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ABSTRACT

Children reasoning about the world must attend to not only visible
objects but also the relations between them. For example, in mathe-
matics classroom, it is crucial to notice not only objects in word
problems, but also how they relate to each other mathematically.
Attention to relations has generally been considered a function of
domain knowledge or task-specific context, though we posit that
individual differences in relational attention can be identified and
may affect reasoning and learning across tasks. Individual differences
in spontaneous relational attention were measured in a sample of 218
fifth/sixth grade children from the U.S. The latent class analysis
revealed that children could be systematically grouped into four clus-
ters based on how likely they were to attend to relational correspon-
dences, and importantly, these differences predicted their learning
from a videotaped mathematics lesson. Children who preferentially
attended to relations systematically learned more from the same
lesson than those who preferentially attended to objects, controlling
for prior math knowledge and Executive Functions (EFs). At the same
time, the latter group showed greater learning when the lesson expli-
citly highlighted relational correspondences, suggesting that rela-
tional attention is a key mechanism for learning, and also that this
could ensure equity across students in learning from high-quality
lessons.

Introduction

Deep learning in many domains requires attending to and recognizing analogical relations
between systems that on the surface may appear different; mathematics learning is a clear
instance of that property (e.g., Begolli & Richland, 2016; DeWolf et al., 2016; Richland &
McDonough, 2010). As noted by Rutherford and Ahlgren (1991), “mathematics explores
the possible relationships among abstractions” (p. 14). Moreover, acquiring mathematics
relies on relational thinking in many mathematical contexts, for example, understanding
inverse relations (e.g., division is the inverse of multiplication), and discerning the com-
monalities and differences among fractions, decimals, and percentages (Morsanyi, 2020).
Everyday classroom mathematics instruction similarly relies upon students noticing
commonalities across representations and generating key abstractions, such as noticing
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relations between problems (using one instructed problem to solve a new problem),
between prior mathematics knowledge and new instruction, between real-world experi-
ences and classroom experiences, or between students’ solution strategies when they discuss
publicly how they solved a problem (Richland & Simms, 2015).

Other domains share this phenomenon, with science as a domain relying on students
recognizing relations between diagrams and real-world phenomena, or using analogies to
comprehend phenomena that are too small or large to experience and understand in
a concrete way (Hansen & Richland, 2020). Despite this crucial role of relational thinking
in learning, much research suggests humans do not automatically notice relevant relations
when available (e.g., Gick & Holyoak, 1980, 1983) and in fact often fail to generalize or
transfer even when it is possible (Richland et al., 2004). Teachers vary culturally and
systematically in how systematically they use verbal cues, gestures, or spatial cues to make
very explicit what links they intend their students to notice (Richland, 2015; Richland et al.,
2007). Therefore, variations between children in how likely they are to spontaneously notice
and reason on the basis of relational correspondences in the environment may have serious
consequences for learning.

Individual differences in children’s spontaneous attention toward noticing relational
correspondences have not been previously explored, since most research in this area focuses
on children’s capacity to reason relationally or analogically when told to do so (e.g.,
Gentner, 1988; Gentner & Rattermann, 1991). A growing body of work, however, has
shown that doing one task that requires challenging relational thinking can prime
a reasoner’s attention to shift toward being more relational on a new task (Simms &
Richland, 2019; Vendetti et al., 2014; Walker et al., 2018); thus, suggesting that the
spontaneous tendency to attend to relations may be malleable and an important construct
for understanding how children learn and derive information from novel information
contexts.

The current study focuses specifically on variations among individuals in their sponta-
neous (i.e., unguided) attention to analogical relations, when there are also other sources of
information and similarity available. Considerable variation in spontaneous attention to
analogical relations was identified in both children and adults in unconstrained versions of
relational reasoning measures used in the priming studies noted above (Simms & Richland,
2019; Vendetti et al., 2014; Walker et al., 2018). Variation was evident even among adults
and children who had sufficient domain-specific knowledge to comprehend the target
relations, and (for the adults), had mature executive functions (EFs), which are two factors
considered crucial for individuals to be able to reason relationally (Goswami, 1992, 2001;
Morrison et al., 2004; Rattermann & Gentner, 1998; Viskontas et al., 2004). In other words,
sufficient domain knowledge and EFs alone do not guarantee that individuals will sponta-
neously engage in relational reasoning when explicit instruction is unavailable. This sug-
gests that the ability to reason relationally and the likelihood of spontaneously noticing
relations are distinct processes. For brevity, we use the label, “relational attention,” in the
remaining text to refer to attending to analogical relations in a spontaneous manner when
other information is represented together with relational information and no explicit cuing
to relations is available. We use the term, “relational reasoning,” to refer to the capacity to
reason relationally when explicit directions of such are given.

To develop a robust theory of individual differences in relational attention, two sources
of information are needed. First, we need a clearer picture of how individuals vary in their
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relational attention patterns. Second, we need empirical evidence to support the idea that
relational attention is a meaningful source of individual differences that could set itself apart
from other cognitive processes closely related to relational reasoning, such as EFs. We must
test whether individual differences in spontaneously noticing relevant relations are indeed
consequential and may affect how new information is processed. In this current study, we
test therefore whether relational attention patterns predict differences in learning from
a mathematics lesson. In the following sections, we describe how the current study con-
tributes to answering these critical questions.

Spontaneous relational attention patterns

A rich literature on analogical reasoning has documented two modes of similarity-based
reasoning. One is more prevalent in younger children or in those with low knowledge of
a domain (Gentner, 1988; Gentner & Rattermann, 1991; Gentner & Toupin, 1986;
Rattermann & Gentner, 1998), such that a reasoner is more likely to attend to similarities
between featural properties of objects (e.g., color) rather than relational similarities. (e.g.,
the item above another). Older children and those who have accumulated relevant knowl-
edge of a domain are typically more capable of focusing on relational similarities during
their reasoning process, ignoring featural similarities which may be irrelevant or mislead-
ing, for example, noticing a correspondence between someone reaching out for something
in two different scenes even if the objects were different (see Figure 1(i-ii)). It is highly
plausible that individuals could show these distinct patterns in their spontaneous attention
to analogical relations.

Traditionally, to study individual differences in this topic, researchers would administer
an unconstrained relational mapping task and report the percentage of selecting a relational
match from participants as an indicator of the extent to which individuals spontaneously
attend to relation-based information, or an object match based on appearance, to represent
the degree of spontaneously attending to object-based information. The drawback of this
traditional method is that these separate frequency data can only reflect one dimension at
a time (either relation-based or object-based information), and other possible dimensions
or the relative frequencies between possible attentional patterns would be unrecognized.
Such a methodological limitation constrains researchers from drawing conclusions about
the distinct attentional patterns that individuals could have that take into account all the
possible responses from items in the mapping task. For example, individuals could have the
same, relatively low level of attending to relational similarity (e.g., Participants A and B both
selected the relational match in 1 out of the 6 items), but differ in the tendency to attend to
featural similarity (e.g., Participant A consistently selected the option based on featural
similarity for all the other five items, whereas Participant B selected a mixture of options in
these five items), thus having different attentional patterns.

