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Teaching is full of challenges. For example, an elementary teacher may find that their stu-
dents—even those who have mastered a new mathematics procedure—cannot see how 
a new problem might be solved in the same way. Or a high school science teacher who 
has carefully designed lessons on heat flow with well-chosen concrete examples, may find 
that their students do not see how the examples are related. Both cases illustrate a failure 
to compare—either the students saw no basis for comparing across the examples, or they 
attempted a comparison but could not see it through. What can be done to address such 
challenges?

In this paper, we identify specific steps teachers can take to increase relational rea-
soning skill in their students, based on psychological research that reveals the mecha-
nisms underlying the comparison process. We focus here on one particular framework 
for understanding comparisons—namely, structure-mapping theory—because it has a 
rich, empirical basis and clear implications for education and student learning. How-
ever, as we will see, this framework is broadly consistent with other frameworks in both 
the analogical reasoning literature and foundational education theory. We also provide 
examples drawn from science, technology, engineering and mathematics (STEM) teach-
ing to illustrate how these mechanisms might be engaged in classroom teaching, while 
also recognizing that the same mechanisms likely underlie learning in many domains, 
including reading, social studies, and the arts.

Discover Education

Abstract
Comparisons are commonplace in children’s learning and in K-12 education, but 
teachers are given limited guidance in how best to support students’ comparisons 
to lead to the strong learning outcomes. Structure mapping theory offers a well-
articulated, evidence-based account of how people carry out comparisons and 
learn from them. The present article reviews this evidence and highlights ways best 
practices identified in the structure mapping literature can be used to improve 
student learning in the K-12 classroom.
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1  The role of comparisons in learning
Children are asked to make comparisons throughout the day in most K-12 classrooms 
[54, 56, 61], and for good reason. Research shows that comparing examples of the same 
phenomenon can lead to substantially better understanding in a domain [2, 29, 46, 55, 
59, 63, 69, 105, 106–108, 117]. For example, middle school students learned more about 
the structure of the solar system when they were helped to compare and align a physical 
model of the sun and earth with their own experience [67].

Beyond promoting the learning of specific domains, comparison practice may also fos-
ter better thinking skills. Many experts believe that activities requiring comparison, such 
as comparing-and-contrasting examples, making meaningful groupings, and interpret-
ing analogies, are the backbone of higher-order thinking [1, 40–41, 57, 104]. Compari-
sons are integral at all levels of learning and cognitive growth. Analyses of professional 
discourse in scientific fields provide many examples of reasoning by comparison (e.g., [6, 
14, 44, 115]) (see [25] for a review).

Activities that foster better relational reasoning have long-term benefits. Individuals 
with better relational reasoning skills have better academic outcomes [7, 9, 20, 58, 71], 
and adults with better relational reasoning skills perform better on the job across a range 
of professions such as engineering, nursing, counseling, educational administration, and 
business management [28, 32, 35, 75]. Across these varied professions, people likely per-
form many comparisons every day—nurses might look for similarities in symptoms to 
diagnose an ailment in a new patient, or engineers might recall and apply strategies that 
helped them solve previous problems in a new situation—so it makes sense that people 
with better relational reasoning skills would excel.

Conversely, those who fail to grasp relational structures struggle in school and in the 
world of work. They frequently default to rote procedures, seemingly unable to employ 
the flexible, creative problem-solving skills educators hope to foster [85, 98]. This pat-
tern of relying on surface-level, rote learning rather than achieving deep structural 
understanding has been demonstrated repeatedly in research across a wide range of age 
groups and curricular subjects, including mathematics [8, 36], science [15, 97, 110], lit-
eracy [10, 34, 79], and computer programming [109].

Consistent with these findings, current curriculum guidelines across subject areas 
acknowledge the centrality of relational reasoning and call for teachers to encourage 
abstraction of deep relational structures [94–96]. Indeed, research tells us few student 
learners automatically find deep relational structures without help [2, 38, 50, 104]. Thus, 
the role of the teacher in supporting learners as they make specific comparisons, as well 
as developing generalized relational reasoning skills, is crucial. Yet, teachers are given 
very little guidance in how best to support students’ comparisons. One might reason-
ably ask, then, how well are we doing at leveraging and fostering relational reasoning in 
schools? And what can we do to improve these efforts?

2  Structure-mapping theory
The need to encourage learning at a deep conceptual level has been recognized for 
decades [85]; however, whereas this need is widely recognized, the existing education 
literature may lack specificity in terms of its underlying cognition. In short, how do com-
parisons happen? Structure-mapping theory provides a precise, mechanistic account 
of the comparison process and how it leads to deep relational learning [30–31, 37, 41, 
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45]. Indeed, structure-mapping is widely accepted as a key psychological mechanism by 
which complex concepts are discovered and consolidated [11, 56, 76, 101, 104]. Decades 
of cognitive science research have revealed the optimal conditions for structure-map-
ping to occur (outlined in Table 1), and this knowledgebase provides a solid framework 
that could help classroom teachers to implement comparisons effectively.

Structure-mapping is engaged whenever one entity is compared or aligned with 
another—as when making analogies, comparing examples, applying a solution from one 
case to another, using a diagram to understand a text, or assimilating new information to 
an existing schema in the Piagetian sense. Comparison can be initiated by an instructor 
(e.g., “See how these are alike?” or “Which one is stronger?”), or by children’s own spon-
taneous noticing of commonalities [49]. However, especially early in learning, learners 
are far more likely to detect similarity when the two examples share concrete surface 
features such as shape and color. This phenomenon explains why novice learners often 
fare better when the items being compared share at least a few surface similarities (e.g., 
color, shape, etc.) [45, 52].

An advantage of comparison for learning is that learners do not have to know the 
underlying structure in advance; the comparison process itself can reveal common rela-
tional patterns [16, 23, 50]. Structure-mapping highlights common relations, such as the 
similarity between the shapes of bird wings and airplane wings. Structure-mapping also 
helps learners notice patterns that have explanatory power, such as why the shapes of 
bird wings and airplane wings allow both entities to take flight [21, 38, 40–41, 43, 66, 73]. 

Table 1  Six best practices to support structure-mapping
Best practice Evidence Sample technique
(1) Explicitly 
prompt students to 
compare and seek 
commonalities

If examples are not perceptually similar, students often 
fail to compare them without explicit prompts [4, 16, 
45, 50, 57, 67, 68].

Ask how two shapes are the 
same or different

(2) Promote relational 
alignment

Learners find points of alignment more readily when 
examples are simultaneously available and spatially 
aligned (e.g., [62, 78, 83, 84, 86, 117, 121]). (See Fig. 3.)

Offer illustrations of both 
examples that are at similar 
levels of detail or context, side 
by side (e.g., a bird in its habi-
tat and a snake in its habitat).

(3) Highlight cor-
responding points of 
alignment

Learners can be guided towards points of alignment 
with verbal labels, gestures, and visual cues [3, 5, 16, 67, 
68, 86, 114, 117, 120].

Point out the fuel tank in two 
different engines.

