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A B S T R A C T

Analogical reasoning is considered a key driver of cognitive development and is a strong predictor of academic
achievement. However, it is difficult for young children, who are prone to focusing on perceptual and semantic
similarities among items rather than relational commonalities. For example, in a classic A:B::C:? propositional
analogy task, children must inhibit attention towards items that are visually or semantically similar to C, and
instead focus on finding a relational match to the A:B pair. Competing theories of reasoning development at-
tribute improvements in children's performance to gains in either executive functioning or semantic knowledge.
Here, we sought to identify key drivers of the development of analogical reasoning ability by using eye gaze
patterns to infer problem-solving strategies used by six-year-old children and adults. Children had a greater
tendency than adults to focus on the immediate task goal and constrain their search based on the C item.
However, large individual differences existed within children, and more successful reasoners were able to
maintain the broader goal in mind and constrain their search by initially focusing on the A:B pair before turning
to C and the response choices. When children adopted this strategy, their attention was drawn more readily to
the correct response option. Individual differences in children's reasoning ability were also related to rule-guided
behavior but not to semantic knowledge. These findings suggest that both developmental improvements and
individual differences in performance are driven by the use of more efficient reasoning strategies regarding
which information is prioritized from the start, rather than the ability to disengage from attractive lure items.

1. Introduction

Analogical reasoning has been called the “core of cognition”
(Hofstadter, 2001). This form of reasoning requires considering rela-
tions between multiple objects or representations and can be conceived
as the process of mapping between a source domain and a target do-
main. As such, analogical reasoning is a driving force for cognitive
development because it enables children to obtain and organize new
information by structuring it in terms of already acquired knowledge
(Gentner, 1988; Gentner & Rattermann, 1991; Goswami, 1996). Fur-
thermore, analogical reasoning ability is a strong predictor of academic
and professional achievement (Kuncel, Hezlett, & Ones, 2004). By the
age of six, however, large individual differences already exist in chil-
dren's analogical reasoning skills (Whitaker, Vendetti, Wendelken, &
Bunge, 2017). The goal of the present study was to explore the factors
that contribute to these differences and support that development of
analogical reasoning.

Successful analogical reasoning requires focusing on relations rather
than superficial commonalities. However, analogical reasoning can be

difficult for young children who demonstrate a tendency to focus on
perceptual rather than relational similarities (Gentner & Medina, 1998;
Sternberg & Nigro, 1980). A prime example of this tendency comes
from the relational match-to-sample task. In this task, participants are
shown a sample image that represents a particular relation (e.g., two
triangles to represent same) and are instructed to choose one of two
images that goes with the sample. One of these choices might share a
specific perceptual feature with the sample image (e.g., a triangle and a
circle), while the other shares the same relational feature (e.g., two
squares). In this task, preschool-aged children make predominantly
perceptual matches, choosing the response item that contains a direct
visual match with the sample, whereas older children make relational
matches (Christie & Gentner, 2014). Similarly, when asked, “how is a
cloud like a sponge?” and given the choice between “both can hold
water” and “both are soft”, the frequency with which children choose
the former relational interpretation over the latter attributional inter-
pretation increases significantly with age (Gentner, 1988). This in-
creased attention towards relational commonalities has been termed
the “relational shift” (Gentner, 1988), and it marks the beginning of
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children's ability to engage in analogical reasoning.
Two primary explanations have been put forth to explain this shift:

increasing semantic knowledge (e.g., Goswami, 1996; Goswami &
Brown, 1989) and improvements in inhibitory control (e.g., Morrison,
Doumas, & Richland, 2010; Richland, Morrison, & Holyoak, 2006). The
process of reasoning analogically by forming a mapping between the
source and target domains necessarily requires some knowledge of both
domains. In the example above, for example, one must know something
about the function of both clouds and sponges in order to recognize that
they both hold water. Although Piaget proposed that children could not
successfully perform propositional analogies (e.g., A:B::C:D) until they
reached for the formal operations stage (Piaget, Montangero, & Billeter,
1977), it has now been shown that even preschool-aged children can
successfully solve these types of analogies if they have knowledge of the
relevant relations (Goswami & Brown, 1989). However, though se-
mantic knowledge is clearly needed in order to successfully perform
these types of knowledge, gaps in knowledge alone cannot explain the
systematic errors that young children make in these tasks.

Even when children have knowledge of the relevant relations in an
analogy problem, it is still difficult for them to inhibit attention to
perceptually or semantically similar items in favor of relationally re-
levant ones. For example, when solving scene analogy problems, six- to
seven-year-old children perform significantly better when there is no
perceptual distractor present compared to when one is included
(Richland et al., 2006). Complementary findings come from a geometric
propositional analogies paradigm, in which children's problem solving
performance is attenuated when perceptual distractors similar to the C
item are included in the response choices (Thibaut, French, & Vezneva,
2010), as well as from the pictorial propositional analogy paradigm in
which children exhibit performance decrements when items semanti-
cally related to C are included among the response choices (Thibaut &
French, 2016). These findings, together with findings from computa-
tional modeling and patient studies (Hummel & Holyoak, 1997;
Krawczyk et al., 2008; Morrison et al., 2010; Morrison, Krawczyk, &
Holyoak, 2004), as well as longitudinal studies investigating predictors
of reasoning ability (Richland & Burchinal, 2013), strongly suggest that
inhibitory control is a key component of successful analogical rea-
soning, in that children must inhibit attention towards salient dis-
tractors and instead engage their relational knowledge.

In the present study, we used eye tracking to provide insight into
individual differences in analogical reasoning among six-year-old chil-
dren. An advantage of using eye tracking in this context is that it pro-
vides a real-time metric of the strategies that children are engaging in
while solving the task. By analyzing the order and amount of time that
children spend fixating on the various items in the analogy problem, we
can gain insight into how children are integrating information over the
course of a trial before arriving at a solution.

A previous study that used eye tracking to investigate the devel-
opment of analogical reasoning with pictorial propositional analogy
problems of the form A:B::C:? found that the largest difference between
the eye gaze patterns of five- and eight-year-old children compared to
adults was that children tended to focus more on the C item relative to
the A and B items, both at the beginning of the trial and over the course
of the entire trial. (Thibaut & French, 2016). Adults, on the other hand,
first fixated on the A and B items before moving onto the C item and the
response options. This finding is consistent with the theory that one of
the difficulties for children in a propositional analogy problem is fo-
cusing on the overarching goal (i.e., find the picture that goes with C in
the same way that A goes with B) rather than the more immediate goal
(i.e., find the picture that goes with C). Without initially constraining the
search space by focusing on the A and B items and determining the
relevant relation, distractor items that are related to C may be more
difficult to inhibit if they are just as strongly associated with C as is the
target. Therefore, just as inhibitory control may contribute to children's
analogical reasoning performance by helping them disengage from
distractor items when choosing a response, so too may goal

maintenance help them to focus on the relevant task rules and employ
an optimal strategy from the start.

The two strategies described above, either first focusing on the A
and B items or first focusing on the C item, can be thought of as cor-
responding to two classic theories of analogical reasoning. The first
theory is that it is optimal to engage in a project-first strategy, wherein
analogies are first solved by generating the relation between the A and
B items, and then applying that rule to the C item to determine the
solution item, D (e.g., Doumas, Hummel, & Sandhofer, 2008; Hummel
& Holyoak, 1997; Sternberg, 1977). This strategy emphasizes gen-
erating a rule that relates the A and B items in order to constrain the
search space for finding the match for C, and is consistent with the eye
gaze patterns found in adults by Thibaut and French (2016). The second
theory is that it is optimal to adopt a semantic-constraint strategy
(Chalmers, French, & Hofstadter, 1992; Thibaut, French, Missault,
Gérard, & Glady, 2011). This theory rests on the assumption that be-
cause many possible relations exist between the A and B items, atten-
tion should first be focused on the C item and the response choices in
order to narrow the hypothesis space. The semantic-constraint strategy
therefore emphasizes an early focus on C and the response options in
order to constrain the search space, and is consistent with the eye gaze
patterns found in children in Thibaut and French (2016).

In a recent study investigating analogical reasoning in adults, a
classification algorithm was developed that leveraged the differences in
predicted eye gaze patterns between these two strategies, in addition to
a structure-mapping strategy (Falkenhainer, Forbus, & Gentner, 1989;
Gentner, 1983, 2010) in order to classify which strategy participants
were engaging in on a trial-by-trial basis (Vendetti, Starr, Johnson,
Modavi, & Bunge, 2017). The structure-mapping strategy emphasizes
alignment between the A and C items and between the B item and the
target. Consistent with previous findings, adults were much more likely
to use the project-first strategy than either the semantic-constraint or
structure-mapping strategies. Furthermore, increased usage of the
project-first strategy was associated with higher overall accuracy,
whereas increased usage of the semantic-constraint strategy was asso-
ciated with lower overall accuracy, and use of the structure-mapping
strategy was not predictive of accuracy. This suggests that the project-
first strategy is optimal for performance on this analogy task.

Here, we used the same strategy classification algorithm to assess
individual differences in analogical reasoning strategies in six-year-old
children. Because the structure-mapping strategy was found to be un-
related to accuracy in the previous study (Vendetti et al., 2017), we
focused here on the project-first and semantic-constraint strategies. We
predicted that the semantic-constraint strategy would be more common
at this age, but that increased usage of the project-first strategy would
be associated with better performance. Analogical reasoning ability was
assessed with a pictorial propositional analogy task, using pictures and
relations that are familiar to young children. In contrast to previous
studies that have used variants of this task with children (e.g., Thibaut
& French, 2016; Wright, Matlen, Baym, Ferrer, & Bunge, 2007), this
version of the task (adapted from Whitaker et al., 2017) includes both a
semantic distractor (an item that was semantically related to the C item)
and a perceptual distractor (an item that was perceptually similar to the
C item) on each trial. This design enabled us to directly compare the
relative salience of these two types of distractors, both with regards to
children's visual fixations and with regards to their answer choices. We
also investigated how strategy usage influenced participants' fixations
on the distractor items. We predicted that children would focus less on
the distractor items in trials in which they used the project-first strategy
relative to the semantic-constraint strategy, particularly with regards to
the perceptual and semantic distractors. In addition, we assessed chil-
dren's semantic knowledge and cognitive control in separate tasks in
order to determine whether these factors contribute to children's
strategy usage and overall performance.
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2. Methods

2.1. Participants

28 children (mean age 6.31 years, range 5.57–7.01 years, 8 females)
and 27 adults (mean age 20.1 years, range 18.0–22.6 years, 17 females)
participated in this study. Data from an additional 5 child participants
were excluded from all analyses because of equipment malfunction
(n=4) or because< 50% of gaze data was recorded (n=1). All par-
ticipants had normal vision, were fluent in English, and had no reported
history of neurological or psychiatric disorders. Adult participants and
guardians of child participants gave written consent to a protocol ap-
proved by the local Institutional Review Board. Adults were compen-
sated with course credit and children received a small gift.