Fortunately, recent statistical advancements in finite mixture modeling
(McLachlan & Basford, 1988) have allowed us to investigate this question by
calculating the probability of categorizing individuals based on multiple, latent
dimensions within one analysis, thus providing a rigorous tool for researchers to
understand the number and nature of other potential dimensions of individual
differences in relational attention. With the aid of this statistical model, we would
be able to identify and describe how individuals differ in their spontaneous tendency
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Block A or C

Choose one of the things in the bottom picture that goes with the boy in the top Choose one of the things in the bottom picture that goes with the girl in the top picture.

picture.

Block B

Choose one of the things in the bottom picture that goes with the boy in the top picture. Choose one of the things in the bottom picture that goes with the cat in the top picture.

(iif) (iv)

Figure 1. Sample items in the spontaneous scene analogy task.Note. (i) One relation with Object Match
option; (i) Two relations with Object Match option; (iii) & (iv) One relation without Object Match option.

to notice analogical relations in the presence of other distracting information.
Specifically, are there certain groups of individuals that spontaneously attend to
different types of information when relational and featural correspondence as well
as irrelevant information are all available?
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Contributions of relational attention to math learning

Another essential piece of information that warrants future research is whether sponta-
neous relational attention is a meaningful source of individual differences or, whether it is
merely a manifestation or artifact of the shared underpinning cognitive processes, such as
Executive Functions, which are known to be correlated contributors to analogical reasoning
(e.g., Begolli et al., 2018; Morrison et al., 2011; Richland & Burchinal, 2013). Further, we aim
to understand whether this is a meaningful distinction by examining if relational attention
has an identifiable effect on how new stimuli is processed. In the current study, we test
whether relational attention, as measured on one task, predicts learning from a different
relational reasoning opportunity — a mathematics instructional analogy. If relational atten-
tion is a meaningful construct and functions as predicted, individuals with different
attentional patterns should benefit differently from the same instructional analogy, as well
as demonstrate different learning patterns when explicit directions to relations, or relational
language, is present versus not. We sought to demonstrate that individuals could still vary in
their relational attention even if they possess the same level of EFs, and that this unique
individual difference matters in their math learning.

Relational process and inhibitory control
Being able to reason relationally requires individuals to inhibit the natural tendency to
attend to salient, yet non-relational information, and control their limited cognitive
resources to select and focus on the relational one that may not appear obvious (for
discussion, see Richland et al., 2006; Richland & Zhao, 2023). Inhibitory control (IC), the
ability to control attention to inhibit interfering information or previously activated cog-
nitive processes (Diamond, 2013), can be considered one of the core components of EFs
(Miyake et al., 2000). Findings from various behavioral, computational, and neurophysio-
logical studies suggested that IC was critical for relational reasoning ability (Doumas et al.,
2018; Krawczyk et al., 2008; Morrison et al., 2004, 2011; Richland & Burchinal, 2013;
Thibaut et al., 2010a, 2010b). For example, Richland & Burchinal (2013) analyzed
a longitudinal behavioral dataset and found that comprehensive EF and IC skills in early
elementary school predicted relational reasoning ability at age 15 years old, after controlling
for a number of contributing factors. Krawczyk et al. (2008) and Morrison et al. (2004)
studied patients with frontotemporal lobar degeneration (FTLD), and found those with
a damage in the prefrontal cortex, the brain area that is mainly responsible for EFs,
performed worse than those with damage in the temporal lobe on relational reasoning
tasks when the task requires higher level of inhibition of distracting information. Taken
together, such evidence suggests that IC is closely related to the ability to reason relationally.
Due to the close connection between relational reasoning and relational attention, it is
highly likely that IC also plays a role in the likelihood that individuals are able to attend to
analogical relations over other distracting information. At the same time, it is not clear how
much of the variability in children’s spontaneous tendency to attend to analogical relations
is related to their ability to disattend to salient object-level correspondences in favor of
relations, versus how much of the variability can be attributed to children’s likelihood of
noticing and aiming to attend to relations. If IC completely explains the variance, it suggests
that relational attention may not be a meaningful source of individual difference and that
most children will attend to relations when they are able to control and direct their
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attention — meaning that measures of relational attention are capturing IC individual
differences. If not, however, we may explain the additional variance through children’s
intended focus on relations versus their lack of such variation. Although we believe that
various processes, including both cognitive and social processes, are involved in shaping the
relational attention and that spontaneous relational attention should not be completely
determined by IC, it is important to empirically test this alternative hypothesis.

Relational process and math learning
Analogy-based math instructions, referring to the instructions that include direct compar-
isons between problems or solutions for analogical reasoning, were found to improve
procedural skill, conceptual knowledge, and flexibility (Begolli & Richland, 2016;
Richland & McDonough, 2010; Rittle-Johnson & Star, 2007; Star & Rittle-Johnson, 2009).
During such instructions, teachers compare different solutions to the same problem,
problems that target the same concept but with different surface-level features, or related
concepts that share some common process. They provide ample opportunities for students
to attend to analogical relations, thus making it a perfect instructional style to test the
unique contributions of relational attention to math learning beyond the known contribu-
tors, such as prior knowledge and EFs (Abreu-Mendoza et al., 2020; Begolli et al., 2018).

Although analogs and comparisons are included in all analogy-based math instructions,
the instructions still vary in the level of highlighting the similarities and differences among
the source and target problems/solutions/concepts, which has consequences for learning
(Richland & McDonough, 2010; Richland et al., 2006). For example, teachers may vary in
their use of comparative gestures (e.g., gesture back and forth between problems for
comparison) and relational language (e.g., “Let’s think about the similarities between
these solutions.”), as well as whether the source and target are visually aligned and both
visible throughout the instruction (Richland & McDonough, 2010). The difference in these
instructional strategies results in different levels of support for students to attend to and
identify analogical relations. When teachers provide more support for relational processes
through these instructional strategies (i.e., a relation-heightened analogy instruction), there
is a more explicit cuing that directs students’ attention to the analogical relations, and vice
versa (i.e., a traditional analogy instruction without the aforementioned support for attend-
ing to analogical relations). Although researchers have identified overall positive effects of
high-level instructional support for relational process in the aggregate, it remains unclear
how the difference in those instructional strategies interacts with individual differences in
noticing analogical relations in a spontaneous manner. Do children who spontaneously
attend to analogical relations when no or low-level instructional support is present, benefit
more from such instruction because they can take advantage of the affordances of the
intervention and gain an even deeper conceptual understanding? Or, do children who
spontaneously prioritize appearance over relations, benefit more from an instruction that
highlights relations better because they might not notice the key higher-order relations
otherwise? The investigation of the question will deepen our understanding of the relation
between instructional strategies and relational processes.

The current study aims to fill these gaps by answering the following research questions:

(1) What latent profiles of spontaneous attention to analogical relations will emerge for
children in fifth and sixth grades?
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(2) To what extent will relational attention patterns predict math-learning outcomes
after participating in a math lesson on proportional reasoning, when prior knowl-
edge and inhibitory control are controlled for?

