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Perceptual Learning in Math: 
Implications for Educational Research, 
Practice, and Technology 
 
Did you know that even the smallest details of students’ environments can 
impact the way they learn? Students tend to rely on subtle cues in their 
environment to help them think and learn, known as perceptual learning. 
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Abstract 
Perceptual learning theory posits that learning relies on the way we observe and process 
visual, auditory, and tactile information. Perceptual support guides students’ attention 
towards important information, enabling high-level cognition for learning. This effect has 
been demonstrated with numerous manipulations to visual features in math instructional 
materials, such as altering the color, spatial proximity, and arrangement of math symbols. 
Perceptual cues, especially changes to the visual presentations of learning content, are 
subtle but a low-cost, effective means of support. These cues offer avenues for research 
on math learning and implications for instructional design.  
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Overview 
Much work in cognitive science has demonstrated that learning is naturally perceptual. Our 
attention to sensory information influences how we interpret and process the information. Further, 
training students to attend to different perceptual structures in materials can improve learning. 
Perceptual learning can be observed through the Gestalt principles of visual perception which posit 
that we tend to see the “whole” rather than individual objects (e.g., Wagemans et al., 2012). For 
example, when presented with “+”, most people see one symbol rather than four intersecting lines. 
In math education, we see other examples of Gestalt-like cues that create groups of objects and 
influence the ways in which students solve problems. For example, students and teachers use 
parentheses in math to clearly mark a group of terms, such as (2 + x). A more subtle example is 
the spatial grouping of terms around operands in an expression. When writing or typing 
expressions, many adults tend to group terms by minimizing the space around a multiplication sign 
and maximizing the space around an addition sign (e.g., 2  +  2×2; Goldstone et al., 2010). 
However, when designing math learning environments and tools, the use of such perceptual cues 
have not been fully leveraged to facilitate opportunities for students to practice perceptual training 
and learning.  

This primer is intended to present current work from cognitive science that demonstrates the 
importance of subtle visual perceptual features on students’ mathematical reasoning and learning. 
With this focus, we do not cover perceptual learning in other domains, make recommendations, or 
present divergent views on this topic. However, we hope that this primer (a) provides an 
introduction to perceptual learning as it occurs in math, (b) sparks questions about how to 
integrate principles of perceptual learning in classrooms, (c) provides examples of how perceptual 
support may be implemented in educational technologies, and (d) inspires conversations about 
how perceptual learning occurs, and may be supported, in other subjects. Attending to perceptual 
learning has the potential to improve instructional practice, develop innovative technologies and 
assessments, and advance our understanding of cognition and student learning. 

Key Lessons 
Visual features of instructional materials impact 
learning 
Research has shown that reasoning is grounded in perceptual processes (Gibson, 
1969; Goldstone et al., 2010; Kellman et al., 2010). In math, notations 

arepresented with various visual features, such as the spacing between and color of symbols. 
These features impact how students process, understand, and learn math (Table 1). As an 
example, students use spacing as a perceptual cue to group symbols in arithmetic problems (e.g., 
3  +  4×5). When the symbols are spaced in a manner that does not match the order of operations 
(e.g., 3+4  ×  5), children and adults tend to interpret and solve expressions incorrectly (i.e., adding 
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before multiplying). Similarly, highlighting the equal sign in red helps students notice the equal sign 
and generate correct equation-solving strategies (Alibali et al., 2018). Together, these findings 
suggest that students adapt perceptual processes to support learning and that the perceptual 
features of instructional materials can impact students’ performance and learning.  

 
Table 1. The positive impacts of perceptual features in math equation solving 

Problem 
Features 

Perceptual 
Scaffolding  

Comparison Age Group Reference 

Spacing 3   +   4×5 3+4   ×    5 8–12 years  
 
10–18 years 
 
Undergraduate 
students 

Braithwaite et al. 
(2016) 
Harrison et al. 
(2020) 
Goldstone et al. 
(2010)  

Proximal 
Grouping 

47+53+33=100+33 47+33+53=100+33 11–13 years  Lee et al. (2022) 

Color 3+4+5 = 3+__ 3+4+5 = 3+__ 8–11 years Alibali et al. (2018) 

 
Perceptual cues can be leveraged in instruction 
Embedding perceptual cues in instructional materials has been shown to support learning in 
research studies. Therefore, it is important to consider how these cues can be used in classroom 
instruction. Instructors can leverage the use of color, visual aids, and the physical arrangement of 
learning materials to guide students’ attention to important features. For example, color has been 
used as an effective perceptual cue across studies and contexts. Using color to connect ideas, 
such as the matching elements between diagrams and equations, can improve learning (Chan 
et al., 2019). Additionally, using color to highlight relevant information in learning materials has led 
to higher comprehension scores after students studied mechanics diagrams (Boucheix & Lowe, 
2010). In sum, color is one example of a perceptual cue that teachers can use to guide students’ 
attention to important information. 

To fully leverage perceptual cues in classroom instruction, teachers can use multimodal cues such 
as by pairing their speech with visual cues like gestures or actions (Serratrice, 2008). For example, 
children rely on visual input to interpret the speaker’s speech when learning about an action and its 
name (Brandone et al., 2007). Further, teachers can use gestures to create a common 
understanding with their class or individual students (Alibali et al., 2019). For example, a teacher 
may repeat a student’s speech with added gestures that emphasize specific referents in the 
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student’s speech to reinforce the concept. Additionally, Yeo and colleagues (2017) found that 
when teaching a lesson on linear equation graphing, students learned more when their teacher 
used gestures that matched her speech when referring to graphs; however, this finding was not 
supported when the teacher referred to equations. This research points to the importance of 
knowing when and how visual perceptual cues are helpful to student learning. 