2.2. Eye tracking apparatus

Eye tracking data was collected using an SMI REDn eye tracker at
60 Hz mounted on a 15-in. laptop. Stimuli were presented using SMI
ExperimentCenter, which synchronizes stimulus presentation timing
with eye gaze data collection. Participants were seated approximately
60 cm away from the screen, and each participant completed a seven-
point calibration before each block of the visual analogy task.

2.3. Procedure

All participants were tested individually in a quiet room in a single
session lasting approximately 15min (adults participants) or 30min
(child participants). Child participants completed the visual analogy
task followed by the semantic knowledge task and the cognitive control
task. Adults completed only the visual analogy task.

2.3.1. Visual analogy task
This task was adapted from a visual analogy task that has been used

previously with both children and adults (Vendetti et al., 2017;
Whitaker et al., 2017; Wright et al., 2007) (Fig. 1). Each trial consisted
of an incomplete propositional analogy (i.e., A:B::C:?) above a row of
four response choices. Participants were instructed to choose the

picture that best completes the analogy, and to indicate their choice via
naming the picture or pointing to the image with a pointing stick. The
experimenter entered the participants' response on a secondary key-
board. On each trial, response choices consisted of the target response,
a perceptual lure (an item that shared a similar shape and color to the C
item), a semantic lure (an item whose meaning was associated with the
C item, but did not match the relation shared between the A and B
items), and a lure that was unrelated both perceptually and semanti-
cally to the C item. The ordinal position of the response choices was
randomized across trials. All stimuli were pictures of common objects
whose names should be known to children based on age-of-acquisition
norms (Gilhooly & Logie, 1980). Participants were told that there may
be multiple pictures that they think go with the C item, but that they
should choose the picture that goes with the C item in the same way
that the A item goes with the B item.

Each trial began with a black screen with a central fixation cross.
After the participant fixated on the cross for 500ms, the visual analogy
array appeared on the screen and remained there until a response was
made, or until the trial timed out after 12 s. Participants completed
three practice trials with verbal scaffolding and feedback to ensure that
child participants understood the task, followed by two blocks of 15 test
trials without feedback.

2.3.2. Semantic knowledge task
Semantic knowledge was assessed with the General Information

subtest from the Woodcock Johnson IV Tests of Achievement (Schrank,
Mather, & McGrew, 2014). This test consists of verbally administered
questions in which the child provides answers about where items can
commonly be found (e.g., “Where does one usually find a roof?”) and
what items are commonly used for (e.g., “What do people usually do
with a trampoline?”). Participants answered questions until they an-
swered four incorrectly in a row. The final score was the number of
questions answered correctly.

2.3.3. Cognitive control task
Cognitive control was assessed with the Hearts and Flowers task

(Davidson, Amso, Anderson, & Diamond, 2006). Participants first per-
formed a version in which hearts appeared on either the left or the right
side of the computer screen and participants pressed a corresponding
button on the keyboard. This block of trials, termed Congruent, requires
rapid responding on the basis of a simple rule (press on the same side as
the stimulus). Next, participants were told that they would play a silly
version of the game in which flowers would appear on the screen and
they needed to press the button on the opposite side from where the
flower appeared (i.e., if the flower is on the right side, press the left
button). This block of trials, termed Incongruent, demands that parti-
cipants override their tendency to respond on the same side as the
stimulus. Finally, participants were told that they would play a super
silly version in which hearts and flowers would both appear, and that
they would need to follow the appropriate rule for each picture type
(i.e., press the button on the same side as the heart and the opposite side
as the flower). This final block of trials, termed Mixed, requires that
participants switch flexibly between the two rules.

In this task, the Congruent, Incongruent, and Mixed blocks all re-
quire sustained attention to the sequence of trials and maintenance of
task rules, the Incongruent block additionally requires inhibitory con-
trol, and the Mixed requires both inhibitory control and cognitive
flexibility. Given that both Incongruent and Mixed blocks require in-
hibitory control, we predicted that scores on these blocks would cor-
relate more strongly with reasoning strategy and performance than
would the Congruent block. However, consistent with previous results
from this task in a similar age group (Brod, Bunge, & Shing, 2017),
performance on all three blocks were highly correlated with each other
(rs=0.72–0.82). Therefore, we averaged the efficiency scores from the
three blocks to create a composite score reflecting the ability to main-
tain and implement one or more task rules, or rule-guided behavior.

Fig. 1. Example visual analogy stimuli. In this array, the orange is the semantic
lure, the boat is the perceptual lure, the monkey is the target, and the wrench is
the unrelated lure.
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For each block, participants performed six practice trials with
feedback, followed by 20 test trials without feedback. On each trial, the
picture was visible on the screen for 1500ms, or until a response was
made. The dependent measure for this task was an efficiency score that
was calculated by dividing overall accuracy by the average response
time. Data from three children who did not complete all three versions
of the task were excluded from analyses involving this task.

2.4. Gaze data analysis

Analyses focused on fixations on and between seven areas of interest
(AOIs): the A, B, and C items, as well as the target, semantic lure,
perceptual lure, and unrelated lure items. We analyzed the duration of
fixations occurring within each AOI, and the sequences of fixations
between these AOIs. All analyses of eye movements were restricted to
correctly performed trials. Fixations were classified using SMI BeGaze
and trimmed to include only those between 150 and 1000ms to ac-
count for micro-movements and drift (Rayner, Smith, Malcolm, &
Henderson, 2009).

2.4.1. Strategy classification algorithm
Each trial was classified as following one of the two classic analo-

gical reasoning strategies using the algorithm developed in Vendetti
et al. (2017). According to the project-first model, participants should
initially prioritize fixating on and transitioning between the source
items (i.e., the A and B items) in order to generate a relation that can be
applied to C and the target item. Therefore, the project-first equation
was defined as follows:

=

+ + + +

Project First Strategy
Score Score Score Score Scoreinitial fix A initial fix B AB BA CT. . (1)

where initial fixation corresponds to the first fixation occurrence in the
sequence for the specified AOI (i.e., not necessarily the first fixation
within the sequence), AB and BA correspond to fixation transitions
between the A and B items, and CT corresponds to fixation transitions
from the C item to the target in the analogy problem. Under the project-
first model, transitions are reciprocal between the A and B items, but
are specified as unidirectional from the C item to the target.

In contrast, the semantic-constraint model prioritizes early fixations
on and transitions between the C item and response choices in order to
narrow the hypothesis space. The semantic-constraint equation was
defined as follows:

=

+ + +

+

+ + + + +

+

Semantic Constraint Strategy

Score Score Score Score

Score

Score Score Score Score Score

Score

initial fix C initial fix T initial fix S initial fix P

initial fix U

CS SC CP PC CT

TC

. . . .

.

(2)

where S, P, and U correspond to the semantic, perceptual, and un-
related lure response choices, respectively, and fixations transitions are
specified as bidirectional between the C item and the response choices.

For each fixation in a correct trial, we calculated a score based on
fixation location, fixation duration, and ordinal position within the
fixation sequence. The value for each score is the product of its duration
and inverse of its location in the sequence. As a result, longer fixations
occurring earlier in the trial received higher scores, and shorter fixa-
tions occurring later in the trial received lower scores. We then calcu-
lated an overall score for both strategies by summing up the individual
fixation scores for each fixation type present in the strategy equation.
We used a winner-take-all approach in which a trial was classified as a
particular strategy if the score for one strategy was higher than the
score for the other strategy. If the scores happened to be equal, no
strategy classification was given. Such an occurrence was rare, occur-
ring in approximately 5% of the trials included in the analysis (30 out of
756 trials in adults and 33 out of 542 trials in children). To account for
the slight variations in the number of trials included in the analysis
across participants due to differences in accuracy, we calculated the
proportion of trials assigned to each strategy for each participant and
used this proportion in follow-up analyses.

3. Results

3.1. Behavioral results

Both children and adults performed the task with above-chance
accuracy (children: mean accuracy= 71%, SEM=2.60, one-sample t-
test compared to 25%: t(27)= 18.17, p < .001; adults: mean accu-
racy= 96%, SEM=0.69, one-sample t-test compared to 25%: t
(26)= 101.69, p < .001), and adults performed with higher accuracy
than children (Welch's two-sample t-test: t(30.8)= 9.13, p < .001)
(Fig. 2A). Adults also performed the task more quickly than children
(child mean RT: 6300ms; adult mean RT: 4244ms; Welch's two-sample
t-test: t(43.162)= 8.37, p < .001). We analyzed the proportion of
error types with a linear mixed effects analysis using the nlme package
in R (Pinheiro, Bates, DebRoy, & Sarkar, 2016). We included the pro-
portion of errors in the model as the dependent variable, error type
(semantic, perceptual, or unrelated lure), age group (child or adult),
and an interaction term as fixed effects, and included subject as a

Fig. 2. Accuracy (A) and proportion of errors (B) by age group.
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random effect. Likelihood ratio tests were used to compare successive
models containing the fixed effects, added one at a time to a null model
containing only the random effect of subject. This revealed a significant
effect of error type (χ2= 163.34, p < .0001), indicating that errors
were not evenly distributed across the three types. The interaction item
did not reach significance (χ2= 3.28, p= .19), indicating that the
distribution of error types did not differ between children and adults.
Follow-up Tukey contrasts indicate that participants were significantly
more likely to incorrectly choose the semantic lure relative to the
perceptual or unrelated lure (zs > 13.5, ps < .001) and significantly
more likely to choose the perceptual lure than the unrelated lure
(z=2.49, p < .05) (Fig. 2B). Thus, although children made more er-
rors than adults, both groups were most likely to select the semantic
lures and least likely to select the unrelated lures, with perceptual lures
in an intermediate position.

3.2. Eye gaze results

All eye gaze analyses were performed on correct trials only. On
average, children made 9.4 fixations per trial (SD= 3.75) and adults
made 8.78 fixations per trial (SD= 3.61). This difference reached sta-
tistical significance (Welch's two-sample t-test: t(1136.6)= 4.29,
p < .001).

The first set of eye gaze analyses concerned the proportion of dwell
time spent in each AOI (Supplementary Fig. 1). We performed a linear
mixed effects analysis with the proportion of dwell time as the depen-
dent measure, age group (child or adult), AOI (A, B, C, target, semantic
lure, perceptual lure, or unrelated lure), and the interaction term as
fixed effects, and subject as a random effect. This revealed a significant
effect of AOI (χ2= 357.95, p < .0001) and a significant interaction
between AOI and age group (χ2= 132.27, p < .0001). Follow-up
Tukey contrasts were used to compare the proportion of dwell time in
each AOI within and across age groups.

These analyses revealed that children spent a significantly longer
proportion of time fixating on the C item relative to the A and B items
(zs > 10.8, ps < .001), and a significantly longer proportion of time
fixating on the target relative to any of the lure items (zs > 12.0,
ps < .001). Among the lure options, children fixated for longer on the
perceptual lure relative to the unrelated lure (z=3.08, p < .05), but
the proportion of fixation time on the semantic lure did not differ re-
lative to either the perceptual or unrelated lures (zs < 1.94, ps > .46).
Adults spent an approximately equal amount of time fixating on the A,
B, and C items (zs < 2.78, ps > .07), and were more likely to fixate on
these items than any of the response items (zs > 3.18, ps < .03).
Adults also fixated for a longer proportion of time on the target relative
to the lure items (zs > 13.6, ps < .001), and fixated approximately
equally on all three lure types (zs < 2.9, ps > .06).

In contrasting the pattern of fixations between adults and children,
we found that adults fixated more frequently on the A and B items
(zs > 6.96, ps < .001), whereas children fixated more frequently on
the C item (z=4.45, p < .001). Children also spent a longer propor-
tion of time fixating on the target relative to adults (z=3.99,
p < .001). The distribution of looking time across the different lure
types was not significantly different between children and adults
(zs < 2.15, ps > .6). No other contrasts were significant. Therefore,
these analyses suggest that the primary difference in gaze allocation
between children and adults is that children fixated longer on the C
item and much less on the A and B items, whereas adults fixated equally
on the A, B, and C items.

In the next series of analyses, we investigated which response choice
participants were most likely to fixate on first after looking at the items
in the sample array (e.g., the A:B::C:? portion of the stimulus array;
Supplementary Fig. 2). We performed a linear mixed effects analysis
with the proportion of first fixations as the dependent measure, age
group (child or adult), AOI (target, semantic lure, perceptual lure, or
unrelated lure), and their interaction as fixed effects, and subject as a

random effect. This analysis revealed a significant effect of AOI
(χ2= 117.76, p < .0001) and a significant interaction between AOI
and age group (χ2= 11.37, p < .01). Follow-up Tukey contrasts in-
dicated that, for both children and adults, first fixations were equally
likely to occur on the target and on the perceptual lure (zs < 1.66,
ps > .7), and these fixations occurred more frequently than first fixa-
tions on the semantic or unrelated lures (zs > 3.7, ps < .01).
Therefore, both children and adults were more likely to first fixate on
the perceptual lure relative to the other lures, and participants were just
as likely to first fixate on the perceptual lure as on the target.

3.3. Classifying eye gaze patterns into analogical reasoning strategies

We analyzed the proportion of trials classified as following either
the project-first or semantic-constraint strategy using a linear mixed
effects model with age group (child or adult), strategy (project-first or
semantic-constraint), and the interaction as fixed effects, and subject as
a random effect. There was a significant interaction between age group
and strategy type (χ2= 62.60, p < .0001), which indicates that the
proportion of trials classified as reflecting a given strategy differed from
that expected by chance, and was further influenced by age group.
Follow-up Tukey contrasts demonstrated that children were more likely
to use the semantic-constraint strategy than the project-first strategy
(z=4.62, p < .001) whereas adults were more likely to use the pro-
ject-first strategy than the semantic constraint strategy (z=8.33,
p < .001). Indeed, adults used the project-first strategy significantly
more often than children, and children used the semantic-constraint
strategy significantly more often than adults (zs > 6.2, ps < .001). We
also found that the proportion of project-first trials was positively
correlated with accuracy in both children and adults (children: r
(26)= 0.71, p < .001; adults: r(25)= 0.47, p < .05)(Fig. 3). There-
fore, the more participants engaged in the project-first strategy relative
to the semantic-constraint strategy, the better they performed (Fig. 3).
Response times, other the hand, were not related to strategy use in
either children or adults (correlation between proportion of project-first
trials and RT in children: r(26)= 0.24, p= .20; correlation in adults: r
(25)= 0.27, p= .20).

We also examined whether children's use of strategy was predictive
of answering a trial correctly using a linear mixed effects model with
strategy as a fixed effect and subject as a random effect. This model
yielded a significant effect of strategy (χ2= 16.26, p < .0001).
Children were more likely to use the project-first strategy than the se-
mantic-constraint strategy on correct trials, which again suggests that
the project-first strategy is the more efficient strategy.

3.4. Eye gaze differences between strategies in children

We next tested whether children's allocation of attention to each of
the AOIs differed between trials classified as project-first versus se-
mantic constraint, using a linear mixed effects model with proportion of
gaze time as the dependent variable, strategy type, AOI, and the in-
teraction as fixed effects, and subject as a random effect. This analysis
served partly to confirm our predictions of how gaze pattern would
differ between trials classified as each strategy, but also to provide in-
sight into whether there were differences in gaze pattern between the
strategies that were not predicted by the equations that defined each
strategy. As expected, this analysis indicated a significant effect of AOI
(χ2= 316.79, p < .0001) and a significant interaction between AOI
and strategy type (χ2= 146.93, p < .0001) on the proportion of gaze
time, indicating that gaze was not equally allocated across the AOIs and
that this allocation was further influenced by strategy. Follow-up Tukey
contrasts indicated that on project-first trials, children spent an equal
amount of time fixating on the A, B, and C items (zs < 0.19, ts >
0.79), whereas on semantic-constraint trials, children fixated longer on
the C item relative to the A and B items (zs > 16.76, ts < 0.0001). The
proportion of time spent fixating on any of the response options did not
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vary between the strategies (zs < 2.36, ps > .58). Therefore, the pri-
mary difference between the strategies was proportion of time spent
looking at the A and B items versus the C items (Fig. 4).

We also tested whether children's transitions between the AOIs
differed by strategy. We ran a linear mixed model with the number of
transitions as the dependent variable, transition type and strategy as
fixed-effects, and subject as a random effect. This analysis revealed a
significant main effect of transition type (χ2= 554.87, p < .0001) and
a significant interaction between transition type and strategy
(χ2= 188.72, p < .0001), which indicates that the frequency of dif-
ferent transition types varied as a function of the strategy employed in
the trial. Follow-up Tukey tests confirmed that children made more
transitions between the A and B items on project-first trials (z=10.83,
p < .001), but more transitions between the C item and the non-target
response choices on semantic-constraint trials (z=7.19, p < .001).
The frequency of transitions between C and the target item and tran-
sitions among the four response choices did not vary by strategy
(zs < 2.59, ps > .15). This result further indicates that it is primarily
the difference in focus on the A and B items that differentiates the
project-first strategy from the semantic-constraint strategy.

Next, we investigated how strategy influenced children's first fixa-
tion on the response choices after fixating on the sample items (Fig. 5).
We analyzed the proportion of first fixations using a linear mixed effects
model with AOI, strategy, and the interaction as fixed effects and
subject as a random effect. There was a significant effect of AOI

(χ2= 28.24, p < .0001) and a significant interaction between AOI and
strategy type (χ2= 26.73, p < .0001). Follow-up Tukey contrasts in-
dicated that on project-first trials, children were most likely to first
fixate on the target relative to the lure items (zs > 4.48, ps < .001).
By contrast, on semantic-constraint trials, children were more likely to
first fixate on the perceptual lure relative to the unrelated lure
(z=4.45, p < .001), but not necessarily relative to the semantic lure
or the target (zs < 0.28, ps > .08). Comparing the two strategies di-
rectly, children were more likely to first fixate on the target on project-
first trials relative to semantic-constraint trials (z=4.27, p < .001)
and more likely to first fixate on the perceptual lure on semantic-con-
straint trials (z=3.02, p < .05). Thus, when children adopted the
project-first strategy, their attention was drawn more readily to the
correct response option.

3.5. Factors contributing to individual differences in children's analogical
reasoning performance

In a final series of analyses, we sought to identify factors that ex-
plain individual differences in analogical reasoning performance. First,
we predicted analogical reasoning accuracy in a multiple regression
model with scores reflecting strategy use (the ratio of project-first to

Fig. 3. Use of the project-first strategy is positively correlated with accuracy (A); use of the semantic-constraint strategy is negatively correlated with accuracy (B).

Fig. 4. Proportion of total fixation duration in each AOI by strategy in children.
S= semantic lure; P= perceptual lure; U=unrelated lure; T= target.

Fig. 5. Location of the first fixation among the response choices by strategy in
children.
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semantic-constraint trials), cognitive control, and semantic knowledge
as the predictors. This model accounted for a large proportion of var-
iance in analogical reasoning (F(3, 21)= 13.75, p < .001;
R2
adj= 0.61), revealing that analogical reasoning strategy and cognitive

control both contributed unique variance to performance (standardized
ßstrategy= 0.73, pstrategy < .001; standardized ßcontrol = 0.37,
pcontrol < .01, standardized ßknowledge=−0.17, pknowledge= .25),
which indicates that children's performance was predicted by increased
usage of the project-first strategy relative to the semantic-constraint
strategy, as well as higher performance on the cognitive control task. By
contrast, semantic knowledge did not predict accuracy of analogical
reasoning.