(3) Will there be an interaction effect between children’s relational attention pattern and
type of intervention (i.e., relation-heightened analogy instruction vs. traditional
analogy instruction) in predicting math learning outcomes after controlling for
prior math knowledge and inhibitory control?

Methods
Participants

Participants in the current study were 272 children (104 girls; 87 did not report their sex) aged
10-13 (Mean = 11.47 yrs; SD = .66) in Grades 5 and 6 from five local schools (ten classrooms) in
a suburban area of a large city on the west coast of US. The self-identified demographics of the
participants were as follows: 25.4% White (n=69), 14.7% Asian (n=40), 13.6% as Latinx
(n=37), 1.1% Black or African American (n = 3), 0.7% Native Hawaiian or Pacific Islander
(n=2),2.6% mixed (n =7), 0.4% Native American or Alaska Native (n = 1), 4.0% other (n=11),
and 5.9% preferred not to disclose (1 =16). 86 participants did not report their race (31.6%).
20.2% of the participants (n = 55) reported English was not their primary language.

Overall design and procedure

The current study consisted of 2 days with 1 day in between. The study was conducted
online due to the COVID-19 pandemic causing local schools to switch to remote learning,
so students participated remotely as part of their math class instruction. Day 1 began with
a pretest math question and then participants were randomly assigned to one of the two
versions of an interactive video-based math lesson. Following this, students completed the
Spontaneous Scene Analogy task and then took an immediate posttest assessment to
measure learning from the math lesson. Two days later, students were provided links to
a delayed posttest assessment, a basic demographic survey, and an IC task (i.e., Flanker).
While students were instructed to complete both parts of the study on the assigned day with
1 day in between, given the online/at-home format of the study, we gave students access to
each part for a few extra days to allow more time for students to participate.

Spontaneous scene analogy task

The Spontaneous Scene Analogy Task (see Murphy et al., 2021 for test details) was
adapted from the Scene Analogy Task (Richland et al., 2006). The task contained
eight multiple-choice questions with five options each. For each item, participants
were presented with two pictures depicting relation (s) that were the same in both
scenes but using different objects (Figure 1) (e.g., “boy reaching for cookies” and
“dog reaching for bones.” Participants were instructed to “choose one of the things
in the bottom picture that goes with the xxx (e.g., ‘boy’) in the top picture.” For
each item, there was always a relational-match option in the target scene which
corresponded to the object to be mapped in the source scene based on its relation to
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other object(s). For example, the boy reaching for cookies was a relational match
with the dog reaching in the bottom picture (Figure 1(i)). The items varied in (a)
the number of relevant relations that needed to be mapped (one or two); (b) the
presence of an object in the target scene that was either featurally similar (object
match) or dissimilar to the object to be mapped in the source scene.

The one-relation and two-relation items differed in that the inactive object in the
one-relation items (i.e., the jar/box reached by the boy/dog in Figure 1(i)) played an
active role in the two-relation items (i.e., the girl/woman being kissed was also
kissing a doll/dog in Figure 1(ii)). The object-match option was an object in the
target scene (e.g., the boy in Figure 1(i)) that looked similar to the object to be
mapped in the source scene but did not play the same role in relation to other
objects, hence making it an object match rather than a relational one. Under the
current directions, if a participant picked this option, it provided an instance of
evidence that they prioritized featural similarity over relational similarity.

In addition to these two options, there were also options corresponding to
relational errors and irrelevant objects. Relational error refers to the object that
comprised part of the relational structure but did not play the same role as the
source object highlighted by the arrow in the top scene. For example, the box of
treats that the dog reached out for (option A) in the Reaching item was considered
a relational error since it was not the agent who initiated the action just like the
source object, but rather an object that was impacted by the reaching action, which
corresponded to the jar on the table in the top scene. Similarly, options B and
D were considered relational errors in the Kissing item because although they were
involved in the kissing action, neither the adult nor the dog were both kissing and
being kissed at the same time, which was the role that the source object played in
the top scene. An irrelevant object refers to the object(s) that did not play any role
in the relation, such as the refrigerator (option C) and the adult (option D) in the
Reaching item, and the chair (option A) in the Kissing item.

The spatial location, type of object, and animacy were all varied systematically, and the
number of objects was always the same across scenes. This measure aimed to capture
participants’ spontaneous tendency to prioritize certain types of information when rela-
tional and object-related information is both present and no explicit cuing to either one is
available. Therefore, there is no such “accuracy” score as in more traditional cognitive or
educational performance measures.

The eight items were divided into three blocks on Qualtrics. Blocks A and C each
included two two-relation items and one one-relation item. All of them had an
object-match option. The order of the two blocks was counterbalanced. Block B was
different and included two one-relation items without an object-match option. The
three blocks were set in this way because Block A measured children’s spontaneous
attention, and Block B served as a training block in which the reasoner did not see
an object match, thus a reasoner has the opportunity to attend to cues in their
environment. This would train the reasoner that object matches could not be
a consistent way to solve these challenges. The third Block C allowed us to assess
the extent to which participants were able to recognize from the context and
potentially switch their attention to relations when completing the third block if
they had not done so in the first block.
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Inhibitory control task

The flanker task is an executive functioning test of inhibitory control (Eriksen &
Eriksen, 1974). With the study taking place remotely, this task was administered via
Tatool Web, an online, open-source software (Von Bastian et al., 2013) for running
online and offline computer-based experiments that has been used by many researchers
in the field of cognitive science/cognitive psychology. According to previous studies that
used the Tatool Web to administer the flanker task, the reliability index ranged from
0.78 to 0.93 (e.g., Hartanto et al., 2023; Hartanto & Yang, 2019; Rey-Mermet et al,,
2019), suggesting acceptable reliability. The module was embedded as the final section of

Instruction

In the following task, you'll see series of 5 symbols. You have to decide as quickly and as accurately as possible
whether the central symbol (an arrow) points to the left or right. In the example below, the central arrow points to

Ho<tg

Please indicate your response by pressing the corresponding key:

« Press the left arrow key if the central arrow points to the left.
« Press the right arrow key if the central arrow points to the right.

Start the task by pressing the right arrow key on your keyboard.
You can exit the task at any time by pressing the escape key.

)

|

<< ><LKL <<LLLKL

Figure 2. Sample items in the executive functioning (Flanker) task.
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the Qualtrics study on Day 2. Participants were presented with five symbols, and were
instructed to press the arrow key associated with the central symbol (i.e., an arrow that
points left or right) as quickly and accurately as possible, while ignoring the surrounding
irrelevant stimuli (Figure 2). The task consisted of five practice trials followed by 20 test
trials that each allowed 2 seconds before progressing to the next trial, measuring
participants’ reaction time and accuracy in demonstrating selective attention to the
target stimuli. The 25 trials were equally divided into three conditions (i.e., neutral,
congruent, incongruent). In the neutral condition, a central arrow was surrounded by
boxes that did not indicate any direction. In the congruent condition, the central arrow
was surrounded by four arrows pointing in the same direction, whereas in the incon-
gruent condition, the central arrow was surrounded by four arrows all pointing in the
opposite direction. Participants’ inhibitory control was represented by the difference in
the mean accuracy score between the neutral and incongruent conditions (i.e., neutral
mean accuracy - incongruent mean accuracy).

Math lesson and measures of learning outcome

Recording of math lesson
The researchers worked with a teacher and a curriculum designer to design a lesson introducing
ratio and proportional knowledge. The 20-minute teacher-led lesson was recorded as a live-semi
-scripted lesson teaching two proportional reasoning strategies: equivalent fraction strategy and
unit ratio strategy (see Supplemental Materials: Sections A and B for more details). The main
learning objective of the lesson was for students to learn the procedures of the two solution
strategies to solve proportional reasoning problems, but moreover, while both strategies could
be employed to solve the word problems, a specific strategy is more efficient based on the
numerical properties of the problem.

To create the video lesson recording, the teacher taught a diverse class of fifth- and sixth-
grade students who were recruited for the recording of the lesson. This design procedure,
with real students, allows for the natural variability introduced by everyday teaching

@

Please press the PLAY button at the center of the video to begin watching.

TR )
e o A

The "NEXT" button will only appear on the screen after you have finished watching the entire video. So please be patientand L
watch the entire math video.

. by 4

«— BACK NEXT —

rill 11
—T-/ A N Y | \-r‘

Figure 3. Screenshot of the math lesson video on Qualtrics.
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contexts with students having real-world conversations regarding the solution strategies.
The procedures therefore enable instructional stimuli to have high ecological validity while
maintaining experimental control (Begolli & Richland, 2018). The lesson was divided into
nine, two-minute video clips and they were embedded into a Qualtrics survey (Figure 3).
Students could pause the video, but could not rewind or fast-forward. Between the video
clips, students answered questions to promote learning: the instructor would pose
a question, then students would solve the problem and provide their answer. After students
completed the question, the next video clip would follow. There were no response time
constraints. Please see Supplemental Materials for the details of the content and instruc-
tional design of the math lesson.

Relation-heightened analogy instruction vs. Traditional analogy instruction

Within classrooms, students were randomly assigned to either receive a relation-heightened
analogy instruction (intervention condition) that had a stronger support in directing
students’ attention to analogical relations or a traditional analogy instruction with less of
such support (control condition). All students watched a high-quality video lesson on
proportional reasoning, but the conditions differed systematically in key instructional
moments in the lesson. The intervention condition included verbal and gesture instruction
that highlights relations paired with relation-eliciting prompts and questions for students to
engage in analogical reasoning (Richland, 2015). For example, the intervention condition
included interwoven comparison across problem types and solution strategies, a focus on
abstraction, and teacher-highlighted opportunities for inference (e.g., thinking about the
mathematical principles of “why,” “how,” and “when” in problem-solving context; Kazemi
& Hintz, 2014; Richland et al., 2004; Smith et al., 2009). When doing so, the teacher drew
learners’ attention to the key comparisons in the problem context and facilitated relational
reasoning by using relational language (e.g., “Let’s think about the similarities between these
solutions.” “So we’ve used the denominators to figure out the multiple between the small
cake and big cake, or between, and the small juice and big juice.”) and linking gestures
across to highlight the comparison relationships (Alibali et al., 2014; Richland, 2015).
Students also received prompts in Qualtrics to generate analogical reasoning utterances
during the lesson by comparing solution strategies and problem types. For example,
students completed multiple choices and filled in the blank questions to compare units in
the problem [e.g., “Fill in the blank to match the parts of the two problems: 3 apples (in
the second problem) is like ___ (in the first problem)”].

The control condition received the same visual information and math content during the
lesson. However, the verbal instruction excluded all instances of relational language and was
replaced with sequential, procedural discussion of the strategies. The questions throughout
the lesson were also replaced with procedural information and recall questions (e.g., “What
is the missing ingredient in the cake problem?”). Finally, there was no use of gestures that
facilitated analogical reasoning in the lesson in the control condition.

Math tests

The math pretest was administered prior to watching the video lesson on Day 1. Students
solved an open-ended proportional reasoning problem on their own using any strategy they
knew. The problem was as follows: “Alex is making a strawberry cake. To make a small cake,
the recipe calls for 2 eggs and 6 strawberries. Alex wants to make a big cake, so he uses 8
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eggs. How many strawberries will Alex need in order to make a big cake?” No feedback was
provided after participants completed the item. Participants’ responses were coded as “1”
for correct and “0” for incorrect.

Learning gains were assessed at two time points: on an immediate posttest after receiving
the math lesson on Day 1 and on a delayed posttest on Day 2. The immediate posttest
included two open-ended proportional reasoning items similar to the pretest item and the
problems covered in the math lesson, which asked participants to reason through the
proportional relations with calculations of up to two-digit numbers, but with different
cover stories and numbers, for example, “An electric bike can go 5 miles in 7 minutes. How
many minutes will it take for this bike to go 10 miles?” In addition, participants were
instructed to solve each problem using a specific strategy (i.e., equivalent fraction or unit
ratio). The delayed posttest included six additional similar proportional items with different
cover stories and numbers (i.e., Biking, Reading, Toy Car, Smoothie, Train, Truck pro-
blems). We made sure that the topics of the cover stories are familiar to children of our age
group. Participants were instructed to answer the first two items with the equivalent
fraction strategy, the following two with the unit ratio strategy, and the last two with the
better strategy between the two. No feedback was provided for any of the problems.
Participants’ responses were coded as “1” and “0” for accuracy only, regardless of strategy
use. Two summary scores of accuracies were calculated for the immediate and delayed
posttests, respectively. The internal consistency reliability of the overall accuracy across
these two assessment time points was acceptable (Cronbach’s a = 0.77).

Results
Data inspection and descriptive data analysis

Data inspection and treatment of missing data are explained in Supplemental Materials:
Section C. All analyses were completed in the SPSS 28 (IBM Corp, 2021) and Mplus 8.0
(Muthen & Muthen, 2017) with the Full-Information Maximum Likelihood estimation.

Table 1 presents the descriptive data on the frequency and proportion of participants’
performance on the Spontaneous Scene Analogy Task. In Block A and C, each picture scene
had four categories as options (i.e., Irrelevant Object, Relational Match, Object Match,
Relational Error; items in Block A and C), the most frequently chosen option was the
Relational Match (Mean = 47.89%; Range = 42.40% to 67.89%), except for one item. It was
followed by the Object Match (Mean = 29.43%; Range = 14.22% to 49.54%) and Relational
Error (Mean = 16.28%; Range = 4.13% to 34.40%). For the two items in Block B, which had
three categories for options (without Object Match), on average, 45.65% of participants
chose the Relational Match with a considerable proportion of participants choosing the
Irrelevant Object (Mean =33.26%) or Relational Error (Mean =20.87%). Therefore, our
data showed that a relatively large proportion of participants spontaneously attended to
similarities based on relations while completing the Spontaneous Scene Analogy Task.

For the IC task, participants completed around nine Flanker trials per condition on
average (Range=9.17 to 9.24). See Table 2 for the average accuracy scores and reaction
times for the 171 participants who started the Flanker task.

For the math pretest, 84% of the 212 participants (n = 184) correctly answered the pretest
question, meaning they had the relevant prior knowledge to benefit from the lesson. After
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Table 1. Descriptive results of the spontaneous scene analogy task.

Categories
Number of Irrelevant Relational Object Relational
Block Item Relations Object Match Match Error Total
A Kiss 2 6 (2.75%) 94 (43.12%) 37 (16.97%) 75 (34 40%) 213 (97.71%)
Reach 1 22 (10.09%) 148 (67.89%) 31 (14.22%) 1(5.05%) 212 (97.25%)
Crash 2 15 (6.88%) 0 (27.52%) 108 (49.54%) (13 30%) 212 (97.25%)
B Chase 1 98 (44.95%) 96 (44.04%) - (11 .01%) 218 (100%)
Feed 1 47 (21.56%) 103 (47.25%) - 7 (30.73%) 218 (100%)
C Yell 2 5(2.29%) 2 (42.20%) 54 (24.77%) (28 44%) 213 (97.71%)
Pull 1 35 (16.06%) 3 (42.66%) 76 (34.86%) 9 (4.13%) 213 (97.71%)
Tow 2 12 (5.50%) (43.58%) 79 (36.24%) 27 (12.39%) 213 (97.71%)

Table 2. Descriptive results of the EF task.

Condition
Neutral Incongruent Congruent
Reaction Time Reaction Time Reaction Time
n Accuracy ms n Accuracy ms n Accuracy ms
(SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD)
9.17 0.75 981.11 9.24 0.50 1159.92 9.18 0.83 909.59
(3.02) (0.27) (328.93) (298)  (0.29) (316.14) (3.14) (0.24) (322.35)

The table presents the means and standard deviations (in parenthesis) for 171 participants by condition. n = number of
completed Tatool trials. Accuracy = the proportion of Tatool trials with the correct response. Reaction Time = the time took
by participants to complete the Tatool trials (in milliseconds).

the lesson, the average proportion of correct responses on the immediate posttest was 0.71
(n=209; SD =0.34) and on the delayed posttest was as follows: 0.78 (n = 186; SD = 0.27).

Identifying latent clusters of relational attention

Our first research question was identifying the latent clusters of children’s relational
attention that could best account for the heterogeneity in response patterns of the full
sample on the Spontaneous Scene Analogy items. Considering the two items in Block B of
the Spontaneous Scene Analogy task included only three categories as options (Items Chase
and Feed), whereas the other 6 items (Items Kiss, Reach, Crash, Yell, Pull, Tow) included
four, the two items in Block B were not included in the latent class analysis to ensure
consistent and interpretable results. The overall analyses involved three steps: 1) specifying
the latent class model; 2) determining the number of latent classes; and 3) inspecting and
interpreting the latent classes. Due to space limitations, technical details are presented in
Section D in the Supplemental Materials, and major results are summarized here.

Table 3 shows the log-likelihood, AIC, BIC, BLRT results, and cluster sizes for the
1-cluster to 4-cluster solutions. Based on the recommended best practices (Lanza et al,
2013), we determined that the 4-cluster model had the best model fit to our sample data in
that it had meaningful clusters, the lowest AIC, second lowest BIC, and the bootstrapped
likelihood ratio test suggested an improved model-fit over the 3-cluster model. Thus, the
4-cluster model was elected to be the final solution.
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Table 3. Model-fit indices for the four mixture models.

Number of Latent Log

Classes Likelihood AlC BIC  Class Size Distributions BLRT

1 —1420.57 2877.13 2938.05 100% -

2 —1280.75 2635.49 2760.72 49.1%, 50.9% A2LL =279.64, df=17, p < 0.001
3 —1210.71  2533.42 272295 51.8%, 12.4%, 35.8% A2LL =140.08, df=19, p < 0.001
4 —1185.16  2520.31 2774.15 50.4%, 23.9%, 13.3%, A2LL =51.11,df=18, p=.013

12.4%
AIC = Akaike Information Criteria; BIC = Bayesian Information Criteria.

Table 4. Description of the four latent classes based on the response patterns to the spontaneous scene
analogy items.

Iltem
Class Class Size Category Kiss Reach  Crash Yell Pull Tow
Relational Attender 110 Irrelevant Object 0.0% 1.9% 5.5% 09% 12.6% 2.9%
(50.4%)
Relational Match  56.5%  92.9% 47.4% 57.8% 80.1%  79.6%
Object Match 0.0% 1.1% 33.8% 4.7% 5.0% 9.4%
Relational Error 43.4% 41% 133% 36.6% 2.3% 8.1%
Emerging Relational Attender 52 Irrelevant Object 3.9% 2.3% 6.3% 44% 10.7% 0.0%
(23.9%)
Relational Match  58.1% 83.1% 17.7% 46.2% 0.0% 13.5%
Object Match 13.0% 9.2% 67.6% 49.4% 893% 81.0%
Relational Error 25.0% 5.3% 8.4% 0.0% 0.0% 5.4%
Object Matcher 29 Irrelevant Object 0.0% 6.1% 0.0% 0.0% 4.8% 3.5%
(13.3%)
Relational Match 3.3% 8.7% 0.0% 13.9% 19.2% 6.9%
Object Match 89.6% 852% 90.0% 73.6% 76.0% 85.2%
Relational Error 7.1% 0.0% 10.0% 12.5% 0.0% 4.4%
Inconsistent Responder 27 Irrelevant Object  16.0%  65.1%  23.1% 75% 552% 29.2%
(12.4%)

Relational Match  15.5%  19.5% 0.0% 11.9% 0.0% 0.0%
Object Match 15.7% 0.0% 479% 11.9% 203% 17.5%
Relational Error 528% 154% 29.0% 68.7% 244% 53.3%

To interpret the four latent clusters, we inspected their overall response patterns on the
Spontaneous Scene Analogy task. Table 4 presents the proportion of participants’ selection
of each category option for each of the six items within each latent class. The first class had
a high proportion of choosing the relational match option (Range = 47.4% to 80.1%) for all
the 6 items compared to other options, suggesting these participants were likely to be
“Relational Attenders,” who had the tendency to consistently attend to similarities based on
relations. For the second class, participants had a high proportion of choosing the relational
match option only for half of the items with an equally high proportion of choosing the
object match option for the other half, suggesting their attention to relational similarities
emerged but was not as developed as the Relational Attenders. Therefore, they were labeled
as “Emerging Relational Attenders.” The third class was named to be “Object Matchers,”
who consistently attended to similarities based on the appearance of objects as evidenced by
the fact that they had an overwhelmingly high proportion of choosing the Object Match
option for the six items (Range = 73.6% to 90.0%). The fourth class presented a relatively
mixed response pattern. For five out of the six items, the most frequent option selected by
these participants was either the Irrelevant Object or Relational Error, and for the other



JOURNAL OF COGNITION AND DEVELOPMENT ‘ 15

item, the most frequent option was the Object Match. It suggested that these participants
tended to have an inconsistent pattern in attending to similarities, thus were labeled as
“Inconsistent Responders.”"

We further examined whether the four latent classes of participants were related to how
participants’ attention shifted in Block B, where there was no longer an object match
available, and in the third block (A or C), when there was again an object match.
Specifically, we sought to characterize whether the classes were associated with differences
in responses to the “training” items in Block B, to determine whether participants shifted
away from an object matching strategy toward relational responding, based on cues from
the task itself.

Specifically, we identified the two groups of participants within each class based on the
presenting order of Block A and C (i.e., participants who completed Block A first vs.
participants who completed Block C first). We documented the proportion of their selec-
tion of each category option for the three items within each block. If any specific class was
found to have a considerable, increased selection rate (=10%) of the Relational Match
option from the first presented three items to the subsequent three items (referred to as
“the relationally responsive trend” in the following text), it would suggest that the class was
particularly sensitive to relational cues, thus was adept in shifting their attention to focus on
similarities based on relations, if otherwise not.

Importantly, the results (Table 5) indicated that the relationally responsive trend was
more consistently observed for the Relational Attenders and Emerging Relational
Attenders, who showed this pattern in 3 out of the 6 items with an average increased
proportion of 16.7%, than the Object Matchers and Inconsistent Responders. It suggests
that Relational Attenders and Emerging Relational Attenders may be more likely to pick up
the relational cues from the task practice compared to the Object Matchers and Inconsistent
Responders.

Relating latent class of relational attention to math learning outcomes

Our second research question examined how participants’ attention to analogical relations
would predict their math learning outcomes, while controlling for prior math knowledge
and IC. Moreover, we sought to test the hypothesis that children with the same level of prior
math knowledge and IC but with different patterns of relational attention would benefit
differently from a same math lesson, as well as have different patterns in their learning
outcomes between the two types of math interventions. Figure 4 shows the overall mixture
model tested, and we followed practice recommendations (Asparouhov & Muthén, 2014;
Lanza et al., 2013; Wang & Wang, 2019) and used the manual three-step approach to test the
mixture model. Technical details are provided in Section E of the Supplemental Materials.

"The four classes were replicated with another sample of the similar age group (Sample 2: n = 267; Grade: 5 and 6). For the
replication analysis, we followed the same procedures as those reported here. Specifically, a total of five mixture models,
from a 1-cluster model up to 5-cluster model, were fit to the Sample 2 data on the same 6 items in the Spontaneous Scene
Analogy Task. The four-cluster solution was still identified as the best solution (See Table 1 in Supplemental Materials for
details on the model-fit indices). A close inspection of the response patterns for the four classes in Sample 2 revealed that
they were all matched to the four classes reported here (See Table 2 in Supplemental Materials for more details). The
proportion of the four clusters in Sample 2 was also found to be comparable to their counterparts reported here.
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Scene Analogy Item 1
Scene Analogy ltem 2
Scene Analogy Item 3
Scene Analogy Item 4
Scene Analogy Item 5
Scene Analogy Item 6

Class of Individua
Differences in
Spontaneous

elational Attentio

Intercept

A 4

Math Posttest

Intervention
Type

EFs

Math Pretest

Figure 4. Mixture model relating latent class membership of relational attention to math learning
outcomes. Note. The latent classes of individual differences in spontaneous relational attention were
obtained from analyzing the participants’ response patterns on the six items in the Spontaneous Scene
Analogy task. The same model was specified in two separate analyses with the math immediate posttest
and delayed posttest as the outcome variable, individually.

Overall math performance by relational attention class

Results showed similar patterns for the two posttests, though the effects were stronger
in the delayed posttest where there were a greater number of measurement items. See
Table 6 for the unstandardized regression coefficients. For the immediate posttest, the
omnibus test of the overall difference in mean scores across the four relational classes
was not significant after controlling for pretest and inhibition control scores, as
implied by the model comparison test [x* (3) =7.46, p = 0.058]. The pairwise compar-
ison tests suggested that after controlling for the math pretest and inhibition control
scores, no significant differences were found between any pair of relational attention
classes (0.01 < |4y < 0.65, .056< p<0.978), although the difference between the
Object Matchers and Relational Attenders reflected the hypothesized trend in means
(ABo=—-0.60, p=0.056; See Figure 5). In the covariates, a significant main effect was
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Table 6. Unstandardized regression coefficients of the LCA model relating the class membership of
relational attention to math learning outcomes.

Intercept bEFs bprior knowledge bCondition
Math Posttest Class (S.E) (S.E) (S.E.) (S.E.)
Delayed Posttest Relational Attenders 3.57% -0.42 1.54% 0.12
(0.40) (0.36) (0.42) (0.31)
Emerging Relational Attenders 3.76* -0.42 1.54* -0.52
(0.46) (0.36) (0.42) (0.53)
Object Matchers 1.82* -0.42 1.54* 1.57*
(0.65) (0.36) (0.42) (0.65)
Inconsistent Responders 2.93* -0.42 1.54* 0.46
(0.69) (0.36) (0.42) (0.80)
Immediate Posttest Relational Attenders 1.06* —-0.06 0.61* —-0.07
(0.14) (0.15) (0.15) (0.12)
Emerging Relational Attenders 1.10* —-0.06 0.61* 0.02
(0.18) (0.15) (0.15) (0.19)
Object Matchers 0.46 —-0.06 0.61* 0.47
(0.34) (0.15) (0.15) (0.33)
Inconsistent Responders 0.45 —-0.06 0.61* 0.13
(0.31) (0.15) (0.15) (0.37)
*p < 0.05.
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Figure 5. Estimated mean proportion correct of the math immediate posttest of the four latent classes.

found for prior math knowledge (bpreress=0.61, p <0.001), but not for inhibitory
control (brupivition contror=—0.06, p=0.666) on the immediate posttest.

The same analyses were next conducted on the delayed posttest, which did not have the
time constraints imposed on the immediate test, so we could include a broader range of
items. After controlling for math pretest and inhibition control scores, there were signifi-
cant differences in the mean score across the four relational attention classes as indicated by
the Satorra-Bentler scaled chi-square test, indicating that the more complex model, assum-
ing difference exists among classes, significantly improved the model fit compared to the
model which assumed no such difference [x* (3) = 9.89, p = 0.020]. The finding supported



20 H. ZHAO ET AL.

our first hypothesis that relational attention uniquely contributes to math learning out-
comes above and beyond prior knowledge and EFs. Second, pairwise comparison tests
revealed that for children with the same prior math knowledge and IC, the Object Matchers
were found to have significantly lower mean scores compared to the Relational Attenders
(ABo=-1.75, S.E.=0.54, p =0.001) and Emerging Relational Attenders (Af,=-1.95, S. E.
=0.56, p = 0.001), whereas no significant difference was found in the other pairs (0.20 < |AS,
| < 0.83,.151< p <0.309). See Figure 6 for the estimated intercepts of the four classes.