Technologies can provide low-cost instructional support 
with perceptual and perceptual-motor scaffolds 
Perceptual learning theory can also be used to improve online learning environments. For instance, 
content developers can easily adjust subtle visual features, such as reformatting practice problems 
from neutral spacing (e.g., 4+8*5) to spacing that matches the order of operations (e.g., 4 + 8*5) in 
math tutoring systems. Emerging educational technologies can also support learning through more 
sophisticated design choices. Although distinct but related processes, both perceptual and 
embodied design features influence learning by leveraging perception and action to explore 
concepts in math (see Abrahamson & Lindgren, 2014 and Goldstone et al. 2017). On the one 
hand, visual features in educational technologies can support students as they process incoming 
information. On the other hand, opportunities to move, manipulate, and interact with objects in 
educational technologies can support how students process information through perceptual-motor 
actions (Abrahamson et al., 2020; Goldstone et al., 2017; Nathan, 2021). By combining perceptual 
support with opportunities for students to interact with objects, instructional design can leverage 
the affordances of new educational technologies to support student learning (Table 2).  

Table 2. Online learning technologies that incorporate perceptual-motor scaffolds 

Technology 
(topic) 

Perceptual-Motor 
Features 

Perceptual Scaffolding  Reference 

Graspable 
Math (algebra) 

Students use gesture-
actions to move and 
manipulate algebraic 
symbols 

Fluid visualizations display 
automatic expression 
transformations as a result 
of students’ actions 

Ottmar et al. 
(2015); Chan et 
al. (2022) 

Mathematics 
Imagery Trainer 
(proportions) 

Students interact with 
the system by using 
their hands and arms 
to create dynamic 
representations of 
proportions 

Motion-detection provides 
color-coded feedback (i.e., 
green or red screen) 
indicating whether students’ 
movements match the 
target proportion 

Abrahamson & 
Trninic (2015) 

Hidden Village 
(geometry) 

Students use actions, 
speech, and gestures 
to enact geometric 
transformations, 
concepts, and proofs  

Motion-detection provides 
visual feedback by 
displaying students’ 
movements on-screen 

Nathan & 
Walkington (2017) 
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As an example, Graspable Math, an interactive algebra notation tool, allows users to (a) move, 
combine, and substitute symbols in equations, (b) visualize equation transformations following 
math principles, and (c) receive immediate feedback on the validity of their actions (Figure 1). 
Compared to typical practice, students improved their equation-solving performance after 
interacting with expressions in GM and viewing the fluid visualizations of their actions (Ottmar et al., 
2015; Chan et al., 2022). The result suggests that the fluid visualizations and actions may help 
students develop fluency in perceptual-motor routines of algebra by directing their attention to the 
problem-solving process instead of performing arithmetic calculations (Goldstone et al., 2017). 
Such empirical findings can inform technology design and provide examples of how to use 
perceptual features in online environments for learning. 

Figure 1. Graspable math provides perceptual scaffolding on solving algebraic equations in an 
online platform 

 

Note: (Box a): In Graspable Math, student use gesture-actions to perform operations (Line 1), then watch the 
transformation process (Line 2), and see the transformed expression (Line 3). 
(Box b): Graspable Math also provides fluid visual feedback on invalid gesture-actions by shaking the 
objects. 
 

Other tools such as the Mathematics Imagery Trainer (Abrahamson & Trninic, 2015) and Hidden 
Village (Nathan & Walkington, 2017) have been developed to support learning about proportions 
and geometry. In the Mathematics Imagery Trainer, students move two cursors with their hands up 
and down in front of a screen to find locations that match a target proportion. The system is set to 
turn the screen green when the heights of the two hands relative to the base of the screen are at a 
certain ratio (e.g., 1:2). Through this process, students can experience proportion through action, 
receive the visual feedback, and discover equivalent proportions (e.g., 1:2, 2:4, 3:6). Similarly, 
Hidden Village is a video game that prompts students to use speech, gesture, and actions 
corresponding to geometric concepts and proofs. The game encourages students to act out 
geometric transformations by tracking and showing student movements on a screen. In summary, 
these dynamic educational technologies provide exciting ways to integrate perceptual-motor 
scaffolds into tools that support math learning.   
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Issues 
What are the boundaries surrounding the effects of 
perceptual cues? 
Although there is ample evidence on how visual cues impact math learning, less is 
known about (a) the mechanisms underlying this learning process, (b) the roles of 

other perceptual processes (e.g., auditory, tactile), (c) whether perceptual support is beneficial for 
students with different abilities (e.g., visual impairment), and (d) how to leverage perceptual 
scaffolding to support learning across modalities, students, and content areas. Addressing these 
issues are important because they will advance our understanding on how perceptual learning 
works, for whom it works, when it works, and what educators can do to leverage research to 
improve instruction. As noted by Goldstone and colleagues (2010, p.265), “... relatively 
sophisticated performance is achieved not by ignoring perceptual features in favