in Figure 1. There were
five experimental blocks, three of which consisted of a single
task (i.e., either a processing or a memory task), and the other
two included a dual task (i.e., a processing task with a memory
task). Each block consisted of 10 trials, creating 50 total trials
(two blocks of 10 dual-task trials and three blocks of 10 single-
task trials).

Single task blocks:

1. Single-task processing comprising 10 expression evalua-
tion questions.

2. Single-task verbal memory comprising 10 verbal memory
questions.

3. Single-task spatial memory comprising 10 spatial mem-
ory questions.

Dual tasks blocks:

1. Dual-task verbal memory comprising 10 verbal memory
questions and 10 expression evaluation questions. The
processing questions were between the reference word
array (below) and verbal memory question.

2. Dual-task spatial memory comprising 10 spatial memory
questions and 10 expression evaluation questions. The
expression evaluation questions were between the refer-
ence array (below) and spatial memory questions.
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Within each block, the answer was “yes” (e.g., correct solution) to
half of the questions and “no” (incorrect solution) to the other half.
Two demonstrations were presented at the beginning of the experiment
to introduce the processing and memory tasks. Participants then com-
pleted two practice trials to become familiar with the questions and their
order within the current block. The order of the blocks and the ques-
tions within the blocks was presented randomly for each participant.

Tasks

Expression Evaluation. In the expression evaluation process-
ing task, participants determined (yes, no) whether the solution of
the given algebraic equation was correct (or not) for the presented
variable values (i.e., expression evaluation, e.g., 7x þ y = 52,
given that x = 6, y = 9).

Immediate Memory Tasks. We chose verbal and spatial STM
tasks, with items to be held in memory while doing a processing task,
or during a blank interval of the same duration. In the verbal memory
task, participants saw a sequence of six vertically represented words
(i.e., reference array). The words disappeared and then reappeared after
16 s. Next, the participants determined whether the final word
sequence was in the same order as the initially presented sequence.

In the spatial memory task, participants saw six crosses in a
four-by-four grid, followed by an 11.3-s blank screen. They then
determined whether a newly presented group of six crosses was in
the same or different position as the original group. All participants
responded by choosing either the Y button for yes or the N button
for no, and if they changed their decision, they could deselect their
previous choice. The trial ended participants made their final choice
(Yes, No).

Figure 1
Examples of Three Kinds of Trials in Experiment 1

Note. (A) An example of a single processing task trial (i.e., expression evaluation). (B) An example of a single memory task trial.
(C) An example of a dual task trial. See the online article for the color version of this figure.
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Materials

We coded all the experiments via the PsyToolkit (Stoet, 2010,
2017). The background color was black, and text colors were
white for stimuli and white, yellow, and green for instructions.
The text font was Arial 40 pt.
Expression Evaluation. For expression evaluation items, we

determined algebraic variable values using one- (e.g., x = 9) and
two-digit numbers (e.g., y = 12) , 20. All expression evaluation
items required either carrying or borrowing and included multipli-
cation, as well as either addition or subtraction (e.g., 6y � x = 64,
for the full list of items, see Appendix A). When the equation was
solved using the given variables, half of the answers shown
matched the solution when properly calculated and half did not.
Both correct and incorrect equations always had positive integers
as solutions.
Word Lists. For verbal memory tasks, we prepared 10

groups of six words for each block from a list of 120 one-sylla-
ble, three- to five-letter words. No word was used more than
once. We used the MRC Psycholinguistic Database to generate
the word list (Wilson, 1988). The frequency levels of the words
were between 551 and 646, meaning that they were among the
most frequently used of all words. All the words functioned
exclusively as nouns, not as both nouns and verbs (e.g., “walk”).
After choosing the words, we randomized the entire sequence of
120 words and divided them into groups of six for 20 trials,
using dplyr (Hadley et al., 2019) and tidyr (Hadley & Henry,
2019) packages in R (R Core Team, 2019). We presented all
word sequences horizontally.
Spatial List. For the spatial list, we used a 4 3 4 grid and

assigned a number between 1 and 16 to each cell, starting with 1
on the top-left corner and increasing from left to right. We then
used dplyr (Hadley et al., 2019) and tidyr (Hadley & Henry, 2019)
packages in R (R Core Team, 2019) to choose six of the 16 num-
bers randomly (e.g., 3, 7, 15, 13, 2, 8). Yellow crosses were then
added to the corresponding cells. We repeated this process for all
20 six-cross arrangements. While constructing the patterns, we
chose only those that had no more than two adjacent crosses.

Instructions

Each experiment began with general instructions, including in-
formation regarding the experimental design (e.g., type of tasks,
pictures of feedback, and purpose of the buttons). After that, the
participants received task-specific explanations before the demo;
The goal was to familiarize participants with the processing and
memory tasks. These explanations contained both verbal and pic-
torial information about the task contents and experimental pro-
cedures. Following the demonstration, we informed participants
that all tasks in the experiments (dual vs. single) were equally
important (“Please remember, during the experiment, you will
sometimes get some of these tasks in combination with each
other. The other times, you will do a single task. However, all
tasks are equally important.”) Then, the experimental section
began, which included training trials and test sections. Before
both training trials and test sections (across all conditions), the
notification message appeared on the screen, together with a
request to be as fast and accurate as they can (“Please respond as
fast and accurate as you can! This task is about speed and accu-
racy!”). All task instructions are in the additional materials.

Procedure

The procedure and timing of stimuli are shown in Figure 1. The
duration between the disappearance of the reference memory array
and the appearance of the test memory array was 16 s for both sin-
gle-task memory blocks and dual-task blocks. The time intervals
were equal across conditions to determine if inserting a processing
task between collections to-be-remembered (e.g., word list) and
memory questions affected recall of the memory items. In the
dual-task blocks, the maximum amount of time used to complete
the processing tasks was 11.3 s after subtracting the time necessary
to present stimuli. As we wanted to keep the time interval con-
stant, participants had to wait until the 16-s interval expired time
before being presented with the memory questions. To keep the
time given for the task completion consistent, we put a restriction
of 11.3 s on the single-task processing and both single- and dual-
memory tasks. However, unlike the processing tasks, participants
could move forward as soon as they finished each memory task
(for an illustration, see Figure 1).

Each trial started with a fixation point for 1,000 milliseconds.
After the disappearance of the fixation point, there was a 1,000-
ms delay. In the single-task processing block, participants
received an expression evaluation to solve within 11.3 s. In the
single-task verbal memory blocks, we presented a sequence of
six words simultaneously, for a total of 5 s, followed by a 16-s
blank screen, and then the memory list appeared; participants
had 11.3 s to determine whether the list order was the same or
different as the original order for that trial. Likewise, in the sin-
gle-task spatial memory block, an arrangement of six crosses
(i.e., reference memory array) was on the screen for 2 s, followed
by a blank screen for 16 s, and then another set of six crosses
was presented. Participants had 11.3 s to determine if the current
solution matched with the actual answer for that trial. They could
choose “yes” or “no” as an answer and move to the next trial af-
ter their response.

Each trial in both single-task memory blocks ended with feed-
back (Correct, Incorrect) for 1,000 milliseconds after a pause of
200 milliseconds. In dual-task blocks, after seeing the reference
memory array (i.e., spatial arrangement or word chain), partici-
pants received the expression evaluation question to solve within
11.3 seconds. Then, 16 s after the disappearance of the reference
arrays, they performed the memory tasks within 11.3 s by answer-
ing if the order of the verbal sequence (six words presented verti-
cally) or spatial arrangement (six crosses on the square frame)
matched the one shown at the beginning of the trial.

Data Analytic Approach

Accuracy was the key outcome variable. We used Cohen's d as
an effect size measure. In the first of three analyses, we explored
the effect of memory load on expression evaluation accuracy as a
function of block type (i.e., expression evaluation, expression eval-
uation þ verbal load, expression evaluation þ spatial load). For the
second and third analyses, we explored whether the expression
evaluation task influenced verbal or spatial memory performance,
respectively. We added the block type (i.e., for verbal memory per-
formance, verbal load, verbal load þ expression evaluation; for spa-
tial memory performance, spatial load, spatial load þ expression
evaluation) as independent variables to examine if the processing
task had a significant effect on memory recall. Finally, we
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conducted additional, follow-up analyses to learn more about the
pattern of results, which will be explained in the Results sections of
the experiments in which they are used.
For all analyses, we performed Bayesian instead of Frequentist

inferential statistics. We did this because it is not possible to argue
for the null hypothesis under frequentist testing (Jeffreys, 1961),
but it possible with Bayesian analyses (Rouder et al., 2012), which
has important implications for interpreting any null effects of
memory loads on processing performance and vice versa (cf. Gui-
tard et al., 2020). We determined Bayes Factors (BF) for binary
logistic regression through “brms” package in R (Bürkner, 2017;
R Core Team, 2019) to examine performance differences between
load conditions using trial-level performance data. This method
accounts for the binary distribution of our data (correct or incor-
rect) and includes guessing rate in the model (50% correct with
two-forced choice). Such multilevel models allow modeling of
data that take complex dependency structures into account and
yield not only the mean but also a measure of the uncertainty of
each parameter (the Bayesian Credible Interval). This model esti-
mates the effect on the parameter h (‘eta’; ability) by load-condi-
tion, using a Bernoulli distribution.
For all models, item and participant identity were included as

random intercepts, to account for individual variation. The de-
pendent variable was Correct versus Incorrect responses (1 or 0)
on each trial (‘Accuracy’ in the example below). We used a nor-
mally distributed prior for eta (withM = 0, SD = 5, specified using:
‘prior(normal(0,5)’ below). The basic model including these pa-
rameters, as specified in R, is presented here:

my model,� brmððbf ðAccuracy� 0:50þ 0:503

inv logitðetaÞ; eta�ð1jIDÞ þ ð1jItemÞ; nl ¼ TRUEÞ; data
¼ my data; family ¼ bernoullið“identity”Þ; save all pars

¼ TRUE; prior

¼ priorðnormalð0; 5Þ; nlpar ¼ “eta”Þ; sample prior

¼ TRUE; iter ¼ 10000; seed ¼ 123Þ

See Bürkner (2019) for details on R syntax and model specifica-
tions for Bayesian item response modeling.
We used a normally distributed prior for eta. For each model

parameter, we report the parameter estimate, and its’ 95% credible
interval (CI). To obtain the BF in favor of the model including the
load condition, we examined posterior distributions for the param-
eters, as well as compared the models including the load condition
and individual participant effects, with a model with only the indi-
vidual participant effects. We used the ‘bayes_factor()’ function
which approximates the model’s marginal likelihood using the
bridge-sampling algorithm, see Gronau et al. (2017, 2020) for fur-
ther details.
BF provides information about the probability of the data given

the presence of an effect (i.e., alternative hypothesis) compared
with the probability of data given the absence of an effect (i.e.,
null hypothesis). For instance, a BF of 10 means that the likeli-
hood of the alternative hypothesis is 10 times the likelihood of the
null hypothesis based on the present data (Wetzels & Wagen-
makers, 2012). There are different views on how to choose

thresholds and name the intervals between them (e.g., Jeffreys,
1961; Kass & Raftery, 1995; Schönbrodt & Stefan, 2018; Schön-
brodt et al., 2017; Schnuerch et al., 2021). In the current study, the
criteria for the magnitude of the effects were based on a combina-
tion of terms for thresholds proposed by others, including Jeffreys
(1961), Lee and Wagenmakers (2014), Schönbrodt and Stefan
(2018), and van Doorn et al. (2021). We used category labels in
which a Bayes Factor for the alternative hypothesis below 3 is
inconclusive, 3–10 = moderate evidence, 10–30 = strong evidence,
30–100 = very strong evidence, and 100þ = decisive evidence for
the alternative hypothesis. Conversely, the reciprocal of each num-
ber expresses support for the null, so, for example, a BF below 1/
10, or .10, indicates positive support for the null hypothesis. When
the outcome of this model comparison is ‘inconclusive’ (defined
as a BF between .33 – 3), we use a directional test to compare the
hypothesis that the load effect was larger than 0, as opposed to it
being smaller than 0.

Our models seemed to converge well, as indicated by a r^ value
of 1, and visual inspection of the parameter trace plots, showing
random scatter around a mean value.

In all models below, the single-load (baseline) condition was
used as the cornerstone condition, to which performance in the
load condition(s) was compared. A negative value of h indicates
that performance was poorer in the specified load condition,
whereas values close to 0 indicates no difference. For each model,
the CIs (the values in square brackets) indicate the lower and
upper bounds of the 95% CI of the posterior distribution for the
parameter, indicating that given the data and our prior assump-
tions, there is a .95 probability that this interval encompasses the
effect of h.

Results

As shown in Figure 2, the expression evaluation accuracies
seem to differ slightly across conditions, and the differences disap-
pear when individual differences are considered. The statistical
analyses moderately support our visual inspection with a note that
BF values were very close to .10, a threshold for the strong evi-
dence for the null hypothesis. Processing task (i.e., expression
evaluation) performance (baseline, M = .74, SD = .20) did not
change in the presence of verbal memory load (M = .69, SD = .20;
d = .12, h = �.41, SE = .34, 95% CI [�1.07, .26], BF = .15). Simi-
larly, there was no difference between performance in the baseline
processing task and the spatial memory load condition (M = .71,
SD = .19; d = .07, h = �.36; SE = .31, 95% CI [�.98, .25], BF =
.12). A separate contrast suggested that expression evaluation per-
formance did not differ between verbal and spatial memory load,
as well (BF =.07).

In contrast, evaluating expressions disrupted both verbal mem-
ory (Verbal, M = .80, SD = .19; Verbal with expressions, M = .71,
SD = .19) and spatial memory (Spatial, M = .76, SD = .17; Spatial
with expressions, M = .67, SD = .17). The results were strong for
both verbal memory (d = .22, h = �1.16, SE = .31, 95% CI
[�1.79, �.59], BF = 228.5) and spatial memory (d = .21, h =
�.99; SE = .30, 95% CI [�1.60, �.43], BF= 19.9). There is no
evidence for an interaction, indicating that the load effect was sim-
ilar for the verbal and spatial memory tasks (BF = .08).
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Discussion

The results of Experiment 1 revealed that maintaining verbal
or spatial items in memory did not appear to affect the accuracy
of evaluating expressions. Conversely, the processing algebra

expressions compromised both verbal and spatial memory loads.
The latter supports possible spatial and verbal processing in
expression evaluation. However, due to well-documented associ-
ation between working memory and arithmetic (for a review, see
DeStefano & LeFevre, 2004; Peng et al., 2016), the roles of

Figure 2
Graphs of Experiment 1

Note. (A) The effect of memory loads on expression evaluation accuracy. (B) The effect
of expression evaluation on verbal memory recall. (C) The effect of expression evaluation
on spatial memory recall. Error bars represent the standard errors of the means.
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spatial and verbal working memory in expression evaluation
above and beyond arithmetic are unclear. Thus, next, we carried
out Experiment 2 using arithmetic instead of algebraic expres-
sions, for a comparison with Experiment 1.

Experiment 2: Arithmetic Processing

Method

Participants

We recruited 60 participants through Prolific and dropped two
of them for their existing or potential distraction statements, leav-
ing a total of 58 participants (21 Females, 37 Males). The mean
age of the participants was 24.08 years (SD = 3.66, range =
18.4–30.9). All except one (2%) of the participants were native
English speakers, and majority of them (86%) had at least a col-
lege degree.
Seven percent of participants were Hispanic or Latino, and 2%

preferred not to report their ethnicity. Their racial distribution was
62%White or European, 19% Asian, 10% Black or African Amer-
ican, 2% American Indian/Alaskan, 2% other, 3% multiracial, and
2% unreported. Regarding devices, 2% and 98% of participants
used small and large screens, respectively. All of them had normal
or corrected vision.

Materials

For memory tasks, we presented the same six-word chains and
spatial arrangements used in Experiment 1. For the arithmetic
processing task, we used the same equations as in the previous
experiment and replaced the variables with the associated numer-
ical values. Therefore, the primary difference across Experiment
1 and the current experiment was the absence of unknown val-
ues. We presented the arithmetic equations in the form of expres-
sion evaluation items and added parentheses to reduce order of
operations confusions [for example, expression evaluation form,
6y � x = 64, given x = 9, y = 13; arithmetic form, (6 3 13) – 9 =
64].

Procedure

The procedure was the same as in the previous experiment. The
only difference was the absence of the presentation of the x and y
values, which took 2.5 s in the previous experiment. To keep the
duration between the memory array and memory question constant
across experiments (i.e., 16 s), we increased the interval between
the initial and final presentation of the memory items (e.g., word
list) from 11.3 s to 13.8 s.

Analysis

We followed the same procedures as previous experiments.

Results

As shown in Figure 3, participants’ mean scores for arithmetic
equations were similar across all conditions (Arithmetic,M = .82, SD
= .14; Arithmetic with verbal, M = .79, SD = .18; Arithmetic with
spatial M = .82, SD = .19). Arithmetic performance did not differ

under verbal (d = .08, h = �.24, SE = .26, 95% CI [�.75, .27], BF =
.08) or spatial memory load (d = .01, h = .05, SE = .26, 95% CI
[�.45, .55], BF = .05), compared with the baseline condition (i.e.,
arithmetic alone). A separate contrast confirmed with moderate evi-
dence that arithmetic performance did not differ between verbal and
spatial memory load (BF = .17).

Also, we found moderate evidence that solving the arithmetic
problems had little effect on verbal memory (Verbal, M = .81,
SD = .18; Verbal with arithmetic, M = .77, SD = .19; d = .11, h =
�.47, SE = .41, 95% CI [�1.27, .33], BF = .17). However, solving
the arithmetic problems substantively disrupted spatial memory
(Spatial,M = .76, SD = .19; Spatial with arithmetic, M = .68, SD =
.15; d = .20, h = �2.34, SE = 1.02, 95% CI [�4.69, �.75], BF=
23.8). The interaction of the modality with the presence or absence
of load was, however, inconclusive (BF = .42), suggesting that the
difference between load effects in the verbal versus spatial modal-
ities still must be viewed cautiously.

Discussion

The results of Experiment 2 showed that there was no effect
of memory loads on the processing of arithmetic expressions.
However, the presence of the processing task appears to have
differentially affected spatial and verbal memory performance.
Although it was detrimental to spatial recall, there was appa-
rently no effect on verbal recall. The effect on spatial recall was
like that found in Experiment 1, but the role of verbal working
memory clearly differed between arithmetic and algebraic expres-
sion evaluation.

The evidence supports the existence of verbal processes that
uniquely belong to the processing of algebraic variables but not
arithmetic expressions. However, this result may not be generaliz-
able to all aspects of algebra. In Experiment 3, we used a coordi-
nate plane task in which simple algebraic assignments that also
involved variables were used to define a point on the plane. This is
a form of algebra that does not include arithmetic calculation. The
key question is whether verbal working memory processes will
still play a role under these conditions, and at the same time assess
the expectation that spatial working memory will play a role.

Experiment 3: Coordinate Plane

Method

Participants

We initially recruited 60 participants through Prolific but
excluded seven of them due to their existing or potential distrac-
tion statements, resulting in 53 participants (31 females and 22
males) with a mean age of 24.18 years (SD= 4.35, range =
18.1–39.4). All were native English speakers and most of the par-
ticipants (85%) held at least one college degree.

Ten percent of the participants were Hispanic, or Latino/Latina.
Their racial distribution was 72% White or European, 19% Asian,
5% Black or African American, and 2% multiracial; 2% did not
report their race. Regarding devices, 25% and 2% of participants
used a small screen and a tablet, respectively, and 73% used a
large screen. All had either normal or corrected vision.
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Materials

For memory tasks, we used the same six-word chains and
spatial arrangements. In the coordinate plane processing task,
participants determined (yes, no) whether the location of a

given point was in the correct position (or not) for the pre-
sented ordered pairs (i.e., algebraic variable values, e.g., x =
30, y = �40). The ordered pairs consisted of numbers that
were multiples of ten (range 10–90). As previously mentioned,
each block contained ten trials. We prepared three sets of ten

Figure 3
Graphs of Experiment 2

Note. (A) The effect of memory loads on arithmetic problem-solving accuracy. (B) The
effect of arithmetic problems on verbal memory recall. (C) The effect of arithmetic prob-
lems on spatial memory recall. Error bars represent the standard errors of the means.
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items for each block (single task, verbal load, spatial load).
For half of the 10 questions, the point on the coordinate plane
matched the previously shown ordered pair, and for the other
half it did not (i.e., a 20 unit up-down or left-right change,
e.g., ordered pair: 20, �30 and point location: 20, �50; or
flipped on the x- or y-axis, e.g., ordered pair: 20, �30 and
point location: -20, �30).

Procedure

The procedures were identical to those described for in Experi-
ment 1 (i.e., expression evaluation), except that the processing
task involved coordinate plane (see Figure 4).

Analysis

We followed the same procedures as in the previous
experiments.

Results

As shown in Figure 5, the presence of the memory load had a
noticeable effect on coordinate plane performance. Coordinate
task performance decreased under spatial memory load (Coor-
dinate, M = .85, SD = .17; Coordinate w/spatial, M = .78, SD =
.18; d = .18, h = �.93, SE = .27, 95% CI [�1.57, �.33], BF =
6.0). The difference between coordinate plane performance
with and without verbal load was within the indeterminate

range (Coordinate w/verbal, M = .80, SD = .18; d = .12, h =
�.67, SE = .29, 95% CI [�1.25, �.12], BF= .97). However, a
directional test indicated that given the model and the data, it
was 117.3 times more likely that verbal load would impair
coordinate plane performance relative to improve performance.
Bayesian logistic regression analysis was consistent with our
visual inspection also. Coordinate plane performance had simi-
lar performance levels under verbal and spatial memory load
(BF =.06), and both were numerically smaller than the coordi-
nate task with no load. In sum, there is evidence for a load
effect, though it is still tentative for a verbal load.

Engaging in the coordinate plane task markedly lowered verbal
memory accuracy (Verbal, M = .81, SD = .18; Verbal with coordi-
nate, M = .73, SD = .18; d = .21, h = �1.03, SE = .29, 95% CI
[�1.62, �.48], BF = 65.00), but the effect on spatial memory
(Spatial, M = .77, SD = .18; Spatial with coordinate, M = .71,
SD = .18) was inconclusive (d = .14, h = �.76, SE = .31, 95% CI
[�1.39, �.18], BF = 1.6). Given the model and the data, it was
209.5 times more likely the effect was smaller than 0, indicating
that the load impaired memory performance. There was no evi-
dence for an interaction of the modality with the presence or ab-
sence of load (BF = .09), suggesting that the load effect was
similar for the verbal and spatial memory tasks. Overall, there is
strong evidence for a load effect but in this case, in contrast to the
findings for the processing task, the evidence is stronger for verbal
than for spatial memory.

Figure 4
Example of Coordinate Plane Task in Experiment 3

Note. See the online article for the color version of this figure.
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Discussion

The Experiment 3 results revealed that holding spatial infor-
mation in WM reduced accuracy on the coordinate plane task. At
the same time, the coordinate plane task impaired verbal memory

recall substantially. The findings reveal the role of verbal work-
ing memory in coordinate plane processing, suggesting a unique
role of verbal WM in processing algebraic variables. However, it
was not certain whether the effect was solely attributable to a
need to retain the x and y values during the coordinate plane

Figure 5
Graphs of Experiment 3

Note. (A) The effect of memory loads on coordinate plane accuracy. (B) The effect of
coordinate plane on verbal memory recall. (C) The effect of coordinate plane on spatial
memory recall. Error bars represent the standard errors of the means.
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task. To clarify this issue, Experiment 4 included a geometry
task that does not include variables and thus should not require
verbal processing.

Experiment 4: Geometry

Method

Participants

Initially, 60 participants completed the experiment through Pro-
lific. We removed one due to an existing or potential distraction
statement or lower performance, which yielded 59 participants (26
females, 15 males, and two other). Their mean age was 24.14
years (SD = 3.82, range = 18.3–30.8), and 85% reported comple-
tion of at least one college degree. All participants were native
English speakers.
Two percent were Hispanic or Latino/Latina, two percent did

not report their ethnic identity. Their racial distribution was 69%
were White or European, 17% Asian, 7% Black or African Ameri-
can, 2% American Indian, and 3% multiracial; 2% did not report
their race. Ten percent of the participants used a small screen, and
2% used a tablet and 88% a large screen. All had either corrected
or normal vision.

Materials

The six-word chains and spatial arrangements were the same as
in the previous experiments. For geometry processing task, we
used parallel and nonparallel lines (for an example, see Appendix
B). Each item included at least five lines, and at least two of them
were parallel. We marked two angles between the lines, and par-
ticipants determined whether the two angles were the same or not.
The correct answers were divided 50/50 between “the same” and
“different.”

Procedure

The procedures were identical to those described for Experi-
ment 2 (i.e., arithmetic), except that the arithmetic task was
replaced by a geometry task.

Analysis

We used the same procedure as the previous experiments.

Results

Surprisingly, we found moderate evidence that geometry per-
formance increased under verbal memory load (Geometry, M =
.79, SD = .19; Geometry with verbal, M = .85, SD = .16; d=.15,
h = .78, SE = .28, 95% CI [.24, 1.36], BF = 3.25), compared with
single-task geometry performance. The BF result showed that the
difference between single-task geometry performance and geome-
try performance under spatial memory load was not large (M =
.83, SD = .16, d = .11, h = .43, SE = .25, 95% CI [�.07, .92],
BF = .22). As shown in Figure 6, participants’ geometry perform-
ances under verbal and spatial load were similar (BF = .09),
although the evidence was stronger, though still moderate, in the
case of a verbal load.

Engaging in the geometry task had no effect for verbal (Verbal,
M = .81, SD = .21; Verbal w/geometry,M = .78, SD = .20; d = .08,
h = �.56, SE = .41, 95% CI [�1.39, .26], BF = .22) or spatial
(Spatial, M = .73, SD = .16; Spatial with geometry M = .68, SD =
.15, d = .11, h = .25, SE = .50, 95% CI [�.81, 1.18], BF = .11)
memory accuracy. The BF result moderately favored the null hy-
pothesis. There was moderate evidence against an interaction,
meaning that the load effect was similar for the verbal and spatial
memory tasks (BF = .18).

Discussion

The Experiment 4 results suggested that there is an effect of at
least a verbal memory load on the geometry task but that, surpris-
ingly, it is a positive effect. If this effect is replicated, it might
occur because the geometry task makes little demand on working
memory and the presence of a memory task helps to keep partici-
pants engaged or alert (for a similar finding developmentally see
Cowan et al., 2021). This account also is compatible with the find-
ing of an effect of geometric processing on memory.

To clarify the role of task difficulty, in Experiment 5 we exam-
ined the process of mental rotation, which is quite demanding but
does not rely on verbal processing (Smyth & Scholey, 1994) and
thus no effect of processing on verbal recall, but strong detrimental
effect on spatial recall is expected.

Experiment 5: Mental Rotation

Method

Participants

Sixty participants completed the experiments through Prolific.
We removed the data of eight participants due to an existing or
potential distraction statement, resulting in 52 participants (23
Females, 29 Males). The mean age of these 52 participants was
22.68 years (SD = 3.26, range 18.11–30.00). All except one (98%)
were native English speakers, and most of whom (81%) had at
least one college degree.

Four percent of participants were Hispanic or Latino, and 4% of
participants preferred not to declare their ethnicity. Their racial
distribution was 77% White or European, 15% Asian, 2% Black
or African American and 4% multiracial; 2% did not report their
race. Six percent used a small screen, 2% a tablet, and 92% a large
screen. All participants had a normal or corrected vision.

Materials

We prepared the drawings for the mental rotation questions
using the National Council of Teachers of Mathematics’ (NCTM)
Isometric Drawing Tool. There were two drawings on the screen,
the target figure and its pair (see Appendix C). Each target figure
was a three-dimensional shape containing ten small cubes. We
constructed the paired figure using one of the following rotation
angles depending on whether it matched the target figure: (1) 75,
60, or 90°, along both x and y axis; 120 or 150 along x axis only
(if it matched the target figure), and (2) 30° along x and y axis; 75,
90, 120, or 150° along the x axis (if it did not match the target fig-
ure). To create difference pairs, we changed the location of two
blocks in the original shape and then rotated it.
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Procedure

The procedures were identical to those described for the previ-
ous experiment, except that the geometry task was replaced by a
mental rotation task.

Analysis

We used the same procedure as in previous experiments. How-
ever, we added gender as a covariate due to well-replicated sex
differences in the mental rotation task (for a review, see Voyer et
al., 1995). The sex-related results are in the additional materials.

Figure 6
Graphs of Experiment 4

Note. (A) The effect of memory loads on geometry accuracy. (B) The effect of geometry
on verbal memory recall. (C) The effect of geometry on spatial memory recall. Error bars
represent the standard errors of the means.
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Results

As shown in Figure 7, mental rotation task performance (base-
line) was somewhat lower under verbal memory load, however;
the Bayes Factor in favor of the model was in the indeterminate
range (Mental rotation, M = .72, SD = .13; Mental rotation with
verbal load, M = .65, SD = .17; d = .15, h = �.75, SE = .32, 95%
CI [�1.40, �.15], BF = 1.26). A directional test indicated that
given the model and the data, it was 145.0 times more likely that
verbal load would impair mental rotation performance instead of
improving it. On the other hand, we found moderate evidence that
no differences between mental rotation task performance and per-
formance under spatial memory load (M = .75, SD = .15; d = .07,
h = .34, SE = .27, 95% CI [�.17, .87], BF = .12). Yet, mental rota-
tion performance differed between verbal and spatial memory load
(BF =120.83). In sum, there may be slight effects of the two loads
in opposite directions, with any detrimental effect of load occur-
ring in the case of the verbal load.
Engaging in mental rotation processing had no effect on verbal

memory recall, as shown in Panel A of Figure 7 (Verbal, M = .79,
SD = .18; Verbal with mental rotation, M = .80, SD = .20); in fact,
the comparison of the verbal memory recall with and without men-
tal rotation conditions yielded strong evidence for the null, (d =
.01, h = .11, SE = .25, 95% CI [�.38, .62], BF= .06). However, as
shown in Panel C of Figure 7, engaging in the mental rotation task
substantially disrupted spatial memory recall (Spatial, M = .77,
SD = .18; Spatial with mental rotation, M = .68, SD = .14; d = .07,
h = �1.61, SE = .40, 95% CI [�2.46, �.90], BF = 7307.2). There
was strong evidence for an interaction, meaning that the load
effect was different for the verbal and spatial memory tasks (BF =
91.82).

Discussion

results of Experiment 5 revealed that the verbal and spatial
load did not substantively compromise mental rotation perform-
ance (with a possible but unproven detrimental effect of verbal
load) and engaging in the mental rotation task apparently had no
effect on verbal memory. In contrast, spatial load was severely
compromised by mental rotation processing. The results, in com-
bination with those of the previous experiments, appear to sup-
port an attentional component of spatial working memory,
independent of the task nature (i.e., spatial and verbal), directly
affected by the task difficulty. To assess the latter, in the next
section we carried out additional analyses to compare results
across experiments. First, we report cross-experimental compari-
sons regarding difficulty levels. Then we report cross-experimen-
tal results from a postexperimental questionnaire on self-
reported strategies.

Cross-Experiment Comparisons of Difficulty Levels

To evaluate our hypothesis that processing-task difficulty
influenced our results, we adopted a measure that enabled a com-
parison of difficulty levels across experiments. The measure fol-
lows the Inverse Efficiency Score proposed by Townsend and
Ashby (1978). That score takes the mean reaction time (RT) for
correct responses and divides it by the accuracy such that the
RTs of less accurate participants were adjusted upward. We

modified this adjustment to yield a theoretically more suitable
measure that takes guessing into account: RT for trials in which
the answer was known divided by the proportion of trials in
which the answer was known, which we term Difficulty Level, as
elaborated below.

Proportion of Knowing

Figure 8 shows a tree diagram indicating how we can estimate
the proportion of trials in which the answer was known. The cor-
rect answers participants provided were assumed to comprise a
mixture of responses based on knowing the correct response and
answers based on guessing. Given that the correct answer could be
guessed at a rate of .50, the correct responses can be decomposed
into the proportions of known responses, p(know) and, among the
remaining trials, the proportion of correct guesses, equal to [1-p
(know)](.50):

pðcorrectÞ ¼ pðknowÞ þ ½1� pðknowÞ�3 ð:5Þ (1)

This equation can be rearranged to yield an estimate of the
desired quantity, p(know):

pðknowÞ ¼ ½pðcorrectÞ � :50�=ð:50Þ (2)

RT on Know Trials

RTs for correct responses also can be decomposed into trials
in which participants knew the answers and the others in which
they guessed correctly. Where N(know) is the number of correct
trials when the answer was known and N(correct by guess)
includes all remaining correct trials, N(know) and N(correct by
guess) sum to N(correct). On these trials, respectively, the aver-
age RTs are RT(know) and RT(correct by guess). It can be
assumed that RT(correct by guess) is about the same as RT for
incorrect responses, and that N(correct by guess) is about the
same as the number of incorrect responses, given that the cor-
rect-guessing rate is .50. Given that N(incorrect) is available
from the data, it is substituted for N(correct by guessing). To
estimate the average of RT on know trials, we need to consider
the weighting of knowledge and guessing within RT(correct)
according to the number of trials:

RTðcorrectÞ ¼ ½NðknowÞ3 RTðknowÞ
þ NðincorrectÞ 3 RTðincorrectÞ�=NðcorrectÞ

(3)

This formula can be rearranged to yield an intermediate result:

NðknowÞ3RTðknowÞ ¼ ½RTðcorrectÞ
3NðcorrectÞ � NðincorrectÞ3RTðincorrectÞ� (4)

We also know that N(know) = N(correct)� N(correct by guess) =
N(correct) � N(incorrect), which allows us to derive the desired
quantity, RT(know):
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Figure 7
Graphs of Experiment 5

Note. (A) The effect of memory loads on mental rotation accuracy. (B) The effect of men-
tal rotation on verbal memory recall. (C) The effect of mental rotation on spatial memory
recall. Error bars represent the standard errors of the means.
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RTðknowÞ ¼ ½RTðcorrectÞ3NðcorrectÞ
� NðincorrectÞ3RTðincorrectÞ�=½NðcorrectÞ
� NðincorrectÞ� (5)

Alternatively, the numerator and denominator on the right-hand
side of the equation can both be divided by the total number of tri-
als in the experiment to yield the following:

RTðknowÞ ¼ ½RTðcorrectÞ3 pðcorrectÞ
� RTðincorrectÞ3 pðincorrectÞ�=½pðcorrectÞ
� pðincorrectÞ� (6)

Overall Difficulty Formula

We divided average RT(know) by probability of knowing, p
(know), as an index of the difficulty level of each task.

Difficulty level ¼ RTðknowÞ=pðknowÞ (7)

As shown in Table 2, comparisons of task difficulties in the dif-
ferent experiments yield the following order: MRT . Expression
Evaluation . Arithmetic . Geometry . Coordinate Plane. We
also calculated the mean task difficulty across all processing tasks
for further demonstration and then found each task's relative posi-
tion to this average. As shown in Table 3, geometry and coordinate
plane were easier than the other tasks. Altogether, these results
confirm our speculations about the relative difficulty levels in the
different experiments.

Cross-Experiment Comparisons of Memory
Maintenance Strategies

Last, we examined whether the strategies of holding memory
items change across different experiments, which could be crucial
for accurately interpreting the effects of various processing tasks

on the same memory loads. To do that, we asked participants to
choose which strategies they used to hold verbal items in their
minds while performing the processing task (e.g., expression eval-
uation) at the end of the experiment. The choices were:

1. I tried to use part of each word.

2. I tried to make a study out of the words.

3. I tried to group the words.

4. I tried really hard to remember.

5. I said the words to myself.

6. I just tried hard to remember.

7. I guessed.

Similarly, for spatial item recall strategies, we presented several
choices. That includes:

1. I tried to separate the items into smaller clusters or
groups.

2. I tried to see what objects the crosses looked like.

3. I tried to make patterns.

4. I guessed.

5. I gave up.

Each item has five options, namely—Never (1 pts), Rarely (2 pts),
Sometimes (3 pts), Often (4 pts), and Always (5 pts). For each item
under each condition (verbal and spatial), we averaged participants’
scores. For instance, as shown in Table 4, the mean of “I tried to
group words” is 3.0 for the mental rotation experiment, meaning that
participants reported that they sometimes used this strategy while
holding verbal items in their minds in that particular experiment. The
mean score of each choice for both kinds of memory items was simi-
lar across all experiments (for graphs, see additional materials).

Summary of Cross-Study Comparisons

Our goal was to investigate the role of domain-general attention,
as well as domain-specific working memory processes in algebraic
tasks, including those that are symbolic (i.e., for expression evalu-
ation) and spatial (i.e., for the coordinate plane). We also included
associated nonalgebraic processing tasks to more accurately inter-
pret our algebra-related experimental findings.

Among all experiments, coordinate plane (BF = 6.0) and geom-
etry (BF = 3.25) were the only processing tasks that appeared to
be affected by memory recall despite being relatively less difficult
tasks. Interestingly, coordinate plane but not geometry perform-
ance seemed to decrease under spatial load and geometry perform-
ance increased under verbal load. We suggest that for the former,
the spatial and verbal features of the coordinate plane in combina-
tion (unique to coordinate plane among all processing tasks) might
have interfered with the features of spatial memory, indicating fea-
ture interference between processing and memory tasks. In contrast,

Figure 8
Demonstration of Kinds of Answers
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verbal memory load could potentially facilitate geometry task per-
formance because participants might have gotten bored when the
task was presented alone because it was an easier task; participants
could not do this under spatial load since spatial attention was too
attention-demanding. Alternatively, if geometric thinking experi-
enced interference when people tried to use verbal coding, the
verbal load might have prevented that coding and allowed visual
coding to predominate without interference (Brandimonte et al.,
1992; Dodson et al., 1997).
Regarding the effect of processing tasks on memory load, the

results, across experiments, suggest that the processing of the nu-
merical values associated with variables, whether in the context of
expression evaluation (symbolic), BF = 228.5, or the coordinate
plane (spatial), BF = 65.0, engages verbal working memory. More-
over, as shown in Table 1, we observed a detrimental effect on
visuospatial load in the presence of the processing tasks selec-
tively. Even though the arithmetic and expression evaluation tasks
did not have any spatial features, we observed detrimental influen-
ces of these tasks on spatial memory (arithmetic, BF = 23.8;
expression evaluation, BF = 19.9). However, spatial recall per-
formance was not substantially affected by coordinate plane (BF =
1.6) or geometry (BF = .11) tasks, even though they included spa-
tial components. The effects were apparently independent from
the nature of processing tasks (i.e., spatial vs. verbal), however;
the task difficulty levels (i.e., average of difficulties of expression
evaluation, arithmetic, coordinate plane, geometry, and mental
rotation; for details, see Table 2) contributed to differences in the
influence of the processing tasks on spatial memory.
More challenging tasks (i.e., expression evaluation, arithmetic,

and mental rotation) significantly impaired the maintenance of
spatial load, whereas easier tasks did not substantively affect
maintenance of the visual items. In other words, when participants
completed more demanding processing tasks and then recalled the
visual array, their retention of spatial information was compro-
mised. The attentional demands of the more difficult tasks were

too great to allow attention-sharing with spatial memory, which
also depends on attention (e.g., Morey et al., 2013; Souza &
Oberauer, 2017; Vergauwe et al., 2014). In this circumstance,
attention switched from spatial memory maintenance to these
processing tasks. Given this attention switch, there would be no in-
terference on processing but a large effect of processing on spatial
memory.

Last, our analysis of strategy uses for memory item maintenance
across experiments revealed that participants reported similar tech-
niques, regardless of the difficulty levels of the processing tasks;
verbal rehearsal and pattern formation were the most commonly
used methods to maintain word chains and spatial arrangements,
respectively, in all experiments. These findings made our infer-
ences even more robust, eliminating the possibility of the results
attributable to changes in types of strategies used for item mainte-
nance. We offer a theoretical account followed by a broader dis-
cussion of the role of working memory in algebra, implications for
algebra, and implications for working memory.

General Discussion

As described earlier, Table 1 summarizes both the assumed task
demands and the dual-task interference effects obtained in all
experiments. We suggest that three concepts can organize the core
findings. (a) Verbal or visual-spatial features in the memory load
and processing tasks can conflict with one another when the fea-
tures are similar, making it difficult to maintain the memory load
while carrying out processing relying on similar features. (b) Vis-
ual memory loads draw more heavily on general attention than
verbal loads, which can result in interference between a visual
load and tasks that are difficult, even tasks that do not include an
obvious visual-spatial processing component. (c) In dual-task pro-
cedures with strong conflict between storage and processing, it is
usually the storage that suffers, with processing mostly protected.
These results contribute to our understanding of memory and
attentional systems broadly and make a unique contribution to our
understanding of how these systems support algebraic processing
and learning.

Effects of Processing on Storage of a Memory Load

Three processing tasks were assumed to impose verbal process-
ing constraints: algebraic expressions (BF = 228.5), arithmetic
(BF = .17), and coordinate plane placements (BF = 65.0). Of these,
two produced a detrimental effect of processing on the verbal
load, which did not seem to occur in the other experiment. The ab-
sence of a strong effect of processing on verbal load in the arith-
metic task is likely because the problems were relatively easy,

Table 2
Difficulty Levels of the Processing Tasks

Task Av. of RT(correct) Av. of RT(incorrect) Av. of RT(know) Av. of p(correct) Av of p(know) Av. of difficulty

Expression E. 6,637.10 7,490.16 6,176.32 0.74 0.48 12,849
Arithmetic 6,626.06 7,081.65 6,498.69 0.82 0.64 10,132
Coordinate P. 3,712.46 4,527.77 3,539.31 0.85 0.70 5,043
Geometry 5,370.91 5,624.94 5,276.22 0.79 0.57 9,210
Mental Rot. 6,040.66 6,251.77 5,907.58 0.72 0.44 13,356

Note. E = evaluation; P = plane; Rot. = rotation; Av. = average; RT = reaction time; p = proportion.

Table 3
Position to Mean Task Difficulty

Expression evaluation 0.818
Arithmetic 0.004
Coordinate plane �1.521
Geometry �0.272
MRT 0.971

Note. M task difficulty = 10,117.94, SD of task difficulty = 3,336.43.
Formula = (Individual task Difficulty � M task Difficulty)/SD. The nega-
tive sign indicates the task is easier compared with the average task
difficulty.
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compared with problems in some prior studies (Hitch, 1978), for
college-educated adults. In this situation, much of the arithmetic
processing was dependent on long-term (Geary et al., 1986) and
not working memory (see, e.g., Doherty et al., 2019).
Three processing tasks were assumed to impose visual

demands: coordinate plane placements, geometry, and mental rota-
tion. However, the actual result was that a clear effect of process-
ing on load among these tasks occurred only in the case of mental
rotation (coordinate plane placements, BF = 1.6; geometry, BF =
.22; mental rotation, BF = 7307.2). Moreover, evidence of an
effect of processing on visual storage was obtained in two other
experiments that were assumed to have no clear visual processing
component (algebraic expressions, BF = 19.9, and arithmetic,
BF = 23.8). Instead of a conflict with visual representations, inter-
ference with the visual load may occur because of attentional con-
flict between storage and processing, given the generally high
attention demand of visual storage (e.g., Morey & Bieler, 2013)
and our findings summarized in Table 2 that show a relatively
high difficulty level for the algebraic expressions and arithmetic
tasks.
One experiment showed only weak evidence of an effect on vis-

ual storage (by directional test), namely the coordinate plane task
(BF = 1.6). However, this task was lowest in difficulty level and
the dual-task conflict could have come not from attention, but
from the visual demands of the task. The sole experiment showing
no evidence of an effect on visual storage was the geometry task,
which was rated relatively low in difficulty and presumably does
not have a verbal component. Additionally, the mental rotation is
the one that yields solid evidence for a distinct effect of the proc-
essing task on the verbal and spatial load performances, potentially
due to an especially high attentional demand.

Effects of a Memory Load on Processing Accuracy

Across experiments, the effect of storage on the processing task
was weak overall (Expression BF under verbal = .13, under spatial
= .12; Arithmetic BF under verbal = .08, under spatial = .15; Coor-
dinate plane under verbal = .97, under spatial = 6.00; Geometry
under verbal = 3.25, under spatial = .22; Mental rotation under

verbal = 1.26, under spatial = .12), in keeping with the previous
results of Doherty et al. (2019) using memory for letters and an
arithmetic processing task. This finding suggests that participants
tended to drop the memory load instead of sharing attention
between storage and processing (cf. Cowan et al., 2021).

Coordinate plane (BF = .97) and mental rotation (BF = 1.26)
tasks showed weak evidence (by directional test) of lower per-
formance in the presence of verbal processing tasks, suggesting
that, in these tasks, verbal rehearsal or mnemonic processing
could have persisted during the processing. Within these find-
ings, an effect of verbal memory (but not spatial memory) on
mental rotation would be our most anomalous result and might
indicate that verbal memory is not completely attention-free.
Indeed, under high-pressure situations, effects of verbal storage
on visual processing can be observed, such as an effect of mem-
ory for digits on reaction times to press a button matching a sig-
nal location (Chen & Cowan, 2009). Future studies can elaborate
on that by manipulating the difficulty level of mental rotation
(e.g., using two-dimensional rotation) while keeping the verbal
memory task the same, which would provide additional informa-
tion on the interplay between verbal memory and mental
rotation.

A detrimental effect of spatial load on processing seem to
emerge only for the coordinate plane task (BF = 6.0), which pro-
duced no effects of processing on storage and was judged the least
difficult task by far. Our suggestion is that, in this case, the spatial
load conflicted with the visual requirements of the task, but partici-
pants still thought they could maintain the visual load during the
task, resulting in visual feature conflict between the tasks. This
does not appear to be an example of both tasks heavily engaging
general attention.

Summary

The results, overall, suggest separate maintenance mechanisms
for verbal and spatial items. Unlike spatial items-to-be-remem-
bered, two discrete systems might exist to prevent verbal informa-
tion decay; (a) attention-based and (b) verbal rehearsal/articulatory
processing-based (i.e., use of language to maintain phonological

Table 4
Average Strategy Scores for Memory Item Maintenance Across Five Experiments

Strategy Exp M (SD) Arth M (SD) Coord M (SD) Geo M (SD) Mrt M (SD)

Verbal
1. I tried to group the words. 3.1 (1.3) 3.0 (1.3) 2.9 (1.6) 2.8 (1.6) 3.0 (1.6)
2. I tried to make a story out of the words. 1.8 (1.1) 1.8 (1.1) 1.8 (1.1) 1.8 (1.3) 1.6 (1.2)
3. I said the words to myself. 4.2 (1.1) 4.0 (1.2) 4.5 (0.9) 4.1 (1.5) 4.4 (1.0)
4. I tried to use part of each word. 2.4 (1.5) 2.6 (1.7) 2.2 (1.5) 2.6 (1.6) 2.5 (1.6)
5. I just tried hard to remember. 3.4 (1.2) 3.0 (1.3) 3.6 (1.2) 3.7 (1.3) 3.4 (1.4)
6. I gave up. 1.2 (0.5) 1.2 (0.5) 1.2 (0.5) 1.2 (0.5) 1.2 (0.5)
7. I guessed 1.7 (0.7) 1.5 (0.6) 1.8 (0.7) 1.7 (0.8) 1.7 (0.7)

Spatial
1. I tried to separate the items into smaller clusters or groups. 3.8 (1.2) 3.6 (1.3) 3.8 (1.1) 3.7 (1.3) 3.6 (1.3)
2. I tried to make patterns. 4.1 (1.0) 4.0 (1.3) 4.1 (1.1) 4.0 (1.1) 3.8 (1.1)
3. I tried to see what object the crosses looked like. 2.3 (1.4) 2.3 (1.4) 2.3 (1.2) 2.5 (1.6) 2.5 (1.5)
4. I tried really hard to remember. 3.2 (1.3) 3.2 (1.1) 3.8 (1.1) 3.8 (1.1) 3.6 (1.2)
5. I gave up. 1.2 (0.4) 1.2 (0.5) 1.2 (0.5) 1.4 (0.7) 1.3 (0.6)
6. I guessed 1.6 (0.7) 1.8 (0.9) 1.7 (0.8) 2.0 (0.9) 1.8 (0.8)

Note. M = mean; SD = standard deviation; Verbal = strategies used to maintain verbal memory load; Spatial = strategies to maintain spatial memory
load; Exp = expression evaluation; Arth = arithmetic; Coord = coordinate plane; Geo = geometry; MRT = mental rotation.
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information; Camos et al., 2011; Camos & Barrouillet, 2014). The
idea of distinct maintenance mechanisms for spatial and verbal in-
formation is in line with the asymmetry hypothesis, which posits
that the attentional demands of verbal and spatial item mainte-
nance differ, with more attention needed in the spatial case. Verbal
information can be sustained in working memory through articula-
tory processing, without very much attentional demand (Gray et
al., 2017; Morey et al., 2013; Vergauwe et al., 2014).
Unlike most of the results, it could seem surprising to observe a

cross-domain load effect on processing in the mental rotation
experiment. When the verbal load exists, the accuracy of mental
rotation (spatial in nature) appeared to drop. One possible explana-
tion for that is the relatively higher attentional demand of the men-
tal rotation task. It was attention-demanding enough that the active
rehearsal mechanism for maintaining the verbal information inter-
fered with the attentional mechanism, despite a limited, but non-
zero, attentional requirement of rehearsal (Thalmann et al., 2019),
causing a decline in the mental rotation performance. In contrast,
participants would not be able to maintain and refresh the spatial
load during mental rotation and may have only resumed mnemonic
activities for the spatial load after completing the mental rotation
task (cf. Cowan et al., 2021).

Algebra andWorking Memory Processes

A relation between individual differences in working memory
capacity and concurrent and longitudinal gains in mathematics
achievement is well established (Adams & Hitch, 1997; Cragg et
al., 2017; De Smedt et al., 2009; Geary et al., 2007). Moreover,
experimental studies have revealed a relation between working
memory processes and performance in arithmetic in adults (Hitch,
1978; Imbo & Vandierendonck, 2007), although this relation may
vary with problem complexity and participants’ problem-solving
strategies (DeStefano & LeFevre, 2004). At the same time, little is
known about the working memory demands of algebraic process-
ing, despite the critical importance of algebra to students’ mathe-
matical development (NMAP, 2008).
Our results provide the first experimental evidence for both spa-

tial and verbal processing for evaluating expressions and placing
ordered pairs in the coordinate plane. Given that the latter was the
least difficult task across the five experiments, a spatial WM effect
for the coordinate plane could reflect storage capacity for visual
inputs, as noted. However, an overall decrease in spatial load per-
formance in the presence of expression evaluation which contains
only verbal features (not spatial), might result from the attentional
demands of visuospatial working memory. It is worth noting that
individual differences in visuospatial memory growth across the
elementary-school years predicts later mathematics achievement
in middle school and high school better than developmental
growth in verbal WM (Allen et al., 2020; Li & Geary, 2013; Li &
Geary, 2017).
Our findings suggest that this pattern might come from the over-

lap, at least in part, in the domain-general attentional aspect of
visuospatial working memory and the higher attentional demands
of advanced mathematics. In other words, a domain-general atten-
tional factor could be a core determinant of the link between
visuospatial memory and mathematics, which is in line with cur-
rent research implying that the focus of attention, rather than

storage, is the driving factor in the relationship between working
memory and higher-order cognitive skills (Gray et al., 2017).

We also obtained strong evidence for verbal processes in alge-
bra that distinguishes it from arithmetic. These effects were found
for both the expression evaluation and coordinate plane experi-
ments. One common feature of these tasks that was not found in
arithmetic processing was the need to encode and retain the nu-
merical values of variables. These findings are in keeping with
previous studies showing the processing demands of algebraic var-
iables (Pollack et al., 2016; Pollack & Price, 2020), although we
cannot determine whether their effects are attributable to interfer-
ence from use of the same symbols (x, y) in reading or the
demands of maintaining the numerical value of the variable in
WM during processing (McNeil et al., 2010).

Either way, we also observed modality-related effects attribut-
able to the distinct visual and spatial features of expression evalua-
tion and the coordinate plane. Although spatial load did not seem
to impede expression evaluation accuracy (BF = .12), as men-
tioned above, it appeared to compromise coordinate plane accu-
racy (BF = 6.00). To sum up, algebra appears to heavily need a
domain-general attentional resource and modality-related verbal or
visual resources depending on the algebra content. The former is
mainly affected by task difficulty, whereas the latter relies more
on the task features.

Implications for Algebra Learning

Learning, in general, occurs with the transformation of informa-
tion from working memory to long-term memory. The transforma-
tion best occurs when the number of items represented in working
memory does not exceed its limits, as shown in experimental stud-
ies (Cowan, 2014; Cowan et al., 2013) and in keeping with cogni-
tive load theory (Paas et al., 2010; Van Merrienboer & Sweller,
2005). However, as demonstrated in our experiment results, alge-
bra-related tasks are cognitively demanding, whether they primar-
ily involve spatial (i.e., coordinate plane) or verbal (i.e., variables)
processing, indicating that different aspects of algebra can be chal-
lenging even for highly educated adults.

The results are in keeping with the general tenants of cognitive
load theory, whereby it is crucial to arrange the teaching environ-
ment in such a way that helps the learners to decrease the atten-
tional and working memory demands of the presented algebraic
material (Kirschner, 2002; Paas et al., 2003). The building of flu-
ency in the execution of the component processes underlying the
associated algebra, such as the sequence of problem-solving steps
(Cooper & Sweller, 1987), and with basic arithmetic (Walczyk &
Griffith-Ross, 2006) will reduce these attentional and working
memory demands. Cooper and Sweller (1987) found that use of
worked examples that provided information on the sequence of
steps (problem-solving schema) involved in manipulating algebra
equations improved student performance, likely attributable in part
to reductions in working memory demands. Without explicit infor-
mation on the sequence of problem-solving steps students often
engage in attention demanding means–ends problem solving
which is associated with increases in problem solving errors
(Owen & Sweller, 1985). The basic idea is to commit relevant in-
formation, including problem solving schemas, to long-term mem-
ory such that their subsequent retrieval is not attention demanding
(Sweller, 2016; Sweller et al., 2019).
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Attention allocation is also necessary while forming new con-
cepts in long-term memory (Cowan, 2014); effective learning
occurs provided that the distractors do not interfere with the task
(Fisher et al., 2014; Sweller, 2011). That is also in line with our
experimental results; a tremendous decrease in spatial item recall
(a source of attentional demand) in the presence of the more chal-
lenging algebraic task (expression evaluation). With this regard,
one instructional approach to improve algebraic learning can be to
eliminate or decrease the irrelevant information in the examples
and explicitly point out the essential information or provide
worked examples that includes this information for novice learners
(Kirschner, 2002; Paas et al., 2003; Sweller et al., 2019). Another
useful approach could be connecting algebraic topics with previ-
ously known mathematical areas, like arithmetic (for expression
evaluation) and number line (for the coordinate plane), because
decreasing the load on attention by using saved concepts is a strat-
egy people use to form new long-term memories (Rhodes &
Cowan, 2018).

Implications for Working Memory Theories

As mentioned above, we observed common attention-related
effects of processing tasks on spatial load, independent of task na-
ture (verbal vs spatial), and selectively on verbal load across all
experiments. The former is consistent with a single attentional
mechanism for all kinds of memory items (Cowan, 1999, 2019),
but the less consistent influence on verbal load does not fit this
mechanism. The absence of a clear effect of processing task on
verbal load in three of the experiments (i.e., arithmetic BF = .17,
geometry BF = .22, and mental rotation BF = .06) might be
explained if a certain amount of verbal information can be
rehearsed without relying heavily on attention (Morey et al., 2013;
Vergauwe et al., 2014).
The notion of a rehearsal mechanism is of course consistent

with a multicomponent model of working memory (e.g., Baddeley
& Hitch, 1974; Baddeley & Logie, 1999) but it is not inconsistent
with an embedded processes approach. Indeed, Cowan (1988; p.
165) said:

The few items in short-term (active) storage can be maintained by
mentally scanning or rehearsing the entire set. The vast amount of in-
formation in long-term storage cannot be scanned, but the retrievabil-
ity can be improved by forming associations between items. This
implies that there must be reliance on control processes more closely
associated with phonetic characteristics (e.g., rote rehearsal) for short-
term storage versus semantic characteristics (e.g., memory elabora-
tion) for long-term storage, but the association would be imperfect.

Conversely, using attention for storage is an idea that in recent
years has been a popular topic of investigation from the point of
view of a modified version of the multicomponent model (Badde-
ley et al., 2019). The view of Barrouillet and Camos (2015) also
includes both attention-based and articulation-based mnemonic
mechanisms in working memory.
There is still a potential disagreement between the views regard-

ing whether information in visual-spatial storage can be main-
tained without attention or not; the present finding of a ubiquitous
effect of processing (spatial or otherwise) on spatial recall suggest
that, in keeping with the embedded processes view (Cowan, 2019)

and related views (Morey et al., 2013; Morey & Bieler, 2013; Ver-
gauwe et al., 2010, 2014), attention is consistently needed for spa-
tial storage.

Conclusion

Our study is the first to use, as far as we know, experimental
manipulations to explore the role of domain-general attention and
working memory mechanisms in algebra and to make causal infer-
ences. The findings support the function of domain-general atten-
tion mechanisms and domain-specific verbal and spatial working
memory processes in algebraic tasks throughout the five experi-
ments. While verbal processing is prevalent in both expression
evaluation and coordinate plane, the attentional needs are differen-
tial, depending on the task difficulty. The attentional and working
memory demands of expression evaluation and placing ordered
pairs in the coordinate plane, and presumably the demands of other
algebraic tasks (Cooper & Sweller, 1987), have strong implica-
tions for instructional design; specifically, design features that
reduce attentional demands during learning and that facilitate the
formation of long-term memory representations of algebraic infor-
mation should enhance student outcomes in algebra (Sweller et al.,
2019).

Moreover, our main results contribute to the existing working
memory research in several ways: (a) it demonstrates the role of
the domain-general attentional system used in working memory
regardless of task features (verbal or spatial), (b) provides further
evidence regarding the dual maintenance mechanism of verbal in-
formation and differential attentional need of spatial and verbal
items, and (c) postulates an explanation about the interaction
between attentional requirements of the processing tasks and the
verbal item maintenance mechanisms. Our findings also cultivate
some critical questions for future research, including how domain-
general attention contribute to the maintenance of working mem-
ory items, whether the verbal and spatial information is kept in
storage while performing the algebraic tasks, and how the inter-
play between attention- and rehearsal- or articulation-based mech-
anisms of verbal mechanisms occurs.
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Appendix A

Expression Evaluation Questions

x = 6 y = 9 7x þ y = 52
x = 7 y = 8 8y þ x = 71
y = 18 x = 9 6x þ y = 62
y = 4 x = 15 9y þ x = 51
x = 7 y = 9 8x þ y = 66
x = 9 y = 12 6y�x = 64
y = 8 x = 13 7x � y = 83
y = 12 x = 7 8y � x = 88
x = 8 y = 4 4x � y = 28
y = 6 x = 5 4y � x = 19
x = 7 y = 8 7x þ y = 58
x = 9 y = 8 8y þ x = 73
y = 15 x = 2 9x þ y = 32
y = 8 x = 3 6y þ x = 51
x = 3 y = 17 9x þ y = 45
x = 8 y = 14 6y � x = 76
y = 7 x = 12 7x � y = 77
y = 13 x = 6 7y � x = 75
x = 8 y = 9 4x � y = 24
y = 6 x = 8 6y � x = 28
x = 8 y = 7 7x þ y = 64
x = 9 y = 6 9y þ x = 63
y = 9 x = 7 6x þ y = 50
y = 3 x = 18 8y þ x = 42
x = 4 y = 16 9x þ y = 53
x = 9 y = 13 6y � x = 70
y = 6 x = 12 7x � y = 78
y = 12 x = 8 8y � x = 78
x = 9 y = 7 4x � y = 29
y = 8 x = 5 4y � x = 27

(Appendices continue)
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Appendix B

An Example of Geometry Questions

Note. See the online article for the color version of this figure.

Appendix C

An Example of Mental Rotation Figures
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