Math intervention condition effects

As an omnibus test for the interaction effect between type of instruction and relational
attention pattern in predicting math learning outcomes, the Satorra-Bentler scaled chi-
square tests were not statistically significant for the immediate or delayed posttests
[immediate: X2 (3) =2.54, p =0.468; delayed: X2 (3) =5.25, p=0.155]. See more technical
details in Section E of the Supplemental Materials. Importantly, however, on the delayed
posttest, a significant difference in the mean score between the two types of interventions
was found in the Object Matchers, but not in the other three classes (see Table 6). On
average, for children with the same level of prior math knowledge and IC, the Object
Matchers who were placed in the relation-heightened intervention scored 0.48 standard
deviations higher on the delayed posttest than the Object Matchers who were placed in the
traditional intervention. The finding supported our hypothesis that the potential benefit
that individuals gain from the relation-heightened analogy instruction compared to the
traditional one depends on their spontaneous tendency to attend to relations. It’s worth
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Figure 6. Estimated mean proportion correct of the math delayed posttest of the four latent classes. Note:
*p < 0.05 based on pairwise comparison tests.
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noting that controlling for IC and prior math knowledge, the Object Matchers, who
participated in the relation-focused intervention, had a mean posttest score (i.e., 1.82 +
1.57 =3.39) that was comparable to that of the Relational Attenders and Emerging
Relational Attenders (i.e., Traditional intervention: Relational Attenders: 3.57, Emerging
Relational Attenders: 3.76; Relation-heightened intervention: Relational Attenders: 3.57 +
0.12 =3.69, Emerging Relational Attenders: 3.76-0.52 = 3.24). In addition, a significant
main effect in predicting the delayed posttest score was found for prior math knowledge
(bpregest = 1.54, S.E. = 0.42, p < 0.001), but not for IC (bynivition Control = —0.42, S.E. = 0.42, p =
0.240).

Previous studies in the literature on expertise and pedagogical comparisons suggested
a possible interaction effect between prior knowledge and math intervention condition
(Kalyuga, 2007; Rittle-Johnson & Kmicikewycz, 2008; Rittle-Johnson et al., 2009), as well as
between EFs and math intervention condition (Begolli et al., 2018). In other words, the
learning outcomes from a math lesson that leverages pedagogical comparisons versus from
one without it might be different depending on children’s characteristics, including prior
math knowledge and EFs. For example, Rittle-Johnson et al. (2009) found that students who
have better prior knowledge benefited more from comparing different solution strategies
than from studying examples sequentially or comparing problem types (instead of solu-
tions), whereas their peers with lower prior knowledge, benefited more from the latter
teaching practice. Moreover, Begolli et al. (2018) found that working memory and inhibi-
tory control both predicted learning gains from a cognitively demanding math lesson that
encouraged comparisons.

It is also likely that such interaction effects would be further complicated after consider-
ing children’s spontaneous analogical attention pattern, resulting in potential three-way-
interaction effects on the learning outcome from a math lesson (i.e., prior knowledge x
intervention condition x spontaneous attentional pattern, EFs x intervention condition x
spontaneous attentional pattern). We first examined children’s mean performance on the
math pretest and their EF by intervention condition and attentional pattern. See Table 3 in
the Supplemental Materials. We then centered the EF accuracy data around its mean and
tested another mixture model that included these three-way-interaction terms. Based on the
analysis results, all our major findings from the previous analysis were held. Interestingly,
we found that the relation-heightened instruction worked in different ways for Object
Matchers and Inconsistent Responders. See Section E in the Supplemental Materials for
more details. Since we had a small sample size of children by the time we looked at specific
attentional patterns, different levels of prior knowledge and EFs, and assignment to condi-
tion (e-g-’ Dinconsistent responders in the control condition = 11)’ we were cautious in makjng any
claim or drawing any conclusion from this more complex mixture model due to the limited
power.

Discussion and conclusions
Individual differences in relational attention

In the current study, we examined individual differences in relational attention among
U.S. children in fifth and sixth grades. There are several important implications. First,
considerable individual differences in relational attention were found among fifth and sixth
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graders. Even when there was no explicit guidance to search for the relational similarities,
around one-third (28%) to two-thirds (68%) of the participants spontaneously noticed the
analogical relations and selected a relational match in each of our Spontaneous Scene
Analogy task items. When compared across age groups, fifth and sixth graders were more
likely to spontaneously notice analogical relations than children of 4-years-old (Mean = 0.23
to 0.35; Simms & Richland, 2019), and less likely but comparable to adults (Mean = 0.48 to
0.68; Vendetti et al., 2014). Moreover, when compared within the same age group, the
tendency to reason based on relations when given explicit instruction to do so was much
higher (i.e., 83%—-97%; 13- and 14-year-olds; Richland et al., 2006). The comparison
suggests that children of this age are able to engage in relational reasoning when direct
guidance on pattern recognition is provided, but may not spontaneously do so. Thus, it is
important for teachers and parents to recognize this tendency and then explicitly direct
children’s attention to analogical relations in both formal and informal learning settings
when they are intending children to build on these relations for more deep learning
opportunities. We will further discuss this point in the following section.

Second, four distinct latent profiles of relational attention emerged and were replicated
in the current study. Based on their attentional patterns, children in Grades 5 and 6 could be
categorized into Relational Attenders, Emerging Relational Attenders, Object Matchers,
and Inconsistent Responders. Relational Attenders are more likely to consistently and
spontaneously prioritize relations over other competing information. We describe these
children as having a “relational mindset” (Vendetti et al., 2014), such that they tended to
reason on the basis of the structural similarities between seemingly different systems more
frequently than based on the object-level similarities. Relational Attenders were the largest
cluster among the four, and together with Emerging Relational Attenders, made up close to
74% of the sample. Although a similar tendency was observed in Emerging Relational
Attenders, they were not as consistent to privilege relational similarity over featural
similarity as Relational Attenders, thus it is reasonable to speculate their relational attention
has emerged but is still developing.

Another sample with the same age group was used to validate the latent clusters (see
Footnote 1 and Supplemental Materials), and importantly we found a comparable propor-
tional composition (i.e., Relational Attenders + Emerging Relational Attenders: 60%). These
findings suggest that a significant proportion of children of this age at least start to notice
analogical relations spontaneously, and are sensitive to task-related cues that indicate object
features are not the most informative to this task success.

Object Matchers, on the other hand, were observed to consistently match based on
featural similarity, rarely selecting to reason on the basis of analogical relations sponta-
neously. They seemingly tended to have difficulty in resisting the lure of noticing the
surface-level similarities and focusing their attention on the less salient relational simila-
rities, even when they had some experience with the task indicating that object similarity
was not a reliable cue for detecting a problem match. While they may have selected a non-
object match on Block B of the task, they went back to object-matching when that became
available as an option again in Block C. Although not making up for a high proportion in
our samples (13% and 16%), these children might need explicit guidance on relational
reasoning most dearly to shift their spontaneous attention from featural similarity to
relational similarity. Our findings also indicated that this group benefits most from an
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instruction that highlights comparisons and supports analogical relations, compared to
their peers with other attentional patterns.