(4) Name aligned 
relations or state the 
common principles

Verbalizations direct attention to key common struc-
tures, promote retention and transfer, and support 
abstraction [2, 42, 51, 55, 78, 80, 117].

After children have compared 
two patterns (e.g., car-truck-
car-truck vs. bee-flower-bee-
flower), teach them the label 
“AB” and practice labeling the 
elements in both patterns.

(5) Encourage 
elaborations of an 
established mapping

Comparisons can be deepened and expanded by stat-
ing further inferences [17, 57], noting key differences 
[46, 48, 65, 82, 108, 117], or extending the analogy to a 
new case [81].

After discovering that kanga-
roos and koalas are both mar-
supials, ask students to guess 
what these animals’ offspring 
might have in common.

(6) Present examples 
in order, using pro-
gressive alignment

Though low-similarity comparisons can result in greater 
abstraction, beginning learners may fail to align them, 
and therefore learn nothing. In this case, progressive 
alignment—starting with a concrete, high-similarity 
comparison and moving to less similar comparisons—
can be effective (See Fig. 4) [18, 19, 33, 42, 47, 74, 114].

To discover how a heart is like 
a pump, first ask students to 
compare two pumps before 
comparing the pumps to a 
heart.
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As more points of alignment are discovered and compared, more relational structure 
emerges.

Figure 1 presents a structure-mapping example from science education that shows 
how the processes of comparing and aligning can reveal relational systems—in this 
case, the convection system within the Earth’s mantle. The lava lamp provides a help-
ful analogue because its heat source (a light bulb) causes the lava to become hotter and 
expand, eventually becoming less dense than the water surrounding it so that it begins to 
rise. Once the lava is far from the light bulb, it cools, regains density, and begins to sink, 
where the cycle then repeats itself. As shown in the figure, the Earth’s mantle is com-
prised of parallel elements engaged in similar relations, noted by the solid arrows. Thus, 
comparing and aligning the lava lamp to the Earth’s mantle reveals common relational 
systems and invites new inferences.

In addition to highlighting similarities, structure-mapping also highlights specific 
differences [39, 48]. For example, Sagi et al. [111] found adults were faster to say that 
two pictures were different in a low similarity comparison, such as the trees pictured 
at the bottom of Fig. 2, but they were faster to say how the pictures differed in a high 
similarity comparison, like the trees pictured at the top of Fig.  2. This is because the 
high-similarity comparison was readily aligned, leading to ‘popout’ of specific featural 
differences. Indeed, structure-mapping can be used to target important dissimilarities, 
because learners are more likely to notice differences that can be mapped (i.e., alignable 
differences) then they are to notice differences that are unrelated to the mapping (i.e., 
non-alignable differences) [82]. This principle can be used to help children learn critical 
features via comparison [46].

Research shows that structure-mapping has direct effects on learning. After people 
complete structure-mapping comparisons, (1) shared structures become more obvious 
to them [16, 73, 82] and (2) shared structures are more likely to be retained and trans-
ferred [21, 42, 53, 67]. Structure-mapping also leads to long-term gains by promoting 

Fig. 1  How people map the shared structure between a lava lamp and the Earth’s mantle
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abstraction. For example, college students often fail to recognize important causal pat-
terns such as positive feedback in situations such as polar ice cap melting and audio feed-
back [110]1. However, when learners are asked to compare and align these two examples, 
they are substantially more likely to discover the common positive feedback relational 
structure. Further, they can then transfer this understanding to other examples [55].

Structure-mapping also promotes the projection of inferences from one example to 
the other [17, 23, 77, 91]. For example, comparing sound waves to ripples in a pond can 
help students imagine the effects of reflection for sound waves. Finally, as noted above, 
structure-mapping highlights differences in the shared relational structure (i.e., alignable 
differences) which help learners identify key distinctions, such as the difference between 
positive and negative feedback loops or between a fault and a fracture in geology [46, 55, 
69].

Laboratory-based experiments have demonstrated that children learn from relational 
comparisons across the lifespan from early childhood to adulthood [16–17, 22–24, 47, 
80, 93, 111]. Fewer studies have examined structure-mapping in educational settings, 
but the results so far are encouraging (e.g., [112]). Investigators have found that struc-
ture-mapping comparisons promote conceptual growth in science and engineering in 
elementary-aged children visiting a science museum [46, 68, 116], place-value concepts 
in kindergarten students at a low-SES elementary school [88], equation solving among 
middle-school students [107], and concept learning in undergraduate and graduate stu-
dents [21, 73].

3  Best practices to support students’ comparisons
Experimental research has demonstrated that certain conditions support structure-
mapping better than others, and these conditions may be necessary for learning to occur 
during comparisons. In Table 1, we summarize six best practices based on a review of 
research directly testing structure-mapping theory, but these recommendations are con-
sistent with those offered by other experts on relational reasoning (e.g., [27, 57, 86, 117]), 
as well as past work on scaffolding student learning more broadly (e.g., [119]). For exam-
ple, instructional scaffolding theory highlights the value of directing students’ attention 
to make a particular skill or task more tractable. Several of the best practices identified 

1 In the case of the polar ice cap, when ice melts, the resulting water absorbs more heat, causing temperatures to rise 
and melt more ice. In the case of the microphone, when audio feedback from a speaker is picked up by a microphone, 
the noise creates louder feedback, and so on.

Fig. 2  High similarity and low similarity comparisons [111]
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below direct student attention through spatial alignment, labels, or gestures. As noted 
above, the evidence for structure-mapping is nearly all laboratory-based, meaning that 
researchers teach children individually or in small groups, either in a research lab or a 
quiet area of a school. Although these studies do not involve the same classroom man-
agement demands that teachers face in their daily teaching practice, they provide reason 
to expect that teachers who follow these best practices will have greater success, not only 
when conveying complex relational material to students, but also in helping students 
improve their relational reasoning skills more generally.

That said, we are not aware of classroom studies directly testing whether students 
have better learning outcomes when teachers adhere to the best practices for scaffold-
ing comparisons identified in laboratory research. As we will see, teachers differ in their 
ability to support comparisons without being given specific training, but it is unknown 
whether these differences impact student learning [105]. Evidence of such causal 
effects is emerging in research on the home environment, but at a less granular level. 
For example, Silvey et al. [113] showed that preschool children are more likely to gener-
ate specific comparisons when their parents have frequently commented about general 
comparisons. There is a clear need for more detailed investigations of teacher and parent 
supports for comparisons and the effects of these supports, as we note below. Nonethe-
less, the existing literature provides abundant evidence that learners fare better when 
comparisons are supported in the specific ways noted in Table 1, and this information 
is likely applicable to teaching practice, as others have argued [57, 104]. Our goal is to 
expand and update these practices and illustrate in detail how they might be applied in a 
mathematics lesson.

To illustrate how these principles might be applied in the K-12 classroom, consider 
the following lesson that was used effectively to teach kindergarten students about place 
value [88]. Over many weeks of instruction, children progressed from simple, high simi-
larity mappings (e.g., holding up their ten fingers to stand for “ten” and mapping their 
own fingers to the teacher’s and classmates’ fingers that were also used to stand for 
“ten”), to more complex, low similarity mappings, as depicted in Fig. 4 (Best Practice #6). 
Here, we see the quantity twenty-five represented using two different materials—base-
ten blocks and dried beans in cups—as well as the written numeral, “25,” (Best Prac-
tice #2). In this lesson, children were first shown the representation constructed with 
base-ten blocks along with the written numerals, and asked to help the teacher construct 
an equivalent set of beans to match (Best Practice #1). Once the beans representation 
had been assembled, the teacher presented all three representations together, with all 
three analogs spatially aligned as shown in Fig. 3 (Best Practice #2). That is, the two tens 
from one material (i.e., beans in cups) were in direct spatial alignment with the collec-
tions of two tens in the other material (i.e., base-ten blocks); and both materials were 
aligned with the written numeral “25” below them. Thus, the two tens in each exam-
ple were directly aligned with the numeral “2” in the tens place, and the five ones were 
directly aligned with the numeral “5” in the ones place. Then, the teacher said, “Let’s see 
if we have the same number. How can we check?” (Best Practice #1). Next, she dem-
onstrated how to compare the examples with one another, providing verbal labels and 
gestures to highlight the mapping from one representation to the others—e.g., “Look, 
we have ten here and ten here (while pointing to the first tens blocks and the first cup of 
beans). We have another ten here and ten here (while pointing to the second tens blocks 
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Fig. 4  Graphic depiction of progressive alignment in comparisons

 

Fig. 3  Structural alignment in a place value lesson [88]
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and the second cup of beans). That’s two tens here, and two tens here. And see? We have 
the number 20 at underneath. It has a two for two tens! [and so on] Yes, they have the 
same number!” (Best Practices #3, and #4). Though not tested directly in this lesson, Best 
Practice #5 could have been incorporated by asking children to complete the mapping 
process after the teacher had shown how to compare the tens.

These best practices highlight specific aspects of the structure-mapping process that 
teachers can leverage, but at a more general level, they also work together to allow learn-
ers to focus on deconstructing the comparison and mining it thoroughly for alignable 
similarities and alignable differences. With the sheer amount of content teachers are 
required to present in a day, it may be difficult to move through comparisons slowly 
enough to ensure that learners have fully grasped their meaning. However, if we have 
learned anything from research on analogical learning, it is that students often need 
time and support to fully process comparisons. When comparisons are presented in 
passing as brief illustrations, or if too many comparisons are introduced in rapid suc-
cession, learners may not benefit and indeed, are more likely to become confused [105].

4  Current use of structure-mapping in schools
A key question is to what extent teachers already skillfully support student comparisons, 
and where there may be gaps in this support. Unfortunately, structure-mapping theory 
and other research on comparison processes are not generally included in teacher train-
ing. For example, in a recent review of mathematics curricula, Mix and colleagues con-
cluded that although curriculum developers repeatedly mentioned the importance of 
relational comparisons, they did not typically explain the mechanics of making compari-
sons and relational learning [90], thus offering no guidance about what constitutes effec-
tive instruction that leverages these processes.

Despite this lack of support, there is evidence that some K-12 teachers have discov-
ered some of the best practices through their own extensive experience. For example, 
Richland et al. [103] reported that when students misunderstood a concept being taught, 
teachers sometimes used closer analogs to help them—an instructional move that is 
consistent with the practice of progressive alignment (Best Practice #6). Teachers also 
tend to use more gestures when they are addressing student misunderstandings, con-
sistent with the practice of highlighting common points through gestures (Best Practice 
#3). Indeed, one might argue that such classroom practices partly explain the evidence 
that children who attend school regularly perform better on tests of intelligence [12], 
including tests of nonverbal reasoning such as matrix reasoning, series completion, 
analogies, and visuospatial reasoning, which are primarily relational reasoning tests (see 
[99], for a meta-analysis). Consistent with this notion, research comparing schooled and 
unschooled adults shows a significant long-term effect of schooling on the development 
of relational reasoning—which also suggests teachers have a positive impact [13].

However, given the lack of institutional guidance, it is not surprising that teachers 
sometimes miss opportunities to implement the best practices identified above. For 
example, in a recent study, preservice teachers incorrectly predicted that children would 
learn better from sequentially presented illustrations of mitosis and meiosis than from 
simultaneous presentation (i.e., presentation that would invite structure-mapping) [60]. 
Further, in a cross-cultural study of eighth-grade mathematics teaching, Richland et al. 
[103] found that American teachers were less likely than teachers from Hong Kong or 
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Japan to provide adequate support for understanding comparisons, such as using spa-
tial or gestural cues to highlight points of correspondence (Best Practice #2). Richland 
et al. [105] also reported that teachers (1) usually made comparisons themselves and 
presented them as illustrations, rather than inviting students to engage in comparisons 
while scaffolding them in the mapping process; (2) tended to use comparisons when 
teaching concepts but not when teaching problem-solving procedures, leaving students 
to figure out how the two are connected; and (3) often provided comparisons with low 
surface similarity, which less advanced students may fail to align, resulting in failure to 
learn. Taken together, there appear to be gaps between how teachers use comparisons in 
the classroom and what cognitive science research tells us would be effective teaching 
practice. However, it is impressive that teachers have generated some supportive prac-
tices without access to this critical information, and it is likely whatever gaps exist in 
teachers’ understanding of comparisons could be easily addressed by including struc-
ture-mapping theory in teacher training programs.

Providing explicit guidance for teachers in how best to support comparison is all the 
more important given the challenges teachers face when dealing with diverse classes and 
the demands of classroom management and typical curricula. As it stands, curricular 
materials themselves often fail to explicate fully how best to help children make effective 
comparisons, as Mix et al.’s [89, 90] review of mathematics curricula showed. It would 
be helpful for researchers to examine not only what teachers already know about pro-
moting analogical comparisons, but also what logistical challenges might interfere with 
application of these skills in real-world classroom contexts.

Skillful support of comparisons might have far-ranging effects on student learning. 
One possible impact is that students will show stronger performance on tests of con-
tent-knowledge. In this case, the teacher’s more skillful support of comparisons might 
help children fully understand examples, grasp higher-order relations, and incorporate 
new information into their conceptual structures. However, a second, equally important 
impact could be that students will show stronger performance on tests of analogical rea-
soning. In this case, the teacher’s modelling of structure-mapping as an approach to per-
forming and interpreting comparisons (e.g., as described by [119]) could help students 
learn and apply structure-mapping in their unsupervised learning. Researchers often use 
challenging analogical problems, such as comparisons involving cross-mapping to assess 
structure-mapping skill. For example, children might be asked to match the smallest of 
three toy houses in one array (tiny-small-medium) to the smallest of three toy houses 
in another array (small-medium-large), thereby pitting surface similarity (small-small) 
against relational similarity (small-tiny). Broader measures of analogical skill such as 
those used in published test batteries (e.g., the Similarities subtest from the Wechsler 
Intelligence Scale for Children-V or WISC-V) or developed for use with adults (e.g., 
Dumas and Alexander’s, [26], Test of Relational Reasoning or TORR) could be used for 
student assessment.

5  Next steps
Our review of the literature suggests that more research is needed to understand cur-
rent teaching practices for reasoning from comparisons; however, we already know a 
great deal about how people make comparisons from extensive research in cognitive 
science, and structure-mapping in particular. Given the ubiquity of relational reasoning 
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in academic subjects, and in later career success and intellectual achievement, it is cru-
cial to help students not only learn from comparisons but also become skillful rela-
tional learners more generally. We have suggested a framework for implementing best 
practices that could be included in teacher professional development and training for 
preservice teachers—namely, the structure-mapping approach. It would be helpful for 
school district curriculum experts and instructional coaches to become knowledgeable 
about the mechanisms of relational learning and practices that best support these mech-
anisms, so they can target relational learning in their coaching activities for teachers. 
Though many teachers may already be utilizing effective instructional practices to sup-
port learning from comparisons, they may not feel at liberty to take the time these prac-
tices require unless they receive explicit acknowledgement and encouragement. Some 
teachers may also lack a mechanistic understanding of why these practices are beneficial 
and how to optimize them. In areas where teachers are not utilizing effective practices, a 
clear understanding of how relational learning happens can help them find creative ways 
to boost relational learning throughout the day, rather than relying on curricula that may 
have relational learning “baked in,” but which leave the mechanisms of learning unex-
plained (e.g., see [89, 90] for an example) As we have seen in this brief review, research 
on relational learning, and structure-mapping in particular, offers vast untapped poten-
tial to improve student learning, but to take full advantage, teachers need access to this 
information. Our hope is that the present article takes a step in that direction.
Acknowledgements
We thank Nina Simms for her assistance with figure preparation and comments on an earlier version of this manuscript. 
For correspondence regarding this study, please contact the first author at kmix@umd.edu.

Author contributions
K.M. and D.G. contributed equally to writing and revising the main manuscript.

Funding
Note that this manuscript was prepared with support from the National Science Foundation (Grant No. DRK-12 1664781 
to K. S. Mix), by National Science Foundation (Grant No. DRL-2201894 to D. Gentner), and by the Spatial Intelligence and 
Learning Center at Northwestern University.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 October 2025 / Accepted: 10 February 2026

References
1.	 Alexander PA, Dumas D, Grossnickle EM, List A, Firetto CM. Measuring relational reasoning. J Experimental Educ. 

2016;84(1):119–51.
2.	 Alfieri L, Nokes-Malach TJ, Schunn CD. Learning through case comparisons: A meta-analytic review. Educational Psychol. 

2013;48(2):87–113. https://doi.org/10.1080/00461520.2013.775712.
3.	 Alibali MW, Young AG, Crooks NM, Yeo A, Wolfgram MS, Ledesma IM, Nathan MJ, Church RB, Knuth EJ. Students learn more 

when their teacher has learned to gesture effectively. Gesture. 2013;13(2):210–33. https://doi.org/10.1075/gest.13.2.05ali.
4.	 Bassok M, Holyoak K. Interdomain transfer between isomorphic topics in algebra and physics. J Experimental Psychology: 

Learn Memory Cognition. 1989;15(1):153–66.

https://doi.org/10.1080/00461520.2013.775712
https://doi.org/10.1075/gest.13.2.05ali


Page 11 of 14Mix and Gentner Discover Education           (2026) 5:288 

5.	 Begolli KN, Richland LE. Teaching mathematics by comparison: analog visibility as a double-edged sword. J Educ Psychol. 
2016;108(2):194–213. https://doi.org/10.1037/edu0000056.

6.	 Betz DJ, Stevens T. Analogical reasoning and cyber security. Secur Dialogue. 2013;44(2):147–64.
7.	 Blums A, Belsky J, Grimm K, Chen Z. Building links between early socioeconomic status, cognitive ability, and math and 

science achievement. J Cognition Dev. 2017;18(1):16–40. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​5​​2​4​8​3​7​​2​.​2​0​1​6​​.​1​2​2​​8​6​5​2.
8.	 Booth JL, Newton KJ. Fractions: could they really be the gatekeeper’s doorman? Contemp Educ Psychol. 2012;37(4):247–

53. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​e​d​p​s​​y​c​h​.​2​0​​1​2​.​0​​7​.​0​0​1.
9.	 Brookman-Byrne A, Mareschal D, Tolmie AK, Dumontheil I. The unique contributions of verbal analogical reasoning and 

nonverbal matrix reasoning to science and maths problem-solving in adolescence. Mind Brain Educ. 2019;13(3):211–23. 
https://doi.org/10.1111/mbe.12212.

10.	 Brown GDA, Deavers RP. Units of analysis in nonword reading: evidence from children and adults. J Exp Child Psychol. 
1999;73(3):208–42. https://doi.org/10.1006/jecp.1999.2502.

11.	 Carvalho PF, Goldstone RL. Putting category learning in order: category structure and Temporal arrangement affect the 
benefit of interleaved over blocked study. Mem Cognit. 2014;42(3):481–95. https://doi.org/10.3758/s13421-013-0371-0.

12.	 Ceci SJ, Williams WM. Schooling, intelligence, and income. Am Psychol. 1997;52(10):1051.
13.	 Chae SE, Alexander PA. Exploring potential educational and social contributors to relational reasoning development. Mind 

Brain Educ. 2022;16(2):183–92. https://doi.org/10.1111/mbe.12311.
14.	 Chan J, Paletz SB, Schunn CD. Analogy as a strategy for supporting complex problem solving under uncertainty. Mem 

Cognit. 2012;40(8):1352–65.
15.	 Chin C, Brown DE. Learning in science: A comparison of deep and surface approaches. J Res Sci Teach. 2000;37(2):109–38. ​

h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​0​2​/​(​S​I​C​I​)​1​0​9​8​-​2​7​3​6​(​2​0​0​0​0​2​)​3​7​:​2​%​3​C​1​0​9​:​:​A​I​D​-​T​E​A​3​%​3​E​3​.​0​.​C​O​;​2​-​7.
16.	 Christie S, Gentner D. Where hypotheses come from: learning new relations by structural alignment. J Cognition Dev. 

2010;11(3):356–73. https://doi.org/10.1080/15248371003700015.
17.	 Clement CA, Gentner D. Systematicity as a selection constraint in analogical mapping. Cogn Sci. 1991;15(1):89–132. 

https://doi.org/10.1016/0364-0213(91)80014-V.
18.	 Clement J. Using bridging analogies and anchoring intuitions to deal with students’ preconceptions in physics. J Res Sci 

Teach. 1993;30(10):1241–57.
19.	 Clement J. Creative model construction in scientists and students: the role of imagery, analogy, and mental simulation. 

New York: Springer; 2008.
20.	 Collins MA, Laski EV. Digging deeper: shared deep structures of early literacy and mathematics involve symbolic mapping 

and relational reasoning. Early Child Res Q. 2019;46:201–12. https://doi.org/10.1016/j.ecresq.2018.02.008.
21.	 Davatzes AE, Shipley TF, Kastens KA, Banerjee R. Analogical Alignment for Teaching Feedback Loops. In AGU Fall Meeting 

Abstracts. 2019;2019:ED31A-04.
22.	 Day SB, Gentner D. Nonintentional analogical inference in text comprehension. Mem Cognit. 2007;35(1):39–49. ​h​t​t​p​s​:​/​/​d​o​i​

.​o​r​g​/​1​0​.​3​7​5​8​/​B​F​0​3​1​9​5​9​4​0​​​​​.​​​
23.	 Doumas LAA, Hummel JE. Comparison and mapping facilitate relation discovery and predication. PLoS ONE. 

2013;8(6):e63889. https://doi.org/10.1371/journal.pone.0063889.
24.	 Doumas LAA, Hummel JE, Sandhofer CM. A theory of the discovery and predication of relational concepts. Psychol Rev. 

2008;115(1):1–43.
25.	 Dumas D. Relational reasoning in science, medicine, and engineering. Educational Psychol Rev. 2017;29:73–95.
26.	 Dumas D, Alexander PA. Calibration of the test of relational reasoning. Psychol Assess. 2016;28(10):1303–18. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​

/​1​0​.​1​0​3​7​/​p​a​s​0​0​0​0​2​6​7​​​​​.​​​
27.	 Dumas D, Alexander PA, Grossnickle EM. Relational reasoning and its manifestations in the educational context: A system-

atic review of the literature. Educational Psychol Rev. 2013;25(3):391–427. https://doi.org/10.1007/s10648-013-9224-4.
28.	 Dumas D, Schmidt L. Relational reasoning as predictor for engineering ideation success using TRIZ. J Eng Des. 

2015;26(1–3):74–88.
29.	 Ehri LC, Satlow E, Gaskins I. Grapho-phonemic enrichment strengthens keyword analogy instruction for struggling young 

readers. Read Writ Q. 2009;25(2–3):162–91.
30.	 Falkenhainer B, Forbus KD, Gentner D. The structure-mapping engine: algorithm and examples. Artif Intell. 1989;41(1):1–

63. https://doi.org/10.1016/0004-3702(89)90077-5.
31.	 Forbus KD, Ferguson RW, Lovett A, Gentner D. Extending SME to handle large-scale cognitive modeling. Cogn Sci. 

2017;41(5):1152–201. https://doi.org/10.1111/cogs.12377.
32.	 Fountain L. Relations among topic knowledge, individual interest, and relational reasoning, and critical thinking in mater-

nity nursing (Doctoral dissertation, University of Maryland, College Park). 2016.
33.	 Fyfe ER, McNeil NM, Son JY, Goldstone RL. Concreteness fading in mathematics and science instruction: A systematic 

review. Educational Psychol Rev. 2014;26(1):9–25.
34.	 Gaskins IW. Developing cognitive flexibility in word reading among beginning and struggling readers. In K. Cartwright, 

editor, Literacy processes: Cognitive flexibility in learning and teaching, Guilford, New York (2008), 2008;90–113.
35.	 Gavetti G, Levinthal DA, Rivkin JW. Strategy making in novel and complex worlds: the power of analogy. Strateg Manag J. 

2005;26(8):691–712.
36.	 Geary DC, Boykin AW, Embretson S, Reyna V, Siegler R, Berch DB, Graban J. Report of the task group on learning processes. 

In: Department US, editor. (Ed.), The final report of the National mathematics advisory panel. Washington, DC: U.S. 
Department of Education; 2008. ​h​t​t​p​:​/​​/​w​w​w​.​​e​d​.​g​o​v​​/​a​b​o​​u​t​/​b​d​​s​c​o​m​m​​/​l​i​s​t​/​​m​a​t​h​​p​a​n​e​l​​/​r​e​p​o​​r​t​/​l​e​a​​r​n​i​n​​g​-​p​r​o​c​e​s​s​e​s​.​p​d​f. of 
Education.

37.	 Gentner D. Structure-mapping: A theoretical framework for analogy. Cogn Sci. 1983;7(2):155–70. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​S​
0​3​6​4​-​0​2​1​3​(​8​3​)​8​0​0​0​9​-​3.

38.	 Gentner D. The mechanisms of analogical learning. In: Vosniadou S, Ortony A, editors. Similarity and analogical reasoning. 
London: Cambridge University Press; 1989. pp. 199–241.

39.	 Gentner D. Analogy in scientific discovery: the case of Johannes Kepler. Model-based reasoning: Science, technology, 
values. Boston, MA: Springer US; 2002. pp. 21–39.

40.	 Gentner D. Why we’re so smart. Language in mind. Advances in the study of Language and thought. MIT Press; 
2003;195–235.

https://doi.org/10.1037/edu0000056
https://doi.org/10.1080/15248372.2016.1228652
https://doi.org/10.1016/j.cedpsych.2012.07.001
https://doi.org/10.1111/mbe.12212
https://doi.org/10.1006/jecp.1999.2502
https://doi.org/10.3758/s13421-013-0371-0
https://doi.org/10.1111/mbe.12311
https://doi.org/10.1002/(SICI)1098-2736(200002)37:2%3C109::AID-TEA3%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1098-2736(200002)37:2%3C109::AID-TEA3%3E3.0.CO;2-7
https://doi.org/10.1080/15248371003700015
https://doi.org/10.1016/0364-0213(91)80014-V
https://doi.org/10.1016/j.ecresq.2018.02.008
https://doi.org/10.3758/BF03195940
https://doi.org/10.3758/BF03195940
https://doi.org/10.1371/journal.pone.0063889
https://doi.org/10.1037/pas0000267
https://doi.org/10.1037/pas0000267
https://doi.org/10.1007/s10648-013-9224-4
https://doi.org/10.1016/0004-3702(89)90077-5
https://doi.org/10.1111/cogs.12377
http://www.ed.gov/about/bdscomm/list/mathpanel/report/learning-processes.pdf
https://doi.org/10.1016/S0364-0213(83)80009-3
https://doi.org/10.1016/S0364-0213(83)80009-3


Page 12 of 14Mix and Gentner Discover Education           (2026) 5:288 

41.	 Gentner D. Bootstrapping the mind: analogical processes and symbol systems. Cogn Sci. 2010;34(5):752–75. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​
g​/​1​​0​.​1​1​​1​1​/​j​.​​1​5​5​1​-​​6​7​0​9​.​2​​0​1​0​.​​0​1​1​1​4​.​x.

42.	 Gentner D, Anggoro FK, Klibanoff RS. Structure mapping and relational Language support children’s learning of relational 
categories. Child Dev. 2011;82(4):1173–88. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​7​-​​8​6​2​4​.​2​​0​1​1​.​​0​1​5​9​9​.​x.

43.	 Gentner D, Forbus KD. Computational models of analogy. Wiley Interdisciplinary Reviews: Cogn Sci. 2011;2(3):266–76.
44.	 Gentner D, Grudin J. The evolution of mental metaphors in psychology: A 90-year retrospective. Am Psychol. 

1985;40(2):181–92.
45.	 Gentner D, Hoyos C. Analogy and abstraction. Top Cogn Sci. 2017;9(3):800–18.
46.	 Gentner D, Levine SC, Ping R, Isaia A, Dhillon S, Bradley C, Honke G. Rapid learning in a children’s museum via analogical 

comparison. Cogn Sci. 2016;40(1):224–40. https://doi.org/10.1111/cogs.12248.
47.	 Gentner D, Loewenstein J, Hung B. Comparison facilitates children’s learning of names for parts. J Cognition Dev. 

2007;8(3):285–307. https://doi.org/10.1080/15248370701446434.
48.	 Gentner D, Markman AB. Structural alignment in comparison: no difference without similarity. Psychol Sci. 1994;5(3):152–8.
49.	 Gentner D, Medina J. Similarity and the development of rules. Cognition. 1998;65(2–3):263–97.
50.	 Gentner D, Namy LL. Comparison in the development of categories. Cogn Dev. 1999;14(4):487–513. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​

6​/​S​0​8​8​5​-​2​0​1​4​(​9​9​)​0​0​0​1​6​-​7.
51.	 Gentner D, Rattermann MJ. Language and the career of similarity. In: Gelman SA, Byrnes JP, editors. Perspectives on Lan-

guage and thought. Cambridge University Press; 1991;225–77.
52.	 Gentner D, Toupin C. Systematicity and surface similarity in the development of analogy. Cogn Sci. 1986;10:277–300.
53.	 Gick ML, Holyoak KJ. Schema induction and analogical transfer. Cogn Psychol. 1983;15(1):1–38. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​0​0​

1​0​-​0​2​8​5​(​8​3​)​9​0​0​0​2​-​6​​​​​.​​​
54.	 Glynn SM. Making science concepts meaningful to students: teaching with analogies. In: Mikelskis-Seifert S, editor. Four 

decades of research in science Education-from curriculum development to quality improvement: from curriculum devel-
opment to quality improvement. Waxmann; 2008;113–25.

55.	 Goldwater MB, Gentner D. On the acquisition of abstract knowledge: structural alignment and explication in learning 
causal system categories. Cognition. 2015;137:137–53. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​o​g​n​i​​t​i​o​n​.​2​​0​1​4​.​​1​2​.​0​0​1.

56.	 Goldwater MB, Schalk L. Relational categories as a Bridge between cognitive and educational research. Psychol Bull. 
2016;142(7):729–57. https://doi.org/10.1037/bul0000043.

57.	 Gray ME, Holyoak KJ. Individual differences in relational reasoning. Mem Cognit. 2020;48(1):96–110. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​7​5​
8​/​s​1​3​4​2​1​-​0​1​9​-​0​0​9​6​4​-​y​​​​​.​​​

58.	 Green CT, Bunge SA, Chiongbian VB, Barrow M, Ferrer E. Fluid reasoning predicts future mathematical performance 
among children and adolescents. J Exp Child Psychol. 2017;157:125–43.

59.	 Ham L, Gunderson EA. Utilizing analogical reasoning to aid children’s proportional Understanding. J Numer Cognition. 
2019;5(2):140–57.

60.	 Hansen J, Richland LE. Teaching and learning science through multiple representations: intuitions and executive func-
tions. CBE—Life Sci Educ. 2020;19(4):ar61. https://doi.org/10.1187/cbe.19-11-0253.

61.	 Harrison AG, Treagust DF. Teaching and Learning with Analogies. In P. J. Aubusson, A. G. Harrison, & S. M. Ritchie, editors, 
Metaphor and Analogy in Science Education. Springer Netherlands. 2006;11–24 https://doi.org/10.1007/1-4020-3830-5_2

62.	 Haryu E, Imai M, Okada H. Object similarity bootstraps young children to action-based verb extensions. Child Dev. 
2011;82(2):674–86.

63.	 Hattan C. Prompting rural students’ use of background knowledge and experience to support comprehension of unfamil-
iar content. Reading Res Q. 2019;54(4):451–5.

64.	 Hofer BK. Personal epistemology research: implications for learning and teaching. Educational Psychol Rev. 
2001;13(4):353–83.

65.	 Honomichl RD, Chen Z. Learning to align relations: the effects of feedback and self-explanation. J Cognition Dev. 
2006;7(4):527–50. https://doi.org/10.1207/s15327647jcd0704_5.

66.	 Hummel JE, Holyoak KJ. A symbolic-connectionist theory of relational inference and generalization. Psychol Rev. 
2003;110(2):220–64. https://doi.org/10.1037/0033-295X.110.2.220.

67.	 Jee BD, Anggoro FK. Relational scaffolding enhances children’s Understanding of scientific models. Psychol Sci. 
2019;30(9):1287–302.

68.	 Jee BD, Anggoro FK. Designing exhibits to support relational learning in a science museum. Front Psychol. 
2021;12:636030.

69.	 Jee BD, Uttal DH, Gentner D, Manduca C, Shipley TF, Sageman B. Finding faults: analogical comparison supports Spatial 
concept learning in geoscience. Cogn Process. 2013;14:175–87. https://doi.org/10.1007/s10339-013-0551-7.

70.	 Johnson T, Burgoyne AP, Mix KS, Young CJ, Levine SC. Spatial and mathematics skills: similarities and differences related to 
age, SES, and gender. Cognition. 2022;218:104918. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​o​g​n​i​​t​i​o​n​.​2​​0​2​1​.​​1​0​4​9​1​8.

71.	 Kalra PB, Hubbard EM, Matthews PG. Taking the relational structure of fractions seriously: relational reasoning predicts 
fraction knowledge in elementary school children. Contemp Educ Psychol. 2020;62:101896. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​e​d​p​
s​​y​c​h​.​2​0​​2​0​.​1​​0​1​8​9​6.

72.	 Klibanoff RS, Levine SC, Huttenlocher J, Vasilyeva M, Hedges LV. Preschool children’s mathematical knowledge: the effect 
of teacher math talk. Dev Psychol. 2006;42(1):59–69. https://doi.org/10.1037/0012-1649.42.1.59.

73.	 Kok EM, de Bruin AB, Robben SG, van Merriënboer JJ. Learning radiological appearances of diseases: does comparison 
help? Learn Instruction. 2013;23:90–7.

74.	 Kotovsky L, Gentner D. Comparison and categorization in the development of relational similarity. Child Dev. 
1996;67(6):2797–822. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​7​-​​8​6​2​4​.​1​​9​9​6​.​​t​b​0​1​8​8​9​.​x.

75.	 Kuncel NR, Hezlett SA, Ones DS. Academic performance, career potential, creativity, and job performance: can one con-
struct predict them all? J Personal Soc Psychol. 2004;86(1):148–61.

76.	 Kurtz KJ, Boukrina O, Gentner D. Comparison promotes learning and transfer of relational categories. J Experimental 
Psychology: Learn Memory Cognition. 2013;39(4):1303–10. https://doi.org/10.1037/a0031847.

77.	 Kurtz KJ, Loewenstein J. Converging on a new role for analogy in problem solving and retrieval: when two problems are 
better than one. Mem Cognit. 2007;35(2):334–41. https://doi.org/10.3758/BF03193454.

https://doi.org/10.1111/j.1551-6709.2010.01114.x
https://doi.org/10.1111/j.1551-6709.2010.01114.x
https://doi.org/10.1111/j.1467-8624.2011.01599.x
https://doi.org/10.1111/cogs.12248
https://doi.org/10.1080/15248370701446434
https://doi.org/10.1016/S0885-2014(99)00016-7
https://doi.org/10.1016/S0885-2014(99)00016-7
https://doi.org/10.1016/0010-0285(83)90002-6
https://doi.org/10.1016/0010-0285(83)90002-6
https://doi.org/10.1016/j.cognition.2014.12.001
https://doi.org/10.1037/bul0000043
https://doi.org/10.3758/s13421-019-00964-y
https://doi.org/10.3758/s13421-019-00964-y
https://doi.org/10.1187/cbe.19-11-0253
https://doi.org/10.1007/1-4020-3830-5_2
https://doi.org/10.1207/s15327647jcd0704_5
https://doi.org/10.1037/0033-295X.110.2.220
https://doi.org/10.1007/s10339-013-0551-7
https://doi.org/10.1016/j.cognition.2021.104918
https://doi.org/10.1016/j.cedpsych.2020.101896
https://doi.org/10.1016/j.cedpsych.2020.101896
https://doi.org/10.1037/0012-1649.42.1.59
https://doi.org/10.1111/j.1467-8624.1996.tb01889.x
https://doi.org/10.1037/a0031847
https://doi.org/10.3758/BF03193454


Page 13 of 14Mix and Gentner Discover Education           (2026) 5:288 

78.	 Kurtz KJ, Miao C-H, Gentner D. Learning by analogical bootstrapping. J Learn Sci. 2001;10(4):417–46. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​2​​0​
7​/​S​1​​5​3​2​7​8​​0​9​J​L​S​1​​0​0​4​n​​e​w​_​2.

79.	 Liberman IY, Shankweiler D. Phonology and the problems of learning to read and write. Remedial Special Educ. 
1985;6(6):8–17. https://doi.org/10.1177/074193258500600604.

80.	 Loewenstein J, Gentner D. Relational Language and the development of relational mapping. Cogn Psychol. 
2005;50(4):315–53. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​o​g​p​s​​y​c​h​.​2​0​​0​4​.​0​​9​.​0​0​4.

81.	 Loewenstein J, Thompson L, Gentner D. Analogical encoding facilitates knowledge transfer in negotiation. Psychon Bull 
Rev. 1999;6(4):586–97. https://doi.org/10.3758/BF03212967.

82.	 Markman AB, Gentner D. Structural alignment during similarity comparisons. Cogn Psychol. 1993;25(4):431–67. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​0​0​6​/​c​o​g​p​.​1​9​9​3​.​1​0​1​1​​​​​.​​​

83.	 Mason L. Fostering Understanding by structural alignment as a route to analogical learning. Instr Sci. 2004;32(4):293–318. ​
h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​2​3​/​B​:​​T​R​U​C​.​​0​0​0​0​0​2​​6​5​1​2​​.​8​8​7​0​0​.​3​2.

84.	 Matlen BJ, Gentner D, Franconeri SL. Spatial alignment facilitates visual comparison. J Exp Psychol Hum Percept Perform. 
2020;46(5):443–57. https://doi.org/10.1037/xhp0000726.

85.	 Mayer RE. Designing instruction for constructivist learning. In: Reigeluth CM, editor. Instructional-Design theories and 
models: A new paradigm of instructional theory. Volume 2. New York: Routledge; 1999. pp. 141–59.

86.	 Mayer RE, Fiorella L. 12 principles for reducing extraneous processing in multimedia learning: Coherence, signaling, redun-
dancy, Spatial contiguity, and Temporal contiguity principles. The Cambridge handbook of multimedia learning. Volume 
279. New York, NY: Cambridge University Press; 2014. pp. 279–315.

87.	 Mix KS, Battista MT. Visualizing mathematics: the role of Spatial reasoning in mathematical thought. Springer; 2018.
88.	 Mix KS, Bower CA, Hancock GR, Crespo S, Smith LB. Place value learning in kindergarten. J Educ Psychol. 2024;116(7):1129–

52. https://doi.org/10.1037/edu0000866.
89.	 Mix KS, Kalish C. Foreword to the special issue: found in translation. J Cognition Dev. 2019;20(2):107–9. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​

0​​8​0​/​1​5​​2​4​8​3​7​​2​.​2​0​1​9​​.​1​6​0​​5​9​9​7.
90.	 Mix KS, Smith LB, Crespo S. Leveraging relational learning mechanisms to improve place value instruction. In A. Norton & 

M. W. Alibali, editors, Constructing Number: Merging Perspectives from Psychology and Mathematics Education. Springer 
International Publishing. 2019;87–121 https://doi.org/10.1007/978-3-030-00491-0_5

91.	 Mo F, Gentner D. Exploring analogical asymmetry. Proceedings of the 46th Annual Meeting of the Cognitive Science 
Society. 2024.

92.	 Moreno R, Mayer RE. Cognitive principles of multimedia learning: the role of modality and contiguity. J Educ Psychol. 
1999;91(2):358–68.

93.	 Namy LL, Gentner D. Making a silk purse out of two sow’s ears: young children’s use of comparison in category learning. J 
Exp Psychol Gen. 2002;131(1):5–15. https://doi.org/10.1037/0096-3445.131.1.5.

94.	 National Governors Association Center for Best Practices & Council of Chief State School Officers. Common core state 
standards. Washington D.C.: Common core state standards Initiative; 2010. http://corestandards.org/.

95.	 National Academies of Sciences, Engineering, and Medicine. Science and engineering in preschool through elementary 
grades: the brilliance of children and the strengths of educators. Washington, D.C.: National Academies; 2022. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​7​2​2​6​/​2​6​2​1​5​​​​​.​​​

96.	 National Research Council. A framework for K-12 science education: Practices, crosscutting Concepts, and core ideas. 
Washington, D.C.: National Academies; 2012.

97.	 Novak JD. Learning science and the science of learning. Stud Sci Educ. 1988;15(1):77–101. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​8​0​/​0​3​0​5​7​2​
6​8​8​0​8​5​5​9​9​4​9​​​​​.​​​

98.	 Pellegrino JW. Teaching, learning and assessing 21st century skills. OECD. 2017;223–251 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​7​8​7​/​9​7​8​9​2​6​4​2​
7​0​6​9​5​-​1​2​-​e​n​​​​​​​

99.	 Peng P, Wang T, Wang C, Lin X. A meta-analysis on the relation between fluid intelligence and reading/mathematics: 
effects of tasks, age, and social economics status. Psychol Bull. 2019;145(2):189–236.

100.	 Pruden SM, Levine SC, Huttenlocher J. Children’s Spatial thinking: does talk about the Spatial world matter? Dev Sci. 
2011;14(6):1417–30. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​7​-​​7​6​8​7​.​2​​0​1​1​.​​0​1​0​8​8​.​x.

101.	 Resnick I, Davatzes A, Newcombe NS, Shipley TF. Using relational reasoning to learn about scientific phenomena at unfa-
miliar scales. Educational Psychol Rev. 2017;29(1):11–25. https://doi.org/10.1007/s10648-016-9371-5.

102.	 Richland LE, Chan T-K, Morrison RG, Au TK. Young children’s analogical reasoning across cultures: similarities and differ-
ences. J Exp Child Psychol. 2010;105:146–53.

103.	 Richland LE, Holyoak KJ, Stigler JW. Analogy use in eighth-grade mathematics classrooms. Cognition Instruction. 
2004;22(1):37–60.

104.	 Richland LE, Simms N. Analogy, higher order thinking, and education. Wires Cogn Sci. 2015;6(2):177–92. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​
1​0​0​2​/​w​c​s​.​1​3​3​6​​​​​.​​​

105.	 Richland LE, Zur O, Holyoak KJ. Cognitive supports for analogies in the mathematics classroom. Science. 2007;316:1128.
106.	 Rittle-Johnson B, Star JR. Does comparing solution methods facilitate conceptual and procedural knowledge? An experi-

mental study on learning to solve equations. J Educ Psychol. 2007;99:561–74.
107.	 Rittle-Johnson B, Star J. Compared with what? The effects of different comparisons on conceptual knowledge and proce-

dural flexibility for equation solving. J Educ Psychol. 2009;101(3):529–44. https://doi.org/10.1037/a0014224.
108.	 Rittle-Johnson B, Star JR. The power of comparison in learning and instruction: Learning outcomes supported by different 

types of comparisons. In Psychology of Learning and Motivation. Elsevier. 2011;55:199–225 ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​B​9​​7​8​-​0​
-​​1​2​-​3​8​7​​6​9​1​-​​1​.​0​0​0​0​7​-​7

109.	 Robins A, Rountree J, Rountree N. Learning and teaching programming: A review and discussion. Comput Sci Educ. 
2003;13(2):137–72. https://doi.org/10.1076/csed.13.2.137.14200.

110.	 Rottman BM, Gentner D, Goldwater MB. Causal systems categories: differences in novice and expert categorization of 
causal phenomena. Cogn Sci. 2012;36(5):919–32.

111.	 Sagi E, Gentner D, Lovett A. What difference reveals about similarity. Cogn Sci. 2012;36(6):1019–50. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​
/​j​.​​1​5​5​1​-​​6​7​0​9​.​2​​0​1​2​.​​0​1​2​5​0​.​x.

112.	 Schwartz DL, Chase CC, Oppezzo MA, Chin DB. Practicing versus inventing with contrasting cases: the effects of telling 
first on learning and transfer. J Educ Psychol. 2011;103(4):759–75.

https://doi.org/10.1207/S15327809JLS1004new_2
https://doi.org/10.1207/S15327809JLS1004new_2
https://doi.org/10.1177/074193258500600604
https://doi.org/10.1016/j.cogpsych.2004.09.004
https://doi.org/10.3758/BF03212967
https://doi.org/10.1006/cogp.1993.1011
https://doi.org/10.1006/cogp.1993.1011
https://doi.org/10.1023/B:TRUC.0000026512.88700.32
https://doi.org/10.1023/B:TRUC.0000026512.88700.32
https://doi.org/10.1037/xhp0000726
https://doi.org/10.1037/edu0000866
https://doi.org/10.1080/15248372.2019.1605997
https://doi.org/10.1080/15248372.2019.1605997
https://doi.org/10.1007/978-3-030-00491-0_5
https://doi.org/10.1037/0096-3445.131.1.5
http://corestandards.org/
https://doi.org/10.17226/26215
https://doi.org/10.17226/26215
https://doi.org/10.1080/03057268808559949
https://doi.org/10.1080/03057268808559949
https://doi.org/10.1787/9789264270695-12-en
https://doi.org/10.1787/9789264270695-12-en
https://doi.org/10.1111/j.1467-7687.2011.01088.x
https://doi.org/10.1007/s10648-016-9371-5
https://doi.org/10.1002/wcs.1336
https://doi.org/10.1002/wcs.1336
https://doi.org/10.1037/a0014224
https://doi.org/10.1016/B978-0-12-387691-1.00007-7
https://doi.org/10.1016/B978-0-12-387691-1.00007-7
https://doi.org/10.1076/csed.13.2.137.14200
https://doi.org/10.1111/j.1551-6709.2012.01250.x
https://doi.org/10.1111/j.1551-6709.2012.01250.x


Page 14 of 14Mix and Gentner Discover Education           (2026) 5:288 

113.	 Silvey C, Gentner D, Richland LE, Goldin-Meadow S. Children’s early spontaneous comparisons predict later analogical rea-
soning skills: an investigation of parental influence. Open Mind. 2023;7:483–509. https://doi.org/10.1162/opmi_a_00093.

114.	 Thompson CA, Opfer JE. How 15 hundred is like 15 cherries: effect of progressive alignment on representational changes 
in numerical cognition. Child Dev. 2010;81(6):1768–86. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​4​6​7​-​​8​6​2​4​.​2​​0​1​0​.​​0​1​5​0​9​.​x.

115.	 Tweney RD. Faraday’s notebooks: the active organization of creative science. Phys Educ. 1991;26:301–6.
116.	 Valle A, Callanan MA. Similarity comparisons and relational analogies in parent-child conversations about science topics. 

Merrill-Palmer Q. 2006;52(1):96–124.
117.	 Vendetti MS, Matlen BJ, Richland LE, Bunge SA. Analogical reasoning in the classroom: insights from cognitive science. 

Mind Brain Educ. 2015;9(2):100–6. https://doi.org/10.1111/mbe.12080.
118.	 Wechsler D. Wechsler intelligence scale for Children—Fifth edition (WISC-V): technical and interpretive manual. NCS 

Pearson; 2014.
119.	 Wood D, Bruner JS, Ross G. The role of tutoring in problem solving. J Child Psychol Psychiatry. 1976;17(2):89–100.
120.	 Yuan L, Uttal D, Gentner D. Analogical processes in children’s Understanding of Spatial representations. Dev Psychol. 

2017;53(6):1098–114. https://doi.org/10.1037/dev0000302.
121.	 Zheng Y, Matlen BJ, Gentner D. Spatial alignment facilitates visual comparison in children. In S. Denison, M. Mack, Y. Xu, & 

B. C. Armstrong, editors, Proceedings of the 42nd Annual Conference of the Cognitive Science Society. Cognitive Science 
Society. 2020;1546–1551

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1162/opmi_a_00093
https://doi.org/10.1111/j.1467-8624.2010.01509.x
https://doi.org/10.1111/mbe.12080
https://doi.org/10.1037/dev0000302

	﻿How structure-mapping can improve K-12 education
	﻿Abstract
	﻿1﻿ ﻿The role of comparisons in learning
	﻿2﻿ ﻿Structure-mapping theory
	﻿3﻿ ﻿Best practices to support students’ comparisons
	﻿4﻿ ﻿Current use of structure-mapping in schools
	﻿5﻿ ﻿Next steps
	﻿References