Next, we investigated whether individual differences in semantic
knowledge and cognitive control relate to strategy usage. This model
trended towards significance (F(2, 22)= 3.05, p= .07, R2

adj= 0.15);
only semantic knowledge was a significant predictor of strategy usage
(standardized ßknowledge= 0.44, pknowledge < .05; standardized
ßcontrol = 0.12, pcontrol = .55), which indicates that children with higher
semantic knowledge tended to use the project-first strategy relative to
the semantic-constraint strategy.

In two final models, we assessed whether the proportion of per-
ceptual and semantic errors made by children were related to strategy
use, cognitive control or semantic knowledge. However, neither of
these models were significant (predicting proportion of perceptual er-
rors: F(3, 21)= 0.591, p= .63; prediction proportion of semantic er-
rors: F(3, 21)= 0.07, p= .98), indicating that neither strategy, cogni-
tive control, nor semantic knowledge was predictive of the types of
errors made by children.

4. General discussion

In the present study, we used eye tracking to gain insight into the
development of analogical reasoning abilities. We used participants' eye
gaze sequences within a trial to classify their strategies as either project-
first or semantic constraint in order to compare strategy usage in six-
year-old children and adults. We also assessed children's semantic
knowledge and cognitive control in separate tasks in order to in-
vestigate how these abilities contribute to analogical reasoning per-
formance. Our findings suggest that developmental improvements in
analogical reasoning are driven by the use of increasingly efficient
strategies, particularly with regards to the information that children
prioritize at the onset of the problem. In addition, both strategy use and
cognitive control capacity contributed to individual differences in
children's reasoning performance.

Six-year-old children performed well above chance in the visual
analogy task, which is consistent with previous work demonstrating
that young children can solve propositional analogies when they have
adequate knowledge of the relevant relations (e.g., Goswami & Brown,
1989; Thibaut & French, 2016; Wright et al., 2007). In addition, we
found that children exhibited the same qualitative pattern of errors as
adults. Although adults made fewer errors than children, both age
groups were most likely to incorrectly choose the semantic lure when
they made errors, and the proportion of perceptual to semantic errors
made did not differ between age groups. These findings confirm that
children understood the task, and further demonstrate that by the age
of six, children are able to resist matching on the basis of purely per-
ceptual features but show a similar bias towards semantic similarity as
seen in adults. These findings are therefore consistent with the rela-
tional shift hypothesis, which proposes that children shift their focus
from perceptual features to relational features between the ages of four
and six (Gentner, 1988).

In contrast to the similar pattern of errors between children and
adults, we found stark differences in eye gaze patterns, even on correct
trials. Therefore, these different patterns cannot be attributed to dif-
ferences in accuracy or performance differences between correct and
incorrect trials. Rather, children and adults used fundamentally

different strategies to come up with the correct solution. Compared to
adults, children spent more time fixating on the C item and less time
fixating on the A and B items. As suggested by this pattern of results,
adults' strategies were classified as project-first for the majority of trials,
whereas children's strategies were classified as semantic-constraint for
the majority of trials. This finding is consistent both with previous eye
tracking work in these age ranges using a similar task (Thibaut &
French, 2016) and with previous results indicating that the project-first
strategy is most common in adults (Vendetti et al., 2017).

However, we found evidence for large individual differences in
strategy usage in children, with some children primarily using a project-
first strategy and other children exclusively using the semantic-con-
straint strategy. On trials in which children did engage in the project-
first strategy, they showed a more adult-like gaze pattern wherein they
spent a larger proportion of time fixating on the A and B items com-
pared to the trials in which they engaged in the semantic-constraint
strategy. Furthermore, increased usage of the project-first strategy was
predictive of overall accuracy, both in children and in adults, whereas
increased usage of the semantic-constraint strategy was negatively
correlated with accuracy. Children were also more likely to use the
project-first strategy on trials they answered correctly compared to
trials they answered incorrectly. Given that a key difference between
these strategies is the way participants initially approach the problem
and begin to constrain the search space, it seems that a critical com-
ponent of successful analogical reasoning is the ability to focus on the
overarching goal of reasoning about relations between relations (i.e.,
finding a match for the C item that shares the same relation as the A and
B items) rather than focusing on the immediate goal of finding a match
for the C item (see also Thibaut & French, 2016).

The hypothesis that the allocation of attention across the A, B, and C
items is the primary indicator of success is supported by comparing the
proportion of gaze time on the response items between children and
adults and across strategies. We did find that children spent a longer
proportion of time fixating on the target item relative to adults, but
both age groups fixated for equivalent proportions of time on the three
lure items, and the proportion of time spent fixating on the different
response types did not vary between the project-first and semantic-
constraint strategies in children.