Inconsistent Responders had a less predictable attentional pattern compared to the other
three groups. They were similar to Object Matchers in the low likelihood of noticing
relations, but unlike Object Matchers who consistently prioritize object similarity, the
Inconsistent Responders also tended to make relational errors or selected irrelevant objects.
Like Object Matchers, they were not as responsive to the relational cues as Relational
Attenders and Emerging Relational Attenders. One key aspect to acknowledge is that the
individual differences captured in our study considered both spontaneous relational atten-
tion and relational reasoning ability, since participants needed to successfully pick
a relational match option to let us know that they attended to the relational information
spontaneously. Thus, it is impossible for us to entirely distinguish between these processes
in our study. However, a previous study found that most children aged between 9 and 11
years demonstrated success on the version of the Scene Analogy task that assessed relational
reasoning ability (Richland et al., 2006), rather than unguided attention, with a range from
93% to 87% success. Therefore, it is reasonable to speculate that for children aged between
10 and 13 in our sample, the majority of them have adequate relational reasoning skill to
notice and map complex relations, if they were aware they should do so. In addition, by
controlling children’s prior math knowledge and EFs, which are the key contributors to
relational reasoning ability, we indirectly controlled individuals’ relational reasoning ability
generally, if not exactly. Therefore, we believe our findings could still generally represent
individual differences in their spontaneous relational attention and how they matter to
learning from math classroom instructions.

Together these findings suggest that Relational Responders and Emerging Relational
Responders may be likely to notice instructionally relevant relational correspondences on
their own or based on cues within the instructional task, but Object Matchers and
Inconsistent Responders may not. At least for Object Matchers, the instructional cues or
guidance on searching for analogical relations between seemingly dissimilar systems should
be as salient and straightforward as possible - a finding supported by our intervention
results.

Relational attention in math learning

In addition to understanding individual differences in relational attention, another goal of
the current study was to test whether relational attention is a unique, meaningful construct
that would contribute to everyday reasoning opportunities such as mathematics learning.
Our findings support the assertion that it is a meaningful, consequential construct, and also
that it cannot be completely attributed to other known individual differences such as EFs or
relational knowledge.

After controlling for children’s prior proportional knowledge and EFs, there were still
significant differences in the math-learning outcomes among children with different atten-
tional profiles after they participated in the same math lesson on proportional reasoning.
For children with the same level of prior knowledge and EFs, those who at least start to
spontaneously notice analogical relations tended to retain better learning outcomes than
those who consistently focused attention on features. In our study, this pattern was only
visible during the delayed math assessment, not an immediate one, likely because this
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measure was very short due to time-constraints. The need to conduct this study online due
to the pandemic context meant we were only able to use a two-item immediate math
posttest measure. Thus, this measure was likely not as sensitive as the delayed measure
which was a fuller assessment. We also made the choice to include the full delayed posttest
measure rather than shifting schedules to expand the same day immediate posttest because
this was a more educationally valid measure of student learning, so opted to focus our
analyses and interpretation on those data.

These study results have important implications, providing a new avenue to improving
math outcomes through cultivating a “relational mindset” via opportunities in learning
settings across development. The opportunity to train students’ attention to relations could
be domain-general, with training not necessarily embedded in mathematics, or in the
specific mathematics being instructed, which indicates opportunities for ample intervention
entry points. For example, teachers might intentionally and explicitly highlight analogical
relations between seemingly different problems that share the same structure. Parents could
direct children’s attention to structural similarities between seemingly different objects
during their daily interactions. Another finding that worth mentioning, although not the
focus of this study, is that when relational attention was used to predict math learning
outcomes in addition to prior math knowledge and EFs, EFs was no longer a significant
contributor as previously found in other studies without a relational attention measure
included (e.g., Begolli et al., 2018). It suggests that relational attention might be a more
potent construct in math learning than the more basic cognition functions, such as EFs, or
that EFs may function to improve mathematics outcomes by improving students’ relational
reasoning, which in turn improves mathematical learning.

Moreover, compared to the traditional analogy-based math instruction, the relation-
heightened analogy-based math instruction particularly benefited the Object Matchers over
students with other attentional patterns. This finding supports the hypothesis that students
gain a deeper conceptual understanding by shifting their attention from featural to rela-
tional similarity during math instruction. The Object Matchers who received the traditional
math intervention had the lowest math performance controlling for prior math knowledge
and EFs, while those in the relation-focused intervention were comparable to the two
higher-achieving groups of peers. Therefore, relation-heightened math instruction could
be a powerful tool to enhance learning for all students. One thing to note here is that
although we found the relation-heightened math intervention particularly benefited the
Object Matchers, we didn’t find such a benefit among other groups of children who had
different attentional patterns. This suggests that there is added complexity that may be
involved in the relationship between an individual’s mind-set or prior knowledge, and the
level of relational highlighting that might be most effective instructionally (see also Rittle-
Johnson et al., 2009). Sidney and Thompson (2019), have also highlighted the importance of
weighing the amount of information to be processed against the benefits of highlighting
relations in an instruction.

Limitations

There are several limitations that we would like to mention. First, although we found
six items in the Spontaneous Scene Analogy task were enough to reliably group
individuals based on their relational attention patterns, the grouping might not
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capture all types of relational attention. Large, community-based relational attention
patterns have been posited that might mean children are socialized to attend to
relations such as figure-ground and context-based reasoning (Christie et al., 2020;
Masuda & Nisbett, 2001; Nisbett, 2004). Future cultural research would be useful to
better clarify the nature of different forms of relational attention in reasoners’ every-
day lives. Second, due to time constraints, only two math items were included in our
immediate posttest, which might be related to the inconsistent result patterns observed
for the immediate and delayed posttests. Also due to the time constraint, only an
inhibitory control measure was included in the current study as an indicator of
individual difference in executive functioning. If time allows, future investigations
could include more and varied EF measures and longer immediate and delayed
math assessments to further investigate the interrelations among EFs, relational atten-
tion, and math learning.

In sum, we found children differ systematically in their spontaneous attention to rela-
tional similarities, and such individual differences were found to affect reasoning and
learning across tasks, specifically, learning from a videotaped mathematics lesson.
Children who preferentially attended to relations systematically learned more from the
same lesson than those who preferentially attended to objects, controlling for prior math
knowledge and Executive Functions (EFs). At the same time, the latter group showed
greater learning when the lesson explicitly highlighted relational correspondences, suggest-
ing that relational attention is a key mechanism for learning. Teachers and parents might be
able to take both formal and informal learning opportunities to cultivate a relational
mindset in children so as to prepare them to be alert learners in math classrooms, suggesting
a novel approach to broadening students’ skill in mathematics.
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