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appropriate for use in assessing mental attentional capacity in
studies with both children and adults.
© 2022 Elsevier Inc. All rights reserved.

Introduction

Children’s cognitive abilities improve with age, and the mechanisms that bring about this change
have been an influential catalyst for research in experimental child psychology. Many developmental
theories provide qualitative descriptions of cognitive changes across development (Case, 1992;
Demetriou & Spanoudis, 2018; Halford, Cowan, & Andrews, 2007; Halford, Wilson, & Phillips, 1998;
Pascual-Leone, 1970); however, few quantify them (e.g., Halford et al., 2007; Pascual-Leone, 1970;
Pascual-Leone & Johnson, 2021). The theory of constructive operators proposes mechanisms of devel-
opmental changes as they relate to mental attention (e.g., Pascual-Leone, 1970; Pascual-Leone &
Johnson, 2021). Mental attentional capacity is a core domain-general cognitive resource that corre-
sponds to the maximum energy an individual can mobilize during problem solving.

Seven-year-olds are expected to have on average three units of mental attentional capacity, which
increases by one unit every other year, and by the time they are 16 years old this number has
increased to seven units. Many tasks of mental attentional capacity are designed to assess the devel-
opmental trajectory of mental attentional capacity (e.g., Figural Intersection Task: Pascual-Leone &
Baillargeon, 1994; Direction Following Task: Pascual-Leone & Johnson, 2011). Tasks of mental atten-
tion have various characteristics, including multiple levels of difficulty (i.e., features/cues that need
to be considered during problem solving), invariant executive rules (i.e., the rule of the task remains
unchanged regardless of difficulty level), and controlled interference. The Color Matching Tasks are
visual-spatial tasks of mental attention are computerized and have been used with functional neu-
roimaging (Arsalidou, Pascual-Leone, & Johnson, 2010; Arsalidou, Pascual-Leone, Johnson, Morris, &
Taylor, 2013; Vogan et al., 2014; Vogan, Morgan, Powell, Smith, & Taylor, 2016). We are not aware
of a task that assesses mental attentional capacity in the numeric domain. In this study, we developed
the Number Matching Tasks, new numeric measures that assess mental attentional capacity that can
be used behaviorally and with functional neuroimaging.

The purpose of the current study had three main goals: (a) investigate task properties in measures
of mental attentional capacity (i.e., task domain, difficulty, and interference) used to assess cognitive
abilities across development, (b) replicate past findings in established measures and validate a new
measure of mental attentional capacity, and (c) evaluate the number of trials needed to obtain a valid
and reliable mental attentional capacity score using these metasubjective (i.e., thinking about the task
process from a participant’s perspective) measures. Practically, abbreviated measures would be an
asset for future research because they can lead to increased use due to time saving in research, edu-
cational, and clinical settings. Furthermore, data from multiple age groups in two domains can be
valuable for future quantitative meta-analyses. Theoretically, findings will contribute to better under-
standing of mechanisms that underlie cognitive development.

We framed our study on the theory of constructive operators (TCO). The TCO was conceived during
the 1960 s while Juan Pascual-Leone was studying with Jean Piaget. The first publication of this theory
was proposed as a mathematical model for predicting Piaget’s developmental stages (Pascual-Leone,
1970). The most recent rendering of this theory appears in a book by Pascual-Leone and Johnson
(2021) that covers behavioral and neurobiological foundations of the development of psychological
processes. The TCO is a general theory and is influenced by both Piaget’s developmental constructivist
theory and the theories of Vygotsky and Luria (Pascual-Leone, 1987, 1995, 2012, 2014) as well as neu-
roscience. Central to the TCO is the developmental construct of mental attentional capacity. Mental
attention we believe, is indexed by the number of items, not facilitated by the situation, that one
can maintain and manipulate. The TCO and the model of endogenous mental attention propose the
actions of operators, schemes, and principles that interact to bring about performance.
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Operators are content-free (i.e., general-purpose) regulations that can apply on schemes in any
domain (Pascual-Leone, 1970; Pascual-Leone & Johnson, 1991, 2005, 2011). Psychologically, schemes
represent information-bearing units that are self-propelled and are classified into three groups: figu-
rative (e.g., distal objects), operative (e.g., actions), and executive (e.g., plans) schemes. The principle of
schematic over-determination of performance (SOP; Pascual-Leone & Johnson, 1991, 2005, 2011,
2021) determines which schemes will eventually apply to generate an outcome. It stipulates that
any actual performance is the product of all compatible mobilized schemes available to the situation that
converge to the most activated scheme. This principle derives in part from Sherrington’s (1940) idea of a
generalized principle of convergence because he wrote, “Where it is a question of ‘mind’ the nervous
system does not integrate itself by centralization upon one pontifical cell. Rather it elaborates a
million-fold democracy whose each unit is a cell” (p. 277).

Mental attentional capacity (M—capacity) is generally defined as a set of mental processes respon-
sible for active maintenance and manipulation in mind of task-relevant problem-solving information
that is not otherwise (e.g., perceptual cueing) activated (e.g., Pascual-Leone, 1970; Pascual-Leone &
Johnson, 2005, 2011, 2021). Mental attention (M) is often described as an attentional resource that
serves as a core component of working memory (Arsalidou et al., 2010) because it provides operational
mental energy for this processing to occur. Measurement of M—capacity allows researchers to deter-
mine the type and quantity of otherwise not activated schemes (informational units) that can be main-
tained by mental attention and thus can be manipulated (Arsalidou & Im-Bolter, 2017; Pascual-Leone
& Johnson 1999, 2011). In line with predictions of the TCO (Pascual-Leone 1970; Pascual-Leone &
Johnson 2005), this capacity has a developmental growth, when assessed behaviorally, of one unit
every other year after 3 years of age—until it reaches its maximum of seven units at 15 or 16 years
of age (see Arsalidou & Im-Bolter, 2017, for review; Pascual-Leone & Baillargeon, 1994).

Measures of M—capacity are often used in developmental, educational, clinical, and cognitive neu-
roscientific research domains, typically in an effort to predict performance on a wide range of cogni-
tive tasks and real-world outcomes. M—capacity is fundamentally involved in language and reading
comprehension (Im-Bolter, Johnson, & Pascual-Leone, 2006) and learning and scholastic achievement
(Onwumere & Reid, 2008), and it has also predicted individual differences such as performance on
standardized intelligence tests (Howard, Johnson, & Pascual-Leone, 2013), mathematical cognition
(Agostino, Johnson, & Pascual-Leone, 2010), cognitive giftedness (Johnson, Im-Bolter, & Pascual-
Leone, 2003), and theory of mind (Im-Bolter, Agostino, & Owens-Jaffray, 2016). Tasks of M—capacity
have been used with individuals with clinical diagnoses such as autism (Vogan et al., 2014; Vogan,
Morgan, Smith, & Taylor, 2019), and specific language impairments (Im-Bolter et al., 2006). Consider-
ing the range and frequency of use in the field, it is of importance to accurately and reliably measure
individual and developmental differences in M—capacity.

Arsalidou et al. (2010) designed the Color Matching Task (CMT), which measure M—capacity devel-
opmentally and are appropriate for use in functional neuroimaging studies with both children and
adults (e.g., Arsalidou et al., 2013; Vogan et al., 2014, 2019). In the current study, we used the CMT
as a model to design the Number Matching Task (NMT). The CMT and NMT are computerized timed
paradigms, variants of a match-to-sample task, where difficulty of cognitive processes increases with
the number of relevant cues in the stimulus. Participants see a sequence of stimuli, and for each stim-
ulus they must indicate whether the relevant cues (i.e., colors or numbers) are the same as or different
from those immediately preceding. The number of relevant colors or numbers varies from one to six
and index the level of difficulty for each item. Irrelevant cues (irrelevant colors or numbers) are kept
constant across the six levels of difficulty, and participants are instructed to ignore them. All cues are
embedded in a figure, which in itself is irrelevant for the task at hand. Common characteristics of the
CMT and NMT include (a) multiple levels of difficulty that are parametrically scaled, (b) invariant
executive demand across levels of difficulty (i.e., the number and kind of operations needed to solve
the task item are kept constant), (c¢) minimal prior knowledge requirements due to pretraining, (d)
minimal language or conceptual requirements, and (e) use of irrelevant cues that evoke interfer-
ence—either high or low interference. Each task version consists of items with changing low- and
high-level interference, manipulated by the number and kind of irrelevant cues present, to produce
two different degrees of interference (see Method for more details on task variations). The multi-
faceted structure of the tasks allows for manipulations of domain (e.g., visual-spatial vs. numeric), dif-
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ficulty (e.g., multiple levels of difficulty), and interference (high interference vs. low interference).
Thus, effect of difficulty will support the developmental trajectory for mental attention, lack of effect
of domain will support the notion of a common core cognitive resource used in problem solving, and
effects of interference will document the context that elicits the need for additional executive function
skills.

One way in which higher-interference variants produce increased contextual interference is by
way of relevant cues being embedded in salient irrelevant figures, which distract from the task at
hand, making the search for numbers or colors more attentionally demanding because the participants
need to disembed the relevant features from the global/embedding figures. In addition, in the numeric
higher-interference variant, a large number (global level) is composed of smaller numbers (local level),
which produces a Navon effect (Gerlach & Poirel, 2018; Navon, 1977). These factors hinder perfor-
mance, causing participants to produce more errors, which lowers the probability of success unless
they use mental attention (Arsalidou et al., 2010; Pascual-Leone, 1970).

Behavioral research shows that these tasks with embedded contexts and irrelevant cues, which
evoke interference, are better able to assess M—capacity (Arsalidou et al., 2010; Pascual-Leone &
Baillargeon, 1994; Pascual-Leone & Johnson, 2005; Pascual-Leone, Johnson, Baskind, Dworsky, &
Severtson, 2000; Powell, Arsalidou, Vogan, & Taylor, 2014). This is one advantage that metasubjective
M-—measures such as the CMT and NMT can offer to the fields of psychology and education. In addition,
these M—measures (including the CMT and NMT), with their parametrically scaled levels of difficulty,
provide researchers with tools for assessing brain-behavior relations in the visual-spatial and numeric
domains (see Arsalidou & Im-Bolter, 2017, for review). Although the tasks can be classified by their
stimulus type to belong to specific domains (i.e., visual-spatial and numeric), we believe that what
is measured by the tasks is a domain-general resource for cognition (Pascual-Leone 1970, 1987;
Pascual-Leone & Johnson, 2005, 2011). Tasks assessing a common resource in different domains can
be advantageous in certain circumstances. Specifically, Im-Bolter et al. (2006) showed that children
with specific language impairments have M—capacity deficits in both the visual-spatial and verbal
domains. Thus, both tests, although measuring a domain-general resource, can be used to assess char-
acteristic (domain-specific) impairments in patients as well as in children with atypical development.
These parametric measures have a multitude of critical advantages when used in developmental cog-
nitive neuroscience or neuropsychology and related fields (see Arsalidou & Im-Bolter, 2017, for review).

The CMT and NMT have been validated and reliably used in behavioral studies (Arsalidou et al.,
2010; Powell et al., 2014; Vogan et al., 2016) and functional magnetic resonance imaging (fMRI) stud-
ies with both healthy samples (Arsalidou et al., 2013; Guevara, 2018) and clinical samples (e.g., Vogan
et al., 2014, 2019). Critically, these tasks take a considerable amount of time to administer (i.e.,
~40 min each including pretraining). Given that these tests are critical tools of M—capacity assess-
ment, researchers and clinicians working in several subfields of psychology would find it very practical
if these tests were administered in a shorter time.

Many cognitive and neuropsychological measures have benefited from a substantial shortening of
administration time. For instance, complex span tasks have been shortened to meet the time concerns
of researchers who use them (Felez-Nobrega, Foster, Puig-Ribera, Draheim, & Hillman, 2018; Foster
et al.,, 2015). Similar criticisms have motivated researchers and clinicians assessing other cognitive
functions. In the domain of clinical neuropsychology, where brief cognitive screening measures are
so important, shortening tools of assessment has gained momentum. For example, to name just three
medical conditions, neurocognitive batteries have been abbreviated to screen for dementia (Horton
et al,, 2015), schizophrenia (Harvey, Keefe, Patterson, Heaton, & Bowie, 2009), and mild cognitive
impairment (Gomar, Harvey, Bobes-Bascaran, Davies, & Goldberg, 2011). Abbreviated tests have
become ubiquitous in the field.

The primary motivation to shorten test duration is saving time. The increasing pressures on clinicians
to conduct efficient, cost-effective, and short assessments, given reimbursement policies of third-party
companies, is long-standing in the field (Camara, Nathan, & Puente, 2000; Wright et al., 2017). In addi-
tion, in the research setting long experiments are extremely costly, particularly using neuroimaging
tools. Thus, researchers have abbreviated the Penn Verbal Reasoning Test, a computerized measure of
verbal reasoning capacity used in neuroimaging investigations (Bilker, Wierzbicki, Brensinger, Gur, &
Gur, 2014). Another important reason for shortening tasks of psychological assessment is the partici-
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pants’ motivation or fatigue. Participants’ motivation and attentional resources can decline with lengthy
and tiresome experimental sessions, influencing performance assessment (Felez-Nobrega et al., 2018;
Vanderploeg, LaLone, Greblo, & Schinka, 1997). Abbreviated measures used for evaluation in clinical
neuropsychology benefits patients with cognitive impairment because of difficulties associated with
fatigue and attentional decline (Gomar et al., 2011). It is imperative for researchers and clinicians to have
access to measures that are time-sensitive yet remain psychometrically sound. In this study, we present
information on abbreviated measures of mental attentional capacity.

There is no consistent method or practice for developing reliable and valid short forms parallel to
an original version. A survey of the literature shows that when abbreviating the same test, different
methods can be adopted. For instance, Calamia, Markon, Denburg, and Tranel (2011) used techniques
from item response theory to shorten the Judgement of Line Orientation Test, whereas other research-
ers used odd-even splits (Vanderploeg et al., 1997; Woodard et al., 1996). In addition, in the case of
intelligence testing where strategies often consist of reducing the number of subtests or number of
items from subtests, different methods have been adopted (see Kleka & Paluchowski, 2017, for
review). Specifically, examining the methods used to shorten the scale of questionnaires showed that
statistical techniques investigated were comparable (Kleka & Paluchowski, 2017). Hence, they advo-
cated equal treatment of statistical techniques, with the basis for their selection guided by the avail-
ability of analytic tools and the preferences of researchers. Nonetheless, it is imperative to ensure that
tests’ validity and reliability are not reduced relative to the originals.

Because the M—measures in general, including the CMT and NMT, are unique tools for cognitive
assessment in developmental research, clinical settings, and neuroscience, shorter measures should be
assets. In addition, shorter tests could lead to increased use when time is saved. However, it is of para-
mount importance that the accuracy and reliability of the original tests be maintained. Smith, McCarthy,
and Anderson (2000) outlined methodological caveats, and they offered methodological steps for short-
form development, which we can use. Theoretically, we anticipate that classic, recent, and new measures
of mental attentional capacity will document developmental trends across childhood and adolescence.
We expect that tasks with higher interference (i.e., more misleading) will better assess cognitive patterns
and that task domain will not elicit different performance but instead equivalent performance across age
groups. A practical aim of the current study was to validate the NMT and to examine whether the reli-
ability and validity of the CMT and NMT can be preserved within abbreviated tasks.

Method
Participants

In total, 483 participants were tested in the following six age groups: Grade 2 (7-8 years), Grade 4
(9-10 years), Grade 6 (11-12 years), Grade 8 (13-14 years), Grade 10 (15-16 years), and adults (19-
30 years), comprising 209 male and 274 female participants. Table 1 shows the distribution of partic-
ipants by age group and gender. Groups A and B in the table describe the characteristics of two groups
randomly divided from the larger group to conduct analyses (see “Analyses” section for details on ran-
dom group assignment).

Of the adult sample (n = 226), 101 adults were recruited from the community and 125 were
recruited from the university and received course credit. Children were recruited from four public
schools. All participants or their parents signed an informed consent form agreeing to participate. Chil-
dren received a small stationery gift (e.g., pens and pencils) for their participation in each session. The
study received ethics approval.

Materials

Color and number matching tasks

Two tasks were completed by all participants: a CMT (Arsalidou et al., 2010) and an NMT (current
study; see Fig. 1). Participants were asked to indicate whether the current image contained the same
colors for the CMT or the same numbers for the NMT as the previous one by pressing a button.
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Table 1
Participant characteristics.

Age (years)
Group n Male
M SD
Grade 2 62 34 7.26 0.44
A 31 15 7.23 0.43
B 31 19 7.29 0.46
Grade 4 48 20 9.04 0.2
A 24 8 9.00 0
B 24 12 9.08 0.28
Grade 6 61 28 11.11 0.32
A 31 15 11.06 0.25
B 30 13 11.17 0.38
Grade 8 37 12 13.37 0.45
A 18 6 13.22 0.43
B 19 6 13.32 0.48
Grade 10 49 15 15.22 0.47
A 25 8 15.2 0.41
B 24 7 15.25 0.53
Adults 226 100 22.19 2.52
A 113 50 21.89 2.39
B 113 50 22.48 2.63
Total 483 209
A 242 102
B 241 107

Within both tasks, there are both low-interference and corresponding high-interference versions.
In the CMT, low interference (i.e., facilitating contexts) is assessed using the Balloon task (CMT-B)
and high interference is assessed using the Clown task (CMT-C). In both tasks, a picture of either bal-
loons (CMT-B) or a clown (CMT-C) is presented with six levels that are manipulated by the number of
relevant colors present (purple, orange, yellow, pink, brown, gray, and red). The location and repetition
of relevant colors and the colors blue and green are irrelevant cues that must be ignored in both tasks.
In the CMT-C, the prominent figure of the clown itself, including the colors in the clown’s face, is an
additional irrelevant cue to be ignored, resulting in a higher misleading complexity measure due to
increased interference.

In the NMT, low interference is assessed using the Squares task (NMT-S) and high interference is
assessed using the Fours task (CMT-F). In both tasks, a picture of numbers arranged in either a square
pattern (NMT-S) or a large number four pattern (NMT-F) is presented with six levels that are manip-
ulated by the number of relevant digits present (i.e., 1, 2, 3, 4, 6, 7, and 8). The location and repetition
of relevant numbers and the numbers 0 and 5 are irrelevant cues that must be ignored in both tasks. In
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indexing M-demand

Fig. 1. Examples of Color Matching Task (CMT) and Number Matching Task (NMT) images and sequence of presentation.
Participants were asked to indicate whether the current image contained the same colors for the CMT or numbers for the NMT
as the previous one by pressing a button. We show mental demand level 3 for low interference (CMT-B and NMT-S) and mental
demand level 4 for high interference (CMT-C and NMT-F). Each stimulus was presented for 3 s with a 1-s interstimulus interval.
A trial was constituted by consecutive stimuli (e.g., second picture was compared with first picture, third picture was compared
with second picture). A block was constituted by 7 trials of the same difficulty. Blocks were separated by a 2-s interblock
stimulus. The tasks were administered in two runs. Each run included two blocks for every difficulty level in a pseudorandom
order.

the NMT-F, the salient figure of the large number four itself is an additional irrelevant cue to be
ignored, resulting in a higher-complexity measure due to interference. Irrelevant cues require partic-
ipants to inhibit impulsive responses and ignore these aspects of the stimuli.

Using a match to sample procedure, participants were asked to indicate whether the relevant items
(digits or colors) in the current stimulus match those of the previously presented stimulus while dis-
regarding irrelevant features. Both figurative schemes (e.g., colors or numbers) and executive schemes
(i.e., higher-order operative schemes such as task rules) that are not facilitated by the situation count
toward the estimate of mental (M-) demand of the task. Specifically, M—demand is increased by the
number of relevant features (digits or colors; n = 1-6) in each stimulus, whereas the executive demand
(i.e., goals) of the task remains constant, producing parametrically scaled levels of M—demand (e.g.,
number of colors plus executive demand). The amount of mental attention required to complete each
task is indexed by both the number of relevant features (colors or digits; n = 1-6) and the amount of
interference (n + 1 or n + 2). The amount of interference in these tasks creates either a facilitating con-
text (low interference) or a misleading context (high interference). Task analyses estimate that the
facilitating task requires one constant executive scheme of identifying and matching the relevant col-
ors, whereas the misleading task requires an additional constant executive scheme (i.e., higher-order
operative scheme), which is related to effortfully extracting relevant colors from an embedding con-
text by ignoring irrelevant features (Arsalidou et al., 2010). Thus, an M—demand of n + 1 is associated
with low-interference tasks (CMT-B and NMT-S), and that of n + 2 is associated with high-interference
tasks (CMT-C and NMT-F). The addition of irrelevant cues in the high-complexity tasks required par-
ticipants to use more mental attention, which causes (our task analyses show; Arsalidou et al., 2010)
one additional unit to be added, resulting in n + 2. Thus, one unit shared by the two versions of the task
related to the mental operation reflects identifying and matching colors, and the second unit related to
the mental operation of extracting relevant features from an embedded context is shared only by the
misleading versions of the two tasks. The score of M—capacity is indexed by the highest (M—demand)
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Table 2

Participant characteristics for Figural Intersection Task.
Group n Male Age (years)

M SD

Grade 2 31 18 7.29 0.46
Grade 4 35 15 9.03 0.17
Grade 6 40 18 11.05 0.22
Grade 8 26 10 13.19 0.40
Grade 10 31 7 15.26 0.51
Adults 148 66 22.05 245
Total 311 134

e
O

Fig. 2. An example of difficulty level 4 in the Figural Intersection Task (FIT).

level participants can pass reliably with at least 70%, allowing for only one such percentage level to
drop below.

Figural Intersection task

The Figural Intersection Task (FIT; Pascual-Leone & Baillargeon, 1994) is a classic measure of M—ca-
pacity, with scores on the FIT having been shown to agree with the theoretical predictions of M—ca-
pacity in many studies (e.g., Johnson et al., 2003; Pascual-Leone, 1970; Pascual-Leone & Baillargeon,
1994; Pascual-Leone & ljaz, 1989; Pascual-Leone et al., 2000; see Arsalidou & Im-Bolter, 2017, and
Onwumere & Reid, 2008, for reviews). In the current study, the FIT was used as one comparison mea-
sure to evaluate the validity and reliability of the NMT. The FIT was not completed by all participants
due to school absences on the days of testing (see Table 2).

The FIT (see Fig. 2) is a visual-spatial task in which participants are asked to attend to the shapes on
the right and find the common overlap (i.e., point of total intersection) of all those shapes on the left.
The size, location, and rotation of the shapes, as well as extra shapes, are irrelevant cues and must be
ignored. Levels of difficulty are parametrically scaled by progressively increasing the number of
shapes (2-8). A total of 28 items are to be completed (4 items with seven levels of difficulty), and
M-—capacity is assessed by the highest difficulty level participants can pass reliably at least 70% of
the time, allowing for only one such percentage level to drop below.

Procedure

Color and number matching tasks

Participants were tested in a quiet room where a laptop computer was set up. The CMT and NMT
were administered in a randomized order on different days after participants had training for each
task. Children and adults received the same training on a computer. After being greeted by the
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researcher, participants were familiarized with the stimuli and rules of the task using scripted instruc-
tions and a PowerPoint presentation. First, participants were asked to name colors (those involved in
the CMT) or numbers (those involved in the NMT). Next, using PowerPoint slides, the stimuli were pre-
sented as examples and the experimenter explained the rules of the task, such as the rule that blue and
green colors or the numbers 0 and 5 are not important (i.e., irrelevant) when making decisions. In
addition, participants learned that relevant colors (in the CMT) or numbers (in the NMT) can change
locations and to ignore the face of the clown for the CMT or the large number for the NMT. Then, par-
ticipants completed a short practice with 12 trials, with low levels of difficulty (i.e., n = 1-3 colors or
numbers), to get acquainted with the pace and timing of the game. Next, participants were asked to
complete the real task on their own on a computer. This task included all difficulty levels (n = 1-6 col-
ors or numbers), which were presented in a pseudorandom order. Participants responded by pressing
the period (.) for same and a slash (/) for different on a standard keyboard. Each stimulus was pre-
sented for 3 s with a 1-s interstimulus interval; a short 2-s interval separated the difficulty blocks,
which were pseudorandomly presented (e.g., number of relevant features: 3, 5, 1, 6, 2, 4), for both
the training and experimental sessions.

Figural Intersection task

The FIT was administered either individually for adult participants or in groups of 5 to 10 for chil-
dren in schools. Instructions were scripted, and researchers provided instructions using the white-
board in classroom settings. First, the children and adults were familiarized with the idea of putting
dots inside the shapes on the right side of the page and finding the same shapes on the left. Then, par-
ticipants learned that they needed to place only one dot in all the shapes on the left side of the page at
the same time (i.e., point of total intersection). Next, participants learned that shapes could be differ-
ent sizes (e.g., a small circle on the right and a big circle on the left) but were still considered as being
the same shape. They also learned that shapes could rotate but were still considered as being the same
shapes. Lastly, participants learned that shapes that were found on the left and were not found on the
right were not important (i.e., irrelevant) and should be ignored. Participants practiced these steps in
their booklets using a red pen. Feedback was provided to ensure that participants understood the task
and instructions.

Analyses

To identify significant agreement among test scores, the majority of the analyses conducted in the
current study used equivalence tests (e.g., Mara & Cribbie, 2018; Wellek 2003). Traditional ¢ tests,
which test whether two samples are different, pose limitations for researchers who would like to
assess whether sample means are significantly equal rather than significantly different. Similar to t
tests, equivalence tests can be used to draw statistical inferences based on applying a threshold on
observed data. In equivalence tests, the null hypothesis states that there is a difference (i.e., outside
the specified equivalence bounds), whereas the alternative hypothesis is an effect that is within the
equivalence bounds, suggesting that two means are significantly equivalent. Thus, if a t test shows
that two means are not significantly different, it is unclear whether the means are in fact statistically
equivalent because they can be neither statistically different nor statistically equivalent. A test of sta-
tistical equivalence, such as the Two One-Sided Test (TOST), provides an inferential statistic for iden-
tifying comparisons that yield significantly similar results and serves as a more stringent test for
claiming that two means are comparable.

The current study used the TOST procedure to determine whether scores across tasks were equiv-
alent. The null hypothesis for the TOST is that there is a difference in variance that falls outside of the
expected equivalence bounds, and the alternative hypothesis is that the difference in variance will fall
inside the expected equivalence interval (Mara & Cribbie, 2018). An expected mean difference of 1 was
used to conduct all analyses. The lower bound was set to — 1 and the upper bound was set to + 1. If the
null hypothesis is rejected, we can conclude that the difference between the two means falls within
the equivalence bounds (i.e., greater than — 1 and less than + 1) and is statistically equivalent. Equiv-
alence bounds were set based on previous studies that tested equivalence of the CMT and other men-
tal attentional capacity measures (Arsalidou et al., 2010; Powell et al., 2014). In addition, as can be
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Table 3
Means and standard deviations for scores on tasks across age groups.
CMT-B CMT-C NMT-S NMT-F FIT

Age (years) M SD M SD M SD M SD M SD
7-8 3.76 1.63 3.34 1.24 2.97 1.34 3.18 1.25 3.39 1.43
9-10 4.42 1.37 3.90 137 3.31 1.19 3.46 117 4,74 1.50
11-12 5.74 1.33 5.10 1.45 4.52 1.32 4.69 1.29 5.08 1.80
13-14 6.05 1.25 6.38 1.30 5.51 1.12 5.19 1.29 6.00 1.55
15-16 5.65 1.55 5.96 1.81 5.53 137 5.47 1.68 5.94 1.81
19-30 6.30 0.89 6.33 1.36 5.94 1.00 6.35 1.50 5.80 1.44

Note. CMT, Color Matching Task (B, balloon; C, clown); NMT, Number Matching Task (S, Squares; F, Fours); FIT, Figural Inter-
section Task.

seen in Table 3, the standard deviations and range for scores on individual tasks all are greater than 1
except the standard deviation for adults on the CMT-B. We expect that this degree of variability within
each task reflects the appropriate decision to expect a mean difference of 1 across tasks.

Equivalence analyses were performed in R Version 3.4.3 (R Core Team, 2017) using the package
“equivalence” (Robinson, 2016) and the TOST function. Both t test and correlation analyses were per-
formed using SPSS software Version 23 (IBM Corp., Armonk, NY, USA). Random assignment of groups
was completed using Microsoft Excel. To preserve variability in the sample and consider as many data
points as possible, no outliers were removed. For reference, we estimated the number of over- per-
formers and under-performers using the interquartile range (IQR) method (i.e., 1.5 IQR below quartile
1 or more than 1.5 IQR above quartile 3 (see Table S1 in online supplementary material).

Preprocessing: Group assignment

One aim of the current study was to determine whether a reliable M—capacity score can be
obtained with a reduction in the number of blocks and by extension the number of trials needed.
We note that all children completed the full version of all tasks. Group assignment was performed
to identify whether fewer trials yielded comparable scores as full versions of the task. Thus, for data
analyses, the full score of one group was compared with the partial scores of another group. The CMT
and NMT follow the same protocol design. Each task block had 7 trials (i.e., 8 stimuli) corresponding to
a difficulty level. Each block was pseudorandomly presented two times (i.e., 14 trials) in each run, and
we had two runs (i.e., a total of 28 trials per difficulty level). The task was designed to have two runs to
provide a short break for children in between runs. Each run took about 7 min to complete. Specifi-
cally, during 7 min children completed two blocks for each difficulty level (i.e., 14 trials), during
14 min children complete four blocks for each difficulty level (i.e., 28 trials), and intermediately, if
we consider half the trials in the second run (7 + 3.5 min = 10.5 min), children completed three blocks
for each difficulty level (i.e., 21 trials). This timing and trials were the same for each version of the CMT
and NMT. Consequently, the full task with 28 trials took 28 min, abbreviated versions with 21 trials
took 21 min, and 14 trials took 14 min to complete.

To test the hypothesis on whether the full test could yield comparable results to the abbreviated
version of the task, each age group in the original sample was randomly divided into two groups:
Group A and Group B (see Table 1). Group A and Group B completed the full version of the tasks; how-
ever, in the statistical analyses, we evaluated whether their performance would be the same if we con-
sidered a partial number of trials for one of the groups. Random assignment to separate groups was
done to ensure that when conducting equivalence analyses there was no bias by having the same
scores from one block included in one of the different block combinations. For example, participants’
score for Block 1 to Block 2 would be included in their score for Blocks 1 to 4, creating a bias for
equivalence.

Random allocation to Group A or Group B was established using the following steps. First, a random
number was generated using the = RAND() function in Microsoft Excel for each participant. Second, the
randomly generated numbers were then sorted from smallest to largest, shuffling participants’ current
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Table 4
Results among CMT, NMT, FIT, and predicted M—capacity.

CMT versions

Age (years) Pred. Vs. CMT-B vs. CMT-C Vs. FIT Vs, Pred.
7-8 3 # 3.76 = 3.34 = 339 = 3
9-10 4 = 4.42 = 3.90 # 4.74 # 4
11-12 5 #* 5.74 = 5.10 = 5.08 = 5
13-14 6 = 6.05 = 6.38 # 6.00 = 6
15-16 7 # 5.65 = 5.96 = 5.94 # 7
19-30 7 = 6.30 = 6.33 = 5.80 # 7
Misleading versions
Age (years) Pred. VS. CMT-C Vs. NMT-F VS. FIT
7-8 3 = 3.34 = 3.18 = 3.39
9-10 4 = 3.90 = 3.46 # 4,74
11-12 5 = 5.10 = 4.69 = 5.08
13-14 6 = 6.38 # 5.19 # 6.00
15-16 7 >~ 5.96 # 5.47 # 5.94
19-30 7 = 6.33 = 6.35 = 5.80
Facilitating version:
Age (years) Pred. vs. NMT-S vs. CMT-B Vs. FIT
7-8 3 = 2.97 # 3.76 = 3.39
9-10 4 = 3.31 # 4.42 = 4.74
11-12 5 = 4.52 # 5.74 # 5.08
13-14 6 = 5.51 = 6.05 = 6.00
15-16 7 # 5.53 = 5.65 # 5.94
19-30 7 # 5.94 = 6.30 = 5.80
NMT versions
Age (years) Pred. Vs. NMT-F Vs. NMT-S VS. FIT
7-8 3 = 3.18 = 297 # 3.39
9-10 4 3.46 = 3.31 # 4.74
11-12 5 = 4.69 = 4.52 # 5.08
13-14 6 # 5.19 = 5.51 = 6.00
15-16 7 # 5.47 = 5.53 # 5.94
19-30 7 = 6.35 = 5.94 = 5.80

Note. p <.05. Expected mean difference of 1 was used to calculate the equivalence intervals. Equal sign (=) signifies equivalence;
not equal sign (#) signifies nonequivalence. Scores represent the mean of the group. In the first section of the table, we are
comparing the Color Matching Task (CMT) versions (B, balloon; C, clown). In the second section, we are comparing misleading
versions. In the third section, we are comparing facilitating versions. In the fourth section, we are comparing Number Matching
Task (NMT) versions (F, Fours; S. Squares). Pred., predicted M—capacity; FIT, Figural Intersection Task.

placement in the spreadsheet. Third, the first half of participants were assigned to Group A and the
second half were assigned to Group B, resulting in equal samples when possible. Group A scores were
computed from all four blocks (1 to 4, 28 trials). Group B was the comparison group. Scores for Group
B were computed from Blocks 1 and 2 (1 to 2, 14 trials) and Blocks 1, 2, and 3 (1 to 3, 21 trials),
depending on the comparison being made. Two-sample t tests revealed that Group A and Group B
were not significantly different on age and M—scores (for the complete task, 28 trials) across all tasks
and age groups (see Table S2 in supplementary material).

Results
Number matching tasks

Paired TOSTs were conducted to examine the validity of the NMT by comparing mean scores
among the CMT, FIT, and theoretical predictions of M—capacity (Table 4 and Fig. 3). Table 4 was
designed to compare equivalence among means of the CMT, predicted scores, and FIT as reported
by Arsalidou et al. (2010). The second and third sections of Table 4 compare the misleading and facil-
itating versions of the CMT and NMT with one another, and the fourth section compares the NMT ver-
sions with predicted scores and the FIT. Scores on the NMT-S and CMT-B were equivalent for half the
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Fig. 3. Mean scores as a function of age. Error bars represent standard errors (+1). Diagonal stripes represent the predicted
M-—capacity for each age group. CMT, Color Matching Task (B, balloon; C, clown); NMT, Number Matching Task (S, Squares; F,
Fours); FIT, Figural Intersection Task.

Table 5
Significant correlations among tasks, age, and predicted M—capacity.
CMT-B CMT-C NMT-S NMT-F FIT PMC

Age A49** 51 .62** .61* 34 .89**
CMT-B - .65** .65** 57 38** 56%*
CMT-C .56** - 67* .59** 37 61%*
NMT-S .55%* .54** - 73** 40** .69**
NMT-F .38 41 59" - 37 .64**
FIT 27 .25%* 27 23%* - 42%*
PMC 31 .38%* 41 .26™* .28** -

Note. Bivariate Pearson’s r correlations are above the diagonal. Partial Pearson’s r correlations controlling for age are below the
diagonal. All results were significant at **p <.01 (two-tailed). CMT, Color Matching Task (B, Balloon; C, Clown); NMT, Number
Matching Task (S, Squares; F, Fours); FIT, Figural Intersection Task; PMC, predicted M—capacity.

age groups. Scores on the NMT-F and CMT-C were equivalent for all age groups except the two ado-
lescent groups. Both the NMT-S and NMT-F were equivalent to the theoretically predicted M—scores
for all age groups except the two adolescent groups, which may have lower scores due to motivational
issues. Consistent with previous research (Arsalidou et al., 2010; Powell et al., 2014) and with theoret-
ical predictions (Pascual-Leone et al., 2000), high-interference tasks (CMT-C and NMT-F) showed bet-
ter equivalence with the predicted M—capacity and FIT.

Correlational methods were used to examine developmental performance patterns and relations
among tasks. All tasks were highly correlated with each other, predicted M—capacity and chronolog-
ical age, and remained significant (p <.01, two-tailed) when the variance for age was removed (see
Table 5). High correlations for the CMT-B and NMT-S, as well as for the CMT-C and NMT-F, are sugges-
tive of concurrent construct validity.

Paired TOSTs were conducted between scores on Block 1 to Block 2 (first half of test; 14 trials) and
scores on Block 3 to Block 4 (second half of test; 14 trials) for each task to examine the consistency of
scores (Table 6). The first and second halves of the test were equivalent for all groups and tasks except
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Table 6
Comparison of scores on Block 1 to Block 2 versus Block 3 to Block 4 for the whole sample (i.e., Groups A and B combined).

CMT-B CMT-C NMT-S NMT-F

Age (years) 1to2 vs. 3to4 1to2 vs. 3to4 1to2 vs. 3to4 1to2 Vs. 3to4

7-8 4.26 = 3.88 3.85 = 3.44 3.19 = 3.26 345 = 3.35
9-10 4.83 = 4.54 4.67 = 4.13 3.71 = 3.69 3.71 = 3.98
11-12 6.03 = 5.82 5.69 = 5.21 4.60 = 5.02 5.23 = 4.85
13-14 6.32 = 6.02 6.76 # 5.92 5.78 = 5.45 5.51 = 5.54
15-16 5.98 = 5.88 5.96 = 6.10 5.59 = 5.71 5.71 = 5.86
19-30 6.38 = 6.39 6.55 = 6.47 5.99 = 6.11 6.65 = 6.44

Note. Scores represent the M—score of each age group for Block 1 to Block 2 and for Block 3 to Block 4. An expected mean
difference of 1 was used (p <.05). CMT, Color Matching Task (B, Balloon; C, Clown); NMT, Number Matching Task (S, Squares; F,
Fours).

the Grade 10 sample (15-16 years) on the CMT-C. Paired TOSTs between scores on each block (i.e., 1
vs. 2,1 vs.3,1vs.4,2vs.3,2vs. 4, and 3 vs. 4; 7 trials per block) were also conducted to assess the
reliability of each task (see Table S3 in supplementary material).

Independent t tests were conducted to see whether there were any differences between genders
per task and age group. Significant differences were found between male and female participants in
Grade 10 on the CMT-C, £(47) = — 3.03, p =.004, and adults on the NMT-F, £(224) = 0.023. Female par-
ticipants in these two groups had higher means on the CMT-C (female: M = 6.44; male: M = 4.87) and
NMT-F (female: M = 6.56; male: M = 6.10), and female participants in Grade 2 had higher means on the
CMT-C, t(60) = — 2.005, p =.049 (female: M = 3.68; male: M = 3.06). No gender differences were found
for the other tasks across age groups (see Table S4 in supplementary material).

Abbreviations of CMT and NMT

Independent-sample TOSTs were conducted to compare the scores on all four blocks (1 to 4, 28 tri-
als; Group A) with those on the other two block combinations (1 to 2, 14 trials, and 1 to 3, 21 trials;
Group B). Scores using half the tasks were very similar to scores from the full task (Table 7 and Fig. 4).
For low-interference tasks (CMT-B and NMT-S), scores on the full test (Blocks 1 to 4) were equivalent
for all age groups when compared with scores from half the test (Block 1 to Block 2) except Grade 2.

Table 7
Results of equivalence tests comparing all four blocks (1 to 4) with the other block combinations (1 to 2 and 1 to 3).
CMT-B CMT-C
Age (years) 1to4 vs.1to2 vs.1to3 1to4 vs. 1to 2 vs.1to3
7-8 3.58 # 4.23 # 3.94 3.16 # 3.97 # 3.67
9-10 4.63 = 4,58 # 4.29 413 # 4,54 = 3.92
11-12 5.84 = 6.03 # 5.77 5.19 # 5.73 = 5.03
13-14 6.33 = 6.21 = 5.68 6.56 = 6.63 = 6.32
15-16 5.92 = 5.83 # 5.63 5.80 # 6.00 = 5.79
19-30 6.27 = 6.40 = 6.42 6.31 = 6.57 = 6.45
NMT-S NMT-F
Age (years) 1to4 vs. 1to2 vs.1to3 1to4 vs.1to2 vs.1to3
7-8 2.71 # 3.45 # 3.29 3.00 # 3.51 = 3.32
9-10 3.42 = 3.46 = 3.25 3.33 = 3.67 = 333
11-12 4.42 = 4.60 = 4.67 4.94 = 490 = 4.73
13-14 5.67 = 5.63 = 6.63 5.17 # 5.47 = 5.32
15-16 5.60 = 5.46 = 5.42 5.40 # 5.92 # 5.96
19-30 5.92 = 5.95 = 5.96 6.32 = 6.62 = 6.58

Note. Scores represent the mean of each group. Data from Group A were used to generate scores for all blocks (1 to 4), and scores
from Group B were used to generate scores for Block 1 to Block 2 and for Block 1 to Block 3. An expected mean difference of 1
was used (p <.05). CMT, Color Matching Task (B, Balloon; C, Clown); NMT, Number Matching Task (S, Squares; F, Fours).
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Fig. 4. M—capacity scores per block combination for each age group. Error bars represent standard errors (+1). CMT, Color
Matching Task (B, balloon; C, clown); NMT, Number Matching Task (S, Squares; F, Fours).

For high-interference tasks (CMT-C and NMT-F), scores on the full test were equivalent for all age
groups when compared with scores using only three blocks of the test (1 to 3, 21 trials) except Grade
2 for the CMT-C and Grade 10 for the NMT-F. Complementary analyses with more lenient equivalence
bounds (i.e., 1.2 and 1.5) show that all comparisons reached equivalence (see Tables S5-S12 in supple-
mentary material).

Discussion

The purpose of this study was to evaluate effects of age, task domain, task interference, and task
difficulty (M—demand) on performance with measures of mental attentional capacity and to deter-
mine the validity and reliability of the full and abbreviated forms of M—capacity tasks. Results showed
increases in mental attentional capacity across domains, supporting the notion of domain-general
trends across development. Tasks with higher interference that introduced misleading context during
problem solving improved assessment of these stages, consistent with previous findings in children
(Arsalidou et al., 2010) and adults (Engle, 2001). Practically, full and abbreviated versions of the
CMT and NMT could be used in future research and practice to assess mental attentional capacity
starting in school-aged children of 7 years.

The two variants of the CMT and NMT differ only in contextual information, such that the higher
misleading complexity tasks in fact produce increased interference due to irrelevant cues. In the
CMT-C and NMT-F, the global very salient figure in which the colors or numbers are embedded is com-
pletely irrelevant to the task at hand. According to the TCO, to extract task-relevant cues (colors or
numbers) for processing, the irrelevant cues need to be inhibited, which causes the task to be more
attentionally demanding (Pascual-Leone, 1970, 1989; Pascual-Leone & Johnson, 2005, 2011). Partici-
pants tend to score slightly higher on the CMT compared with the NMT, and this effect is more evident
in the facilitating versions of the task (CMT-B and NMT-S). This may be because the colors are more
salient, whereas the numbers are made up of lines and curves that need a little bit more processing
to be deciphered. In fact, we observed that child groups over-performed on the CMT-B, replicating past
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findings (e.g., Arsalidou et al., 2010) and resulting in nonequivalent results when compared with the
NMT-S. However, results of adolescents and adults showed significant equivalence among scores of
the CMT-B and NMT-S. Our data are consistent with previous research with the CMT showing that
the higher-interference (i.e., misleading complexity) task variants are a better measure of M—capacity
(Arsalidou et al., 2010; Powell et al., 2014).

Because the CMT-C is misleading (i.e., it contains more irrelevant features), it was expected to yield
greater equivalence with the theoretically predicted M—capacities across age groups compared with
the CMT-B, which showed equivalence for half the age groups (Table 4). Younger children, but not
teenagers and young adults, tended to score higher on the CMT-B than on the CMT-C, in agreement
with previous results (Arsalidou et al., 2010; Powell et al., 2014). Notably, when nonequivalence is
observed in children, it is often because of over-performance, whereas when nonequivalence is
observed in adolescents and young adults, it is often because of under-performance. This may be asso-
ciated with a lack of engagement and motivational issues reflected in the performance of these age
groups (Goss & Sonnemenn, 2017; Mann, 2018; Martin, 2009). Further research is needed to under-
stand the relation between motivation and cognitive abilities.

Motivational processes are said to affect performance on cognitive tasks because individuals may
lack the goal to perform well and avoid negative judgments about their competence (Dweck, 1986).
Significant gender differences were found for the Grade 10 sample on the CMT-C and CMT-F (the
two higher-interference variants), with female participants scoring higher. This is interesting because
some research has shown that male participants perform better on visual-spatial and verbal working
memory tasks (Geiger & Litwiller, 2005). However, there are inconsistent findings in that other
research shows that female participants perform better on both (Duff & Hampson, 2001). Alterna-
tively, these results may be due to the lack of engagement shown by males in secondary education;
research has shown that levels of achievement and engagement in males have been on the decline
(Martin, 2004; Weaver-Hightower, 2003). Males are more disengaged in class, are more unwilling
to do additional work, and have a negative attitude toward school (Mann, 2018; Martin, 2007). Future
research should consider more age-appropriate motivators for adolescents. Overall, with the excep-
tion that female participants in Grade 10 over-performed compared with male participants in Grade
10, our results suggest a lack of gender differences in M—capacity (the maturational component of
working memory) in both visual-spatial and numeric domains.

