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Science museums aim to provide educational experiences for both children and adults.

To achieve this goal, museum displays must convey scientifically-relevant relationships,

such as the similarities that unite members of a natural category, and the connections

between scientific models and observable objects and events. In this paper, we explore

how research on comparison could be leveraged to support learning about such

relationships. We describe how museum displays could promote educationally-relevant

comparisons involving natural specimens and scientific models. We also discuss how

these comparisons could be supported through the design of a display—in particular, by

using similarity, space, and language to facilitate relational thinking for children and their

adult companions. Such supports may be pivotal given the informal nature of learning

in museums.
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INTRODUCTION

Science museums aim to provide visitors with education as well as entertainment. In this paper,
we consider how museum exhibits could be designed to promote cognitive processes that are
instrumental to science learning. We focus on the process of comparison—a powerful mechanism
that applies to a wide range of topics. We discuss how museum exhibits can promote comparisons
to educate and engage visitors, and describe cognitive supports for comparison that are applicable
to museums and other informal learning contexts.

RELATIONAL THINKING IN A SCIENCE MUSEUM

Science learning involves relational thinking. For example, understanding the scope and
boundaries of natural categories involves recognizing how members of a category are similar to
one another and distinct from members of other groups. There are also the deeper evolutionary
relationships between organisms that shed light on the process of natural selection. Many other
scientific categories are defined by abstract relations, having few (if any) overt features in common
(Richland and Simms, 2015; Goldwater and Schalk, 2016). For example, the ripening of a banana
bears little resemblance to the melting of arctic permafrost, yet both share the abstract structure
of a positive feedback system, a process perpetuated by its own effects. Relational thinking is
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also involved in learning about scientific models, which represent
key properties and relationships inherent to an object or system
(Clement, 2008; Sibley, 2009; Kastens and Rivet, 2010; Stull
and Hegarty, 2016). Comprehending these models involves
understanding the spatial, temporal, and causal structure that is
represented, as well as the relationship between the model and
the real world (Jee and Anggoro, 2019).

A key question is how to promote scientifically-relevant
relational thinking in the context of the museum. We propose
a general approach based on cognitive and educational research
on relational thinking—namely, the use of comparison.

COMPARISON PROMOTES RELATIONAL
THINKING

Comparison involves aligning the elements of two
representations according to the role they play in a common
system of relations—a process of structural alignment (Gentner,
1983). For example, in the comparison between the atom (the
less-familiar “target” case) and the solar system (the more-
familiar “base”), structural relations, like the orbiting of smaller
objects around a larger central object, are brought into focus.
Superficial features, like the absolute size of the objects involved,
fade into the background. Thus, the nucleus of the atom is
placed in correspondence with the Sun—not because they look
alike, but because these objects occupy a central position and
attract surrounding objects in their respective systems. Through
comparison, the broader relational structure that unites the
two cases—that of a central force system—can be abstracted,
forming a new relational concept (Gentner and Smith, 2012;
Goldwater and Schalk, 2016). However, if the two cases are
not explicitly compared, such abstractions may go unrealized
(Gick and Holyoak, 1983; Kurtz et al., 2001; Richland et al.,
2007; Star and Rittle-Johnson, 2009; Goldwater and Gentner,
2015).

Comparison is a powerful mechanism that has been used to
meet a broad range of educational goals (Richland et al., 2007;
Rittle-Johnson and Star, 2007; Alfieri et al., 2013; Jee et al.,
2013). Comparison has also proven effective across a range of
age levels, enhancing young children’s and infants’ relational
thinking in a variety of domains (Gentner, 2010; Hespos
et al., 2020). In the present paper, we explore how museum
displays could be designed to promote scientifically-informative
comparisons involving widely-used materials: natural specimens
and scientific models.

We first consider how pairs of specimens could be used
to promote learning of critical category information, including
within-category variability, category distinctions, and shared
structure that points to deep evolutionary relations.We then turn
to learning about real-world causal systems through scientific
models, and consider how pairing a model with a second, related
representation could clarify the relationship between the model
and the real world, and facilitate analogical reasoning about
unfamiliar causal systems.

When it comes to museum-based learning—which is more
self-directed and less structured than formal instruction (Hurst

et al., 2019)—it cannot be taken for granted that visitors will
engage in relevant comparisons, even when an informative
pair of items is presented in a display. Nor can it be
assumed that children’s accompanying caregivers will provide
appropriate assistance. In fact, parents can be unmotivated
to provide an “educational experience” for their children
(Collaboration for Ongoing Visitor Experience Studies (COVES),
2018), and may underestimate the educational value of museum
exhibits (Song et al., 2017). Methods that promote children’s
learning, and encourage adults’ involvement in this learning,
are crucial in this setting (Pattison and Bailey, 2016). Thus,
we also consider how aspects of an exhibit display—including
the visual appearance of the specimens or models in the
display, how the display is structured, and how the display
is described in surrounding signs, labels, and captions—could
be designed to facilitate the structural alignment process
for visitors.

EXHIBITS THAT PROMOTE
COMPARISONS INVOLVING NATURAL
SPECIMENS

Natural specimens—skeletons, fossils, rocks, shells, etc.—are a
hallmark of science museums. These objects provide visitors
with the opportunity to observe the diversity of life on Earth, a
central aim of current science education frameworks, such as the
Next Generation Science Standards (National Research Council,
2012, 2013). Exposure to natural specimens could also help to
offset the “taxonomic impediment” identified by the Convention
on Biological Diversity—i.e., the decline in taxonomic expertise,
resources, and public and policy-maker awareness (e.g., Klopper
et al., 2002). Hence, the effective display of natural objects is of
central importance to a museum’s educational goals.

Natural specimens are displayed in a variety of ways, from
crowded display cases to large-scale dioramas that reconstruct
scenes from nature. In order to increase the biodiversity on
display, museums often prioritize the inclusion of different
species over showing multiple specimens of the same kind
(Schilthuizen et al., 2015). The Spectrum of Life Display in
the Hall of Biodiversity at the American Museum of Natural
History, for example, contains ∼1,500 specimens, most of them
representing unique species.

Yet, there are potential advantages to displaying multiple
examples from the same category. When shown only a single
category example, visitors may focus on irrelevant details.
Displaying a pair of category members enables visitors to
compare them, guiding attention toward relational structure.
Indeed, children tend to sort objects in terms of taxonomic
relations (e.g., vegetable) over perceptual features (e.g., round)
after comparing two category members (Gentner and Namy,
1999). Displaying multiple category examples could also
illuminate aspects of natural kinds that may otherwise be
overlooked or misunderstood by visitors. For example, people
often underestimate the variability that exists within biological
categories (Shtulman and Schulz, 2008). Tigers may be thought
to have about the same number of stripes, or ladybugs the
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same number of spots. Adults who underestimate within-
category variation tend to have a poorer understanding of
evolution (Shtulman and Schulz, 2008). Providing visitors with
the opportunity to compare two category members that differ
from one another—e.g., a tiger with many stripes vs. one with
few—could help them appreciate the amount of variability that
exists within biological categories.

Displaying multiple examples can also convey systematic
variability within a category. For example, biological males and
females of a species often have characteristically different traits,
known as sexual dimorphism. Birds provide a number of striking
examples. In northern cardinals, for instance, adult males have
a bright red body and black coloring around the beak, whereas
adult females are pale brown with reddish wings (Figure 1A).
In other birds, like mandarin ducks and peacocks, the disparity
in coloration is even greater. These within-category differences
are driven by natural selection—in particular, females’ preference
for ornamental coloration in males (e.g., Hill, 2006). Yet, these
interesting and informative patterns are effectively ignored when
only a single specimen is on display. In fact, visitors may form
a skewed impression, because male specimens are displayed
approximately twice as often as female specimens (Mendenhall
et al., 2020). The comparison of a male and female category
member can draw attention to systematic variability, and, if
multiple kinds of animal are compared, shed light on broader
patterns in nature.

Paired examples can also help visitors distinguish between
members of different categories. For example, students were
better able to learn a geological structure, such as fault, when
an example of the category was shown alongside a visually-
similar image that did not contain this structure (Jee et al.,
2013). Similarly, medical students learned to diagnose diseases
from X-rays more accurately when a disease example was shown
with a similar but healthy example as they learned (Kok et al.,
2013). Encouraging visitors to compare specimens from different
categories—contrasting cases—could help them to notice key
taxonomic differences. This may be especially beneficial when
two categories are readily confused. Figure 1B shows a display
that includes a butterfly and a moth, two insects belonging to
the order Lepidoptera. Although similar in appearance, butterflies
and moths can be distinguished by several anatomical features,
including their antennae (butterfly: thin with bulbed ends;
moth: feathery/saw-edged), and body shape (butterfly: thin;
moth: thick). These category-distinguishing features stand out
when the two examples are directly compared. Contrasts can
also promote relational concept learning. For example, Strouse
and Ganea (2021) found that 3-year-old children were more
likely to learn about camouflage from a storybook in which
a camouflaged animal (light animal on light background) was
compared with a similar, noncamouflaged animal (light animal
on dark background).

Finally, pairs of specimens could be used to shed light on
the deep, evolutionary connections between different species. For
example, dolphins are very different from most other mammals
in terms of their appearance and habitat. Displaying the bones
of a dolphin flipper alongside those of a human hand permits
a comparison that illuminates a remarkably similar skeletal

structure. Along these lines, comparing the neck bones of a
human and a giraffe (Figure 1C) reveals that each has the
same number of cervical vertebrae (seven) despite dramatic
differences neck length—a phenomenon known as evolutionary
stasis (e.g., Williams, 1992). It can also be effective to have visitors
compare a specimen against their own body. Callanan et al.
(2016) found that children and adult museumgoers engaged in
deeper conversations about a fossilized mammoth femur when
the exhibit enabled a visitor to line up their own leg with
the fossil. When the fossil was displayed in a case, visitors
often merely labeled it a “bone.” When visitors could sit down
next to the fossil to compare its massive size against their
own leg, they used different terms, including the specific name
of the bone (“femur”), and the extinct animal to which it
belonged (“mammoth”).

Natural specimens can be paired in a number of ways in order
to promote scientifically-informative comparisons. In addition
to natural objects, museums often display scientific models that
represent causal systems, such as plate tectonics, state changes
of matter, and planetary motion. Comparisons between multiple
models/visual representations could help visitors understand
these models and make important connections to the real world.

EXHIBITS THAT PROMOTE
COMPARISONS INVOLVING SCIENTIFIC
MODELS

Scientific models—such as physical replicas and computer
simulations—are representations of real-world systems (National
Research Council, 2012). In such models, key elements of a
system can be emphasized, and irrelevant details removed;
objects that are imperceptibly small or large can be brought
into view; events that unfold too quickly or too slowly to notice
can be slowed down or sped up. These aspects of models can
help to explain how the world works (Clement, 2008; Sibley,
2009; Jee et al., 2010; Kastens and Rivet, 2010; National Research
Council, 2012; Stull and Hegarty, 2016). Models and modeling
are therefore regarded as important crosscutting concepts in
science education (National Research Council, 2012). Models
are widespread in science museums—from reconstructions of
extinct species to interactive simulations of natural systems and
human-made machines. We focus on models of causal processes,
especially those that depict real-world systems.

Like a good analogy, a good scientific model reflects the
relational structure of the system it represents (Sibley, 2009).
The classic science fair volcano—which erupts when vinegar
and baking soda are poured into a crater at its top—is a
poor scientific model, because it misrepresents the cause of a
volcanic eruption. Of course, even well-designed models can
be challenging to understand. Museum models that are highly
abstract, with little resemblance to nature, can be difficult for
visitors to grasp (Afonso and Gilbert, 2007). However, models
that are highly realistic may obscure relevant properties or
behaviors in a sea of trivial details (Uttal et al., 1997; Goldstone
and Son, 2005; Kokkonen and Schalk, 2020). With a single
model, it is hard to strike an ideal balance between emphasizing
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FIGURE 1 | Examples of comparisons involving natural specimens. (A) A male and female northern cardinal. Photographs by Andy Morffew; (B) a butterfly and a

moth; (C) the cervical vertebrae of a human and a giraffe.
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relational structure—which is central to deep learning—and
retaining realistic surface details—which ground the model in
the real world (Fyfe et al., 2014). Displays that enable visitors
to compare a model with another model or visual representation
could provide a way to overcome this challenge.

Displaying multiple representations of the same object or
system—one showing how the object or system appears in real
life, and the other emphasizing relational structure—could be
effective in many cases. For example, geological structures can
be difficult for novices to distinguish in natural contexts (Jee
et al., 2014). Showing a photo of a geological structure along
with an abstract model of the structure, as in Figure 2A (from
Marshak, 2009), can help students make the connection between
realistic and abstract representations. Designing an exhibit such
that a concrete/perceptually-rich model is shown before an
abstract/idealized model may be especially helpful—a sequence
known as concreteness fading (Goldstone and Son, 2005; Fyfe
et al., 2014). Encountering a perceptually-rich representation
first can help to ground and disambiguate the more abstract
model that is seen later on. In terms of structural alignment,
the concrete representation serves as the base, and the more
abstract representation, the target (Kokkonen and Schalk, 2020).
In a museum, concreteness fading could be accomplished in a
number of ways—a digital display that transitions from concrete
to abstract at the push of a button or slide of a bar, or using a
projector to overlay a realistic image onto an abstract physical
model, etc.

When scientific models depict imperceptible objects or events,
such as molecular structures or planetary motion, it may be
crucial to connect the model to objects and events that can
be experienced in everyday life. Displaying the behavior of the
model alongside a related observable event could allow visitors to
better appreciate these connections. In a recent study, 3rd-grade
students were instructed to compare a model of Earth rotation
alongside a synced-up video of the Sun’s apparent motion in
the sky. This enabled the students to see how the sunrise we
observe when a location on Earth becomes exposed to sunlight
is due to our planet’s eastward rotation. The students who could
compare the modeled and observable events learned more about
the cause of the day/night cycle than students who received
lessons involving only the model (Jee and Anggoro, 2019). A
similar approach could be implemented in a museum using a
solar system model synced with a nearby display of the “sky”
as in Figure 2B. As Earth rotates in the model solar system, the
accompanying display shows the view from a location on Earth’s
surface. Other counterintuitive scientific ideas, such as the link
between molecular activity and state changes of matter, could be
facilitated through similar pairings of models and more familiar
or intuitive visual representations (e.g., Samarapungavan et al.,
2017; Stieff, 2019).

The use of multiple models/representations could also
enhance cross-domain analogies—comparisons between
examples from different subject areas. When a model represents
an unfamiliar system (the target), an analogy to a familiar
example (the base) can help visitors understand how the model
works. For example, sound waves may be compared to ripples in
a pond; the mitochondria of a cell may be compared to a power
plant; the convection of Earth’s mantle to a boiling pot of water,

etc. Analogies like these are often used to communicate scientific
ideas (e.g., Glynn, 1991; Harrison and Treagust, 2006; Jee et al.,
2010; Holyoak and Lee, 2017; see also the crowd-sourced list of
science analogies at https://tinyurl.com/wrcp725). In museum
exhibits, analogies often appear in text form, such as a sign
or caption for a display (Valle and Callanan, 2006). However,
text-based analogies rely on a visitor’s accurate recollection of
the base domain, and also their ability to map the base and
target. Both of these processes are resource-demanding and
error-prone (Richland et al., 2007; Simms et al., 2018). Adding
a visual representation of the base can help learners grasp
an analogy, and reduce the cognitive burden of retrieval and
mapping (Richland and McDonough, 2010). Indeed, 4th-grade
students gained more knowledge from analogical instruction
about scientific processes when both the base and target cases
were visually represented as opposed to showing the target alone
(Matlen et al., 2011). Figure 2C shows one of the visual analogies
from Matlen and colleagues’ study—a boiling pot of water (base)
and mantle convection (target). When an exhibit includes cross-
domain analogies such as this, adding a visual representation
of the source example may help visitors perform the intended
structural alignment.

EXHIBIT-BASED SUPPORTS FOR
COMPARISON AND ALIGNMENT

Exhibits that display multiple specimens, models, and other
visual representations provide visitors with the opportunity to
engage in scientifically-informative comparisons. Yet, visitors
may require additional cognitive supports to fully benefit
from these opportunities. In the informal learning context
of a museum, it may be crucial to incorporate supports for
comparison into the exhibit itself.

A number of exhibit-based supports could facilitate
comparisons involving natural specimens and models. Surface
similarity is one key factor. Superficially similar items are
easier to align, and are helpful for initiating relational learning
(Thompson and Opfer, 2010; Gentner et al., 2011; Jee et al.,
2013). If the goal is to highlight differences, high-similarity
contrasting items can draw a visitor’s attention to the features
that vary between the items (Gentner and Markman, 1994; Sagi
et al., 2012; Strouse and Ganea, 2021). Though natural specimens
are not entirely manipulable, it may be possible to select examples
with high overall similarity to help visitors perform the intended
comparison. The cardinals in Figure 1A, for example, are similar
in many respects—size, orientation, background, etc.—which
helps to draw attention to the difference in color. Likewise,
the size, color, material, and other aspects of a model could be
controlled to enhance its similarity to other representations in a
display. For example, when a museum display included models
of a stable and unstable building that were highly similar in
height, color, construction materials, etc., 6–8-year-olds were
more likely to learn the key feature of the stable building—a
diagonal brace (Gentner et al., 2016). If increasing the perceptual
similarity of the two models is not a viable option, comparison
can be supported by adding a third example that is halfway
between the two in terms of its appearance. The inclusion of an
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FIGURE 2 | Examples of comparisons involving scientific models. (A) A concrete and abstract representation of a geological structure. Excerpted from Essentials of

Geology, 3rd Edition. Copyright © 2009 by Stephen Marshak. Used with permission of the publisher, W. W. Norton & Company, Inc. All rights reserved. (B) a model

solar system and an observation from Earth’s surface; (C) a visual analogy between a boiling pot of water (base) and mantle convection (target).

intermediate case establishes a bridging analogy that clarifies the
connection between the more extreme pair (Clement, 1993).

Another consideration is how a pair of related items are
arranged in space. To facilitate comparison, two objects should

be placed in close proximity, and perhaps visually segregated
from other items in a display, e.g., by placing a boundary around
them. This spatial contiguity could help visitors to realize that a
meaningful relationship exists, andmakes it easier to examine the
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two cases simultaneously (Mayer and Moreno, 2003). Another
spatial consideration is the relative placement of the items in
the display (Richland et al., 2007; Richland and Simms, 2015;
Matlen et al., 2020). For pairs of specimens or models with a
vertical orientation (e.g., part A above part B, etc.), side-by-side
placement is optimal for comparison (Matlen et al., 2020). For
those with a horizontal orientation (part A beside part B, etc.),
placing one above the other is optimal. In Figure 1C, for example,
the human and giraffe pair are placed in optimal fashion for
alignment—specimens with vertical orientation placed next to
each other.

Spatial factors can also support relational thinking and
learning from interactive exhibits. For exhibits in which visitors
are invited to compare themselves against a museum specimen—
a dinosaur’s footprint, a condor’s wingspan, a mammoth’s leg
bone, etc.—deeper learning is more likely to occur when the
visitor can place their body in an optimal position for the
alignment (Callanan et al., 2016). Exhibits that include levers,
knobs, and buttons can be easier to understand and control
when they conform to commonplace metaphors between space
and quantity, such as “more is up” and “less is down” (Lakoff
and Johnson, 1980; Allen, 2004). Spatial structure can also
support reasoning about relational rules that govern a natural
or artificial system. For example, 3-year-olds were more likely
to infer a relational rule—e.g., that two of the same objects
were needed to activate a machine—when the two objects
were inserted into openings at either side of the machine
(highlighting their relation) as opposed to being placed on top
of it (Walker et al., 2020).

Language provides another useful support for comparison.
Labels, captions, and other verbal information can clarify
connections between examples. Even young children benefit
from verbal prompts to compare, and learn abstract relational
categories more efficiently when category members are labeled
with the same term (Waxman and Markow, 1995; Gentner
and Namy, 1999; Gentner et al., 2011). When causal processes
are displayed in multiple visual representations, children
learn more when prompted to think about the relationships
between the representations (Hansen and Richland, 2020).
Labels, captions, instructions, etc. can also benefit pre-literate
children by influencing how their older caregivers behave
at an exhibit. Simple signs in a display can help parents
appreciate the educational value of museum exhibits (Song
et al., 2017). This awareness could lead caregivers to capitalize
on educational opportunities that they and their child might
otherwise miss.

When children engage in an exhibit together with an adult
caregiver, they tend to demonstrate more critical scientific
thinking, such as comparing different sources of evidence
(Crowley et al., 2001). Parents may produce spontaneous
analogies to help their children grasp the scientific ideas they
encounter (Valle and Callanan, 2006). Children also learn more
when their parent uses language that highlights key features or
relations—e.g., referring to diagonal bracing (“angle,” “brace,”
“cross-beam,” “diagonal”) while building a model tower (Gentner
et al., 2016). Parents’ nonverbal cues, such as gestures, could also

help to draw attention to relevant relationships and support the
alignment process (Alibali et al., 2013; Richland, 2015).

Labels and other text may be most effective when placed
within a display, in close proximity to related specimens and
models, as opposed to outside the display on a placard—
another application of the spatial contiguity principle (Mayer and
Moreno, 2003). This proximity can help to ensure that visitors
notice the verbal information before engaging with the exhibit
materials. Indeed, parents’ use of causal language predicted their
children’s productive use of exhibit materials (e.g., building
machines with gears) only if it occurred before children used the
materials (Callanan et al., 2019).

FURTHER THOUGHTS ON COMPARISON
AND SCIENCE LEARNING

Our discussion of comparison emphasized the educational
potential of promoting an underutilized cognitive tool
through the design of museum displays. As we move to
test our comparison-based approach in a museum setting, we
recognize that designing a successful exhibit involves numerous
considerations besides meeting educational goals. Children’s
museum exhibits should be interesting and entertaining, they
should engage visitors at different age levels who may interact
with an exhibit alone or together (Rigney and Callanan, 2011),
and they should be accessible to children and adults with
diverse backgrounds and abilities (Shaby et al., 2016). Ideally,
methods that promote informative comparisons in a museum
will enhance children’s thinking and learning without sacrificing
their enjoyment, exploration, and engagement. Indeed, without
willful engagement, visitors have little chance of benefiting from
even the most effective visual displays. Thus, to better evaluate
the comparison-based approach, we must use metrics relevant
to museum exhibit practitioners, such as tracking visitor groups’
time spent at the exhibit, their verbal and nonverbal references
to the materials in an exhibit, and the roles that caregivers take in
supporting children’s learning (Crowley et al., 2001; Haden et al.,
2016; Callanan et al., 2017; Horn, 2018).

Though our focus is on museum-based learning, methods
that promote relational thinking could be applied broadly in
education. Research on math and science learning has revealed
that relatively small changes to existing materials—such as the
number and type of practice problems that students receive, or
the spatial layout of a science diagram—can make a difference in
students’ mastery of the material (Higgins, 2020). Encouragingly,
when an instructional sequence sets the stage for structural
alignment, children can recognize and transfer relational
structure without explicit guidance (Sidney, 2020). By further
incorporating cognitive supports into educational materials and
lessons, remote and independent student learning—which have
soared during the COVID-19 pandemic—could be made more
effective and manageable for teachers, students, and caregivers.
More broadly, this approach would make science more accessible
for young children who may otherwise receive little instructional
support at home or at school.

Frontiers in Psychology | www.frontiersin.org 7 March 2021 | Volume 12 | Article 636030

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Jee and Anggoro Designing Exhibits

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

BJ and FA share first authorship in light of their
comparable contributions to this project. Both
authors approved the final version of the manuscript
for submission.

FUNDING

This research was supported by the Batchelor Ford Summer
Fellowship and the Scholarship in Action Seed Grant awarded to
FA from the College of the Holy Cross.

ACKNOWLEDGMENTS

We thank Betsy Loring for providing valuable feedback on this
project, and commenting on earlier drafts of this paper. We
are grateful to Alice Promisel, and Shana Hawrylchak for their
discussions about museum learning and exhibit design.

REFERENCES

Afonso, A. S., and Gilbert, J. K. (2007), Educational value of different types of

exhibits in an interactive science and technology center. Sci. Educ. 91, 967–987.

doi: 10.1002/sce.20220

Alfieri, L., Nokes-Malach, T. J., and Schunn, C. D. (2013). Learning through

case comparisons: A meta-analytic review. Educ. Psychol. 48, 87–113.

doi: 10.1080/00461520.2013.775712

Alibali, M. W., Young, A. G., Crooks, N. M., Yeo, A., Ledesma, I., Nathan, M. J.,

et al. (2013). Students learn more when their teacher has learned to gesture

effectively. Gesture 13, 210–233. doi: 10.1075/gest.13.2.05ali

Allen, S. (2004). Designs for learning: studying science museum exhibits that do

more than entertain. Sci. Educ. 88, S17–S33. doi: 10.1002/sce.20016

Callanan, M., Castañeda, C., Luce, M., and Martin, J. (2017). Family science talk in

museums: predicting children’s engagement from variations in talk and activity.

Child Dev. 88, 1492–1504. doi: 10.1111/cdev.12886

Callanan, M., Martin, J., and Luce, M. (2016). “Two decades of families learning

in a children’s museum: a partnership of research and exhibit development,” in

Cognitive Development in Museum Settings: Relating Research and Practice, eds

D. Sobel and J. Jipson (New York, NY: Psychology Press), 15–35.

Callanan, M. A., Legare, C. H., Sobel, D. M., Jaeger, G. J., Letourneau, S., McHugh,

S. R., et al. (2019). Exploration, explanation, and parent-child interaction in

museums.Monogr. Soc. Res. Child Dev. 85:7–137. doi: 10.1111/mono.12412

Clement, J. (1993). Using bridging analogies and anchoring intuitions to deal

with students’ preconceptions in physics. J. Res. Sci. Teach. 30, 1241–1257.

doi: 10.1002/tea.3660301007

Clement, J. (2008).CreativeModel Construction in Scientists and Students: The Role

of Imagery, Analogy, and Mental Simulation. Dordrecht: Springer.

Collaboration for Ongoing Visitor Experience Studies (COVES). (2018).

Understanding Our Visitors: Multi-Institutional Science Center Study, July

2017-June 2018. Available online at: http://www.understandingvisitors.org/wp-

content/uploads/2018/10/COVES-FY18-Aggregate-Report_spreads.pdf

Crowley, K., Callanan, M. A., Tenenbaum, H. R., and Allen, E. (2001). Parents

explain more often to boys than to girls during shared scientific thinking.

Psychol. Sci. 12, 258–261. doi: 10.1111/1467-9280.00347

Fyfe, E. R., McNeil, N. M., Son, J. Y., Goldstone, R. L. (2014). Concreteness fading

in mathematics and science instruction: a systematic review. Educ. Psychol. Rev.

26, 9–25. doi: 10.1007/s10648-014-9249-3

Gentner, D. (1983). Structure mapping: a theoretical framework for analogy. Cogn.

Sci. 7, 155–170. doi: 10.1207/s15516709cog0702_3

Gentner, D. (2010). Bootstrapping children’s learning: analogical processes and

symbol systems. Cogn. Sci. 34, 752–775. doi: 10.1111/j.1551-6709.2010.01114.x

Gentner, D., Anggoro, F. K., and Klibanoff, R. S. (2011). Structure mapping and

relational language support children’s learning of relational categories. Child

Dev. 82, 1173–1188. doi: 10.1111/j.1467-8624.2011.01599.x

Gentner, D., Levine, S. C., Ping, R., Isaia, A., Dhillon, S., Bradley, C., et al. (2016).

Rapid learning in a children’s museum via analogical comparison. Cogn. Sci. 40,

224–240. doi: 10.1111/cogs.12248

Gentner, D., and Markman, A. B. (1994). Structural alignment in

comparison: no difference without similarity. Psychol. Sci. 5, 152–158.

doi: 10.1111/j.1467-9280.1994.tb00652.x

Gentner, D., and Namy, L. L. (1999). Comparison in the development of categories.

Cogn. Dev. 14, 487–513. doi: 10.1016/S0885-2014(99)00016-7

Gentner, D., and Smith, L. (2012). “Analogical reasoning,” in Encyclopedia

of Human Behavior, 2nd edn., ed V. S. Ramachandran (Oxford, UK:

Elsevier), 130–136.

Gick, M., and Holyoak, K. (1983). Schema induction and analagocial transfer.

Cogn. Psychol. 15, 1–38. doi: 10.1016/0010-0285(83)90002-6

Glynn, S. M. (1991). “Explaining science concepts: a teaching-with-analogies

model,” in The Psychology of Learning Science, eds S. M. Glynn, R. H. Yeany,

and B. K. Britton (Hillsdale, NJ: Erlbaum), 219–240.

Goldstone, R. S., and Son, J. Y. (2005). The transfer of scientific principles

using concrete and idealized simulations. J. Learn. Sci. 14, 69–110.

doi: 10.1207/s15327809jls1401_4

Goldwater, M. B., and Gentner, D. (2015). On the acquisition of abstract

knowledge: structural alignment and explication in learning causal system

categories. Cognition 137, 137–153. doi: 10.1016/j.cognition.2014.12.001

Goldwater, M. B., and Schalk, L. (2016). Relational categories as a bridge

between cognitive and educational research. Psychol. Bull. 142, 729–757.

doi: 10.1037/bul0000043

Haden, C. A., Cohen, T., Uttal, D. H., and Marcus, M. (2016). “Building learning:

narrating experiences in a children’s museum,” in Cognitive Development in

Museum Settings: Relating Research and Practice, eds D. M. Sobel and J. L.

Jipson (London: Routledge/Taylor and Francis Group), 84–103.

Hansen, J., and Richland, L. E. (2020). Teaching and learning science through

multiple representations: intuitions and executive functions.CBE Life Sci. Educ.

19, ar61. doi: 10.1187/cbe.19-11-0253

Harrison, A. G., and Treagust, D. F. (2006). “Teaching and learning with analogies,”

in Metaphor and Analogy in Science Education, eds P. J. Aubusson, A. G.

Harrison, and S. M. Ritchie (Dordrecht: Springer), 11–24.

Hespos, S. J., Anderson, E., and Gentner, D. (2020). “Structure-mapping processes

enable infants’ learning across domains including language,” in Language and

Concept Acquisition from Infancy Through Childhood, J. B. Chiders (Cham:

Springer), 79–104.

Higgins, E. (2020). Small Changes to Textbook Design CanMake a Big Difference for

Student Learning. IES Blog. Available online at: https://nces.ed.gov/blogs/2020/

10/27/default

Hill, G. E. (2006). “Female mate choice for ornamental coloration,” in Bird

Coloration: Function and Evolution, Vol. 2, eds G. E. Hill and K. J. McGraw

(Cambridge, MA: Harvard University Press), 137–200.

Holyoak, K. J., and Lee, H. S. (2017). “Inferring causal relations by analogy,” in

The Oxford Handbook of Causal Reasoning, ed M. R.Walmann (New York, NY:

Oxford University Press), 459–473.

Horn, M. S. (2018). Tangible interaction and cultural forms: supporting

learning in informal environments. J. Learn. Sci. 27, 632–665.

doi: 10.1080/10508406.2018.1468259

Hurst, M. A., Polinsky, N., Haden, C. A., Levine, S. C., and Uttal, D. H. (2019).

Leveraging research on informal learning to inform policy on promoting early

STEM. Social Policy Rep. 32, 1–33. doi: 10.1002/sop2.5

Jee, B. D., and Anggoro, F. K. (2019). Relational scaffolding enhances

children’s understanding of scientific models. Psychol. Sci. 30, 1287–1302.

doi: 10.1177/0956797619864601

Frontiers in Psychology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 636030

https://doi.org/10.1002/sce.20220
https://doi.org/10.1080/00461520.2013.775712
https://doi.org/10.1075/gest.13.2.05ali
https://doi.org/10.1002/sce.20016
https://doi.org/10.1111/cdev.12886
https://doi.org/10.1111/mono.12412
https://doi.org/10.1002/tea.3660301007
http://www.understandingvisitors.org/wp-content/uploads/2018/10/COVES-FY18-Aggregate-Report_spreads.pdf
http://www.understandingvisitors.org/wp-content/uploads/2018/10/COVES-FY18-Aggregate-Report_spreads.pdf
https://doi.org/10.1111/1467-9280.00347
https://doi.org/10.1007/s10648-014-9249-3
https://doi.org/10.1207/s15516709cog0702_3
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/10.1111/j.1467-9280.1994.tb00652.x
https://doi.org/10.1016/S0885-2014(99)00016-7
https://doi.org/10.1016/0010-0285(83)90002-6
https://doi.org/10.1207/s15327809jls1401_4
https://doi.org/10.1016/j.cognition.2014.12.001
https://doi.org/10.1037/bul0000043
https://doi.org/10.1187/cbe.19-11-0253
https://nces.ed.gov/blogs/2020/10/27/default
https://nces.ed.gov/blogs/2020/10/27/default
https://doi.org/10.1080/10508406.2018.1468259
https://doi.org/10.1002/sop2.5
https://doi.org/10.1177/0956797619864601
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Jee and Anggoro Designing Exhibits

Jee, B. D., Gentner, D., Uttal, D. H., Sageman, B., Forbus, K., Manduca, C. A.,

et al. (2014). Drawing on experience: how domain knowledge is reflected in

sketches of scientific structures and processes. Res. Sci. Educ. 44, 859–883.

doi: 10.1007/s11165-014-9405-2

Jee, B. D., Uttal, D. H., Gentner, D., Manduca, C., Shipley, T., Sageman, B., et al.

(2010). Analogical thinking in geoscience education. J. Geosci. Educ. 58, 2–13.

doi: 10.5408/1.3544291

Jee, B. D., Uttal, D. H., Gentner, D., Manduca, C., Shipley, T. F., and Sageman, B.

(2013). Finding faults: analogical comparison supports spatial concept learning

in geoscience. Cogn. Process. 14, 175–187. doi: 10.1007/s10339-013-0551-7

Kastens, K., and Rivet, A. (2010). “Using analogical mapping to assess the

affordances of scale models used in Earth and environmental science

education,” in Spatial Cognition VII. Spatial Cognition 2010. Lecture Notes

in Computer Science, Vol. 6222, eds C. Hölscher, T. F. Shipley, M. Olivetti

Belardinelli, J. A. Bateman, and N. S. Newcombe (Berlin; Heidelberg:

Springer), 112–124.

Klopper, R., Smith, G., and Chikuni, A. (2002). The global taxonomy initiative in

Africa. Taxon 51, 159–165. doi: 10.2307/1554974

Kok, E. M., de Bruin, A. B., Robben, S. G., and van Merrinboer, J. J.

(2013). Learning radiological appearances of diseases: does comparison

help? Learn. Instruct. 23, 90–97. doi: 10.1016/j.learninstruc.2012.

07.004

Kokkonen, T., and Schalk, L. (2020). One Instructional sequence fits all? A

conceptual analysis of the applicability of concreteness fading in mathematics,

physics, chemistry, and biology education. Educ. Psychol. Rev. 1–25.

doi: 10.1007/s10648-020-09581-7

Kurtz, K. J., Miao, C.-H., and Gentner, D. (2001). Learning

by analogical bootstrapping. J. Learn. Sci. 10, 417–446.

doi: 10.1207/S15327809JLS1004new_2

Lakoff, G., and Johnson, M. (1980). The metaphorical structure of the

human conceptual system. Cogn. Sci. 4, 195–208. doi: 10.1207/s15516709cog

0402_4

Marshak, S. (2009). Essentials of Geology, 3rd Edn. New York, NY: WWNorton.

Matlen, B. J., Gentner, D., and Franconeri, S. (2020). Spatial alignment facilitates

visual comparison. J. Exp. Psychol. Hum. Percept. Perform. 46, 443–457.

doi: 10.1037/xhp0000726

Matlen, B. J., Vosniadou, S., Jee, B., and Ptouchkina, M. (2011). “Enhancing the

comprehension of science text through visual analogies,” in Proceedings of the

34th Annual Conference of the Cognitive Science Society, eds L. Carlson, C.

Holscher, and T. Shipley (Austin, TX: Cognitive Science Society), 2910–2915.

Mayer, R. E., and Moreno, R. (2003). Nine ways to reduce

cognitive load in multimedia learning. Educ. Psychol. 38, 43–52.

doi: 10.1207/S15326985EP3801_6

Mendenhall, C. D., Hayes, V. G., Margolis, J. R., and Dorfman, E. (2020).

Diversifying displays of biological sex and sexual behaviour in a natural history

museum.Museum Int. 72, 152–161. doi: 10.1080/13500775.2020.1806597

National Research Council (2012). A Framework for K-12 Science Education:

Practices, Crosscutting Concepts, and Core Ideas. Washington, DC: National

Academies Press.

National Research Council (2013). Next Generation Science Standards: For States,

By States.Washington, DC: The National Academies Press.

Pattison, S., and Bailey, E. (2016). Role of Parents and Caregivers in Supporting

Science Learning for Young Children. Informal Science. Available online

at: https://www.informalscience.org/news-views/role-parents-and-caregivers-

supporting-science-learning-young-children

Richland, L. E. (2015). Linking gestures: cross-cultural variation

during instructional analogies. Cogn. Instruct. 33, 295–321.

doi: 10.1080/07370008.2015.1091459

Richland, L. E., and McDonough, I. M. (2010). Learning by analogy:

discriminating between potential analogs. Contemp. Educ. Psychol. 35, 28–43.

doi: 10.1016/j.cedpsych.2009.09.001

Richland, L. E., and Simms, N. (2015), Analogy, higher order thinking, and

education.Wiley Interdiscipl. Rev. Cogn. Sci. 6, 177–192. doi: 10.1002/wcs.1336

Richland, L. E., Zur, O., and Holyoak, K. J. (2007). Cognitive supports

for analogies in the mathematics classroom. Science 316, 1128–1129.

doi: 10.1126/science.1142103

Rigney, J. C., and Callanan, M. A. (2011). Patterns in parent-child conversations

about animals at a marine science center. Cogn. Dev. 26, 155–171.

doi: 10.1016/j.cogdev.2010.12.002

Rittle-Johnson, B., and Star, J. R. (2007). Does comparing solution methods

facilitate conceptual and procedural knowledge? an experimental

study on learning to solve equations. J. Educ. Psychol. 99, 561-574.

doi: 10.1037/0022-0663.99.3.561

Sagi, E., Gentner, D., and Lovett, A. (2012). What difference reveals about

similarity. Cogn. Sci. 36, 1019–1050. doi: 10.1111/j.1551-6709.2012.01250.x

Samarapungavan, A., Bryan, L., and Wills, J. (2017). Second graders’ emerging

particle models of matter in the context of learning through model-based

inquiry. J. Res. Sci. Teach. 54, 988–1023. doi: 10.1002/tea.21394

Schilthuizen,M., Vairappan, C. S., Slade, E.M., Mann, D. J., andMiller, J. A. (2015).

Specimens as primary data: museums and ’open science’. Trends Ecol. Evol. 30,

237–238. doi: 10.1016/j.tree.2015.03.002

Shaby, N., Assaraf, O. B. Z., and Tishler, C. E. (2016). The goals of science museums

in the eyes of museum pedagogical staff. Learn. Environ. Res. 19, 359–382.

doi: 10.1007/s10984-016-9211-z

Shtulman, A., and Schulz, L. (2008). The relation between essentialist

beliefs and evolutionary reasoning. Cogn. Sci. 32, 1049–1062.

doi: 10.1080/03640210801897864

Sibley, D. F. (2009). A cognitive framework for reasoning with scientific models. J.

Geosci. Educ. 57, 255–263. doi: 10.5408/1.3559672

Sidney, P. G. (2020). Children’s learning from implicit analogies during

instruction: evidence from fraction division. Cogn. Dev. 56, 100956.

doi: 10.1016/j.cogdev.2020.100956

Simms, N. K., Frausel, R. R., and Richland, L. E. (2018). Working memory

predicts children’s analogical reasoning. J. Exp. Child Psychol. 166, 160–177.

doi: 10.1016/j.jecp.2017.08.005

Song, L., Golinkoff, R. M., Stuehling, A., Resnick, I., Mahajan, N., Hirsh-

Pasek, K., et al. (2017). Parents’ and experts’ awareness of learning

opportunities in children’s museum exhibits. J. Appl. Dev. Psychol. 49, 39–45.

doi: 10.1016/j.appdev.2017.01.006

Star, J. R., and Rittle-Johnson, B. (2009). It pays to compare: an experimental

study on computational estimation. J. Exp. Child Psychol. 102, 408–426.

doi: 10.1016/j.jecp.2008.11.004

Stieff, M. (2019). Improving learning outcomes in secondary chemistry with

visualization-supported inquiry activities. J. Chem. Educ. 96, 1300–1307.

doi: 10.1021/acs.jchemed.9b00205

Strouse, G. A., and Ganea, P. A. (2021). The effect of object similarity and

alignment of examples on children’s learning and transfer from picture books.

J. Exp. Child Psychol. 203, 105041. doi: 10.1016/j.jecp.2020.105041

Stull, A. T., and Hegarty, M. (2016). Model manipulation and learning: Fostering

representational competence with virtual and concrete models. J. Educ. Psychol.

108, 509–527. doi: 10.1037/edu0000077

Thompson, C. A., and Opfer, J. E. (2010). How 15 hundred is like 15 cherries: effect

of progressive alignment on representational changes in numerical cognition.

Child Dev. 81, 1769–1786. doi: 10.1111/j.1467-8624.2010.01509.x

Uttal, D. H., Scudder, K. V., and DeLoache, J. S. (1997). Manipulatives as symbols:

a new perspective on the use of concrete objects to teach mathematics. J. Appl.

Dev. Psychol. 18, 37–54. doi: 10.1016/S0193-3973(97)90013-7

Valle, A., and Callanan, M. (2006). Similarity comparisons and relational analogies

in parent-child conversations about science topics. Merrill Palmer Q. 52,

96–124. doi: 10.1353/mpq.2006.0009

Walker, C. M., Rett, A., and Bonawitz, E. (2020). Design drives discovery in causal

learning. Psychol. Sci. 31, 129–138. doi: 10.1177/0956797619898134

Waxman, S. R., andMarkow, D. B. (1995).Words as invitations to form categories:

evidence from 12- to 13-month-old infants. Cogn. Psychol. 29, 257–302.

doi: 10.1006/cogp.1995.1016

Williams, G. C. (1992).Natural Selection: Domains, Levels, and Challenges. Oxford:

Oxford University Press.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Jee and Anggoro. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 9 March 2021 | Volume 12 | Article 636030

https://doi.org/10.1007/s11165-014-9405-2
https://doi.org/10.5408/1.3544291
https://doi.org/10.1007/s10339-013-0551-7
https://doi.org/10.2307/1554974
https://doi.org/10.1016/j.learninstruc.2012.07.004
https://doi.org/10.1007/s10648-020-09581-7
https://doi.org/10.1207/S15327809JLS1004new_2
https://doi.org/10.1207/s15516709cog0402_4
https://doi.org/10.1037/xhp0000726
https://doi.org/10.1207/S15326985EP3801_6
https://doi.org/10.1080/13500775.2020.1806597
https://www.informalscience.org/news-views/role-parents-and-caregivers-supporting-science-learning-young-children
https://www.informalscience.org/news-views/role-parents-and-caregivers-supporting-science-learning-young-children
https://doi.org/10.1080/07370008.2015.1091459
https://doi.org/10.1016/j.cedpsych.2009.09.001
https://doi.org/10.1002/wcs.1336
https://doi.org/10.1126/science.1142103
https://doi.org/10.1016/j.cogdev.2010.12.002
https://doi.org/10.1037/0022-0663.99.3.561
https://doi.org/10.1111/j.1551-6709.2012.01250.x
https://doi.org/10.1002/tea.21394
https://doi.org/10.1016/j.tree.2015.03.002
https://doi.org/10.1007/s10984-016-9211-z
https://doi.org/10.1080/03640210801897864
https://doi.org/10.5408/1.3559672
https://doi.org/10.1016/j.cogdev.2020.100956
https://doi.org/10.1016/j.jecp.2017.08.005
https://doi.org/10.1016/j.appdev.2017.01.006
https://doi.org/10.1016/j.jecp.2008.11.004
https://doi.org/10.1021/acs.jchemed.9b00205
https://doi.org/10.1016/j.jecp.2020.105041
https://doi.org/10.1037/edu0000077
https://doi.org/10.1111/j.1467-8624.2010.01509.x
https://doi.org/10.1016/S0193-3973(97)90013-7
https://doi.org/10.1353/mpq.2006.0009
https://doi.org/10.1177/0956797619898134
https://doi.org/10.1006/cogp.1995.1016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

	Designing Exhibits to Support Relational Learning in a Science Museum
	Introduction
	Relational Thinking in a Science Museum
	Comparison Promotes Relational Thinking
	Exhibits That Promote Comparisons Involving Natural Specimens
	Exhibits That Promote Comparisons Involving Scientific Models
	Exhibit-Based Supports for Comparison and Alignment
	Further Thoughts on Comparison and Science Learning
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