Despite the similar distribution of fixations across the response
choices seen in children and adults and across strategies, we did find
differences in the location of participants' first fixations among the re-
sponse choices. The first response choice fixations provide information
about where participants' eye is initially drawn after looking at the
sample items (i.e., the A, B, and C items). We found that in both chil-
dren and adults, the first response choice fixation was equally likely to
occur on the target or the perceptual lure. This bias towards the per-
ceptual lure has been previously reported in adults (Vendetti et al.,
2017), and suggests that perceptual similarity has a strong bottom-up
capture effect on attention. Although adults and children rarely chose
the perceptual lure, their eye gaze patterns paralleled the salient effect
of perceptual similarity that younger children exhibit behaviorally
(Gentner & Rattermann, 1991; Rattermann & Gentner, 1998). This ef-
fect is especially striking when comparing the frequency of the first
response choice fixation locations between trials in which children used
the project-first or semantic-constraint strategy. On project-first trials,
children were more likely to fixate first on the target, whereas on se-
mantic-constraint trials they were more likely to fixate first on the
perceptual lure. This result suggests that when children engage in the
project-first strategy, they are successful in abstracting the relation
between A and B in order to predict the match for C. However, when
they engage in the semantic-constraint strategy, the perceptual lure
holds more initial attraction.

An important point to note is that our classifier algorithm accounts
for the order of fixations within the trial, which means that it prioritizes
fixations and transitions made earlier in the trial. However, these early
fixation patterns persist throughout the trial: it is not the case that on
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semantic-constraint trials children looked first at C and the response
choices and then returned to fully consider the A and B items. Although
they did fixate on the A and B items, they did not do so nearly to the
same extent as they do on the project-first trials. Therefore, the first
fixations seem to set the scene for the rest of the trial. Thus, it seems
that the strongest driver of analogical reasoning performance is not
necessarily the ability to disengage from attractive semantic or per-
ceptual lure items, but rather focusing on the appropriate relations from
the start. In support of this theory, recent work has shown that en-
couraging children to focus on the A and B items by displaying these
items prior to displaying the other items can improve their analogical
reasoning performance (Glady, French, & Thibaut, 2017). However, a
more general question is, what are the cognitive skills that lead some
children to spontaneously adopt this type of strategy?

Both computational (Morrison et al., 2010) and longitudinal
(Richland & Burchinal, 2013) studies have demonstrated that inhibitory
control and semantic knowledge contribute to developmental im-
provements in analogical reasoning. Here, we assessed this relation
cross-sectionally by determining the degree to which these factors
contributed to differences in analogical reasoning strategy and overall
performance in six-year-old children. First, we found that semantic
knowledge tended to predict strategy usage in our sample, whereas
cognitive control did not. Previous work that has used fMRI to in-
vestigate the neural correlates of developmental improvements in
analogical reasoning suggests that a key driver of improvement is the
ability to engage in controlled semantic retrieval (Whitaker et al.,
2017). Therefore, it is consistent that children's semantic knowledge
would also be predictive of using the optimal analogical reasoning
strategy, given that strategy is such a strong predictor of performance.

We also found that cognitive control contributed additional unique
variance to analogical reasoning performance not accounted for by
variance in strategy. Morrison et al. (2010) have described analogical
reasoning development as an equilibrium between semantic knowledge
acquisition and inhibitory control. Thus, among children with similar
levels of semantic knowledge, those with better cognitive control may
be at an advantage for successful analogical reasoning. In the present
study, we combined several aspects of cognitive control into a single
measure because we observed strong correlations among the three
conditions of the Hearts and Flowers task. This observation is consistent
with that of a prior study involving the same task and a similar age
range (Brod et al., 2017), and also with the broader claim that com-
ponents of cognitive control are not dissociable until later in childhood
(Brydges, Fox, Reid, & Anderson, 2014; Lehto, Juujärvi, Kooistra, &
Pulkkinen, 2003; Shing, Lindenberger, Diamond, Li, & Davidson, 2010).
Given this pattern of results, we cannot make the claim that inhibitory
control per se is a key driver of analogical reasoning at this age, but
rather that reasoning performance is related to sustained attention and
implementation of one or more task rules – i.e., rule-guided behavior
(e.g., Bunge & Zelazo, 2006; Miller & Cohen, 2001; Wendelken,
Munakata, Baym, Souza, & Bunge, 2012). Additional skills whose de-
velopment may contribute to improved analogical reasoning over
childhood may include selective attention, enabling children to focus
their attention on the most relevant items in an analogy problem, and
working memory, enabling children to hold and manipulate relevant
relations in mind. An important direction for future research will be to
examine the interplay between analogical reasoning and semantic
knowledge, selective attention, working memory, and various aspects
of cognitive control. This line of research is valuable because children
who are below average in one or more of these cognitive abilities may
benefit from different types of strategy interventions (Stevenson, 2017).
As such, understanding how these abilities interact may be critical for
implementing effective reasoning interventions.

5. Conclusion

The results of the present study suggest that developmental

improvements in analogical reasoning stem from children increasingly
adopting more efficient reasoning strategies. Specifically, although
young children had a tendency to focus on the immediate task goal and
constrain their search based on the C item, more successful reasoners
were able to maintain the larger goal in mind and constrain their search
by initially focusing on the A and B items before turning to C and the
response choices. When children were able to approach analogy pro-
blems in this fashion, they were able to better inhibit their attention
towards irrelevant distractors and were more likely to discover the
correct solution. This more efficient strategy requires attending to
multiple relations at once, and therefore places a higher demand on
task rule maintenance, which we found contributes to analogical rea-
soning performance in children. These findings therefore highlight stark
differences in the strategies that children and adults use to reason
analogically and shed light on the cognitive skills that contribute to
successful analogical reasoning.
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