Scores on the NMT-S and NMT-F yielded equivalent results with all age groups. When each was
compared with theoretical scores (i.e., predicted mental attentional capacity), equivalence was
observed among all scores except for two groups in either teenage participants or young adults
(Table 4). This suggests that the NMT-S, unlike the CMT-B, is a stricter measure of M—capacity with
less opportunity to over-perform than we initially expected given that the identity of each color is
made salient by the separate balloons, whereas the NMT-S does not share this pop-out phenomenon.
However, the NMT-F showed more equivalence with the FIT, considered to be a high-interference task
due to irrelevant cues encountered when seeking the figural intersection, suggesting that the NMT-F is
a better measure of M—capacity than the NMT-S, which had equivalence for only two of the six groups.
Future research is needed to further investigate the tendency of the NMT to slightly under-estimate
participants’ M—capacity. Overall, equivalence tests discussed above generally showed performance
on these measures closely following theoretically predicted increases across development
(Arsalidou et al., 2010; Pascual-Leone, 1970; Pascual-Leone & Baillargeon, 1994; Pascual-Leone &
Johnson, 2005, 2011).

Correlation analyses produced results that are in agreement with the claim that the number of
information units that can be simultaneously held (and mentally manipulated) increases with age
(Table 5). We note the high correlations for the CMT-B and NMT-S as well as for the CMT-C and
NMT-F. Expectedly, performance significantly improved as a function of age. However, age is not
the only factor that could explain scores because correlations remain significant even when the vari-
ance for age is removed. Speculating on the factors that may explain the significant correlations after
controlling for age may relate to genetic and environmental factors. Moreover, individual differences
in M—capacity between children of the same age may relate to maturational factors. A study on gift-
edness reported that gifted children have an M—capacity of about one unit more than their peers on
average (Johnson et al., 2003). We also speculate that it may also relate to method variance. Method
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variance reflects characteristics of the task; although at different domains, all tasks followed a similar
task construction (e.g., constant rules, multiple levels) that also shared timing and M—demand order.
This is more evident for computerized tasks that share timing and presentation style. Partial correla-
tions between computerized tasks and the FIT showed comparable scores to past studies that used
M-—capacity tasks that differed in their general administration practice and reported significant partial
correlations of about .25 in two samples of school-age children (Morra, 1994), a result that was repli-
cated with preschoolers (Panesi & Morra, 2020) and adults (Morra, Camba, Calvini, & Bracco, 2013),
although higher partial correlations were also reported (Bisagno & Morra, 2018). Future research
examining neurophysiological factors associated with mental attention will be useful for identifying
marker variables that account for this shared variance. Overall, correlational results (among the tasks
and with the predicted M—scores) add construct validity to the method of mental attention measure-
ment in general and to the new numeric M—capacity task; these all are M—capacity measures across
distinct content domains.

Concordance of scores across different blocks and block combinations shows the task’s reliability.
Reproducible scores between different blocks for all tasks showed that participants’ performance was
reliable throughout the task and suggests that the CMT and NMT are reliable measures of M—capacity
within a misleading context (a context that requires attentional inhibition). Thus, in agreement with
previous results in children (Arsalidou et al., 2010; Powell et al., 2014) and adults (e.g., Engle & Kane,
2004), the misleading version of the NMT (i.e., NMT-F) was shown to be, as predicted, a better measure
of mental attentional capacity.

Support for abbreviated measures

After confirming the validity of the NMT, equivalence analyses were performed to assess whether
using fewer trials of the CMT and NMT would provide a valid measure of M—capacity. A group of par-
ticipants (Group A) whose scores were from the whole test (Blocks 1 to 4) were compared with a dif-
ferent group of participants (Group B) whose scores were from different combinations of blocks (1 to 2
and 1 to 3). Results showed across all age groups that for both low-interference tasks (CMT-B and
NMT-S), scores from the whole task were equivalent to the half-test combination (Block 1 to Block
2), except for Grade 2 (7-8 years) on both tasks (Table 7). Scores on full versions (Blocks 1 to 4) of
the high-interference tasks were equivalent to scores from Blocks 1, 2, and 3 (1 to 3) for all age groups
except Grade 2 (7-8 years) on the CMT-C and Grade 10 (15-16 years) on the NMT-F. Many of the mean
differences between scores from Blocks 1 to 4 and those from the other two block combinations (1 to 2
and 1 to 3) were less than 0.50 (i.e., half a point). In addition, two-sample t tests revealed that there
were no significant differences (p <.05) between scores on the full tasks when compared with those on
the other block combinations for all tasks and age groups except Grade 2 (7-8 years) on the CMT-C for
Block 1 to Block 2 (see Tables S13 and S14 in supplementary material for results). By observing the
means, some of the tasks and age groups showed scores closer to their theoretically predicted M—ca-
pacity on the abbreviated tasks compared with the full tasks. Grade 10 participants in Group B per-
formed better when scores were from an abbreviated task than Group A, whose scores were from
the full test. For example, on the NMT-F the mean for Group A (Blocks 1 to 4) was 5.40, whereas
the mean for Group B in Blocks 1 and 2 was 5.92, which is closer to the predicted M—capacity of 7
for this age group. These results suggest a valid M—capacity score using half the task.

Conclusions

This study investigated properties of mental attentional capacity in children, adolescents, and
adults. Findings suggest a common trajectory of development as a function of domain. Task interfer-
ence also affects scores differently by domain and by age. For instance, in color tasks younger children
benefited from low interference. This study determined validity of the new numeric M—capacity task
and verified theoretical predictions of the developmental increase in M—capacity. Specifically, findings
on the CMT were replicated (Arsalidou et al., 2010; Powell et al., 2014); and it was shown that the
higher misleading complexity variant of the NMT (with more interference) improved the M—capacity
assessment across development. In addition, processing visual-spatial and numeric information was
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shown to be more efficient with growing age. This study determined that an abbreviated versions of
the CMT and NMT can produce valid and reliable M—scores. Because this is the first study to report
results on the numeric measure of mental attentional capacity, more studies are needed to replicate
and confirm developmental patterns. Theoretically, our findings contribute to knowledge on psycho-
logical processes that underlie cognitive development in children, adolescents, and adults. Practically,
developmental scores can serve as a benchmark for comparison for future studies with children with
typical and atypical development. In addition, abbreviated tasks will be an asset for future research
because they can save researchers time and money when conducting both behavioral and neuroimag-
ing studies with children and adults. Overall, findings and methods presented in this work can benefit
understanding and future research in psychology, education, and clinical practice.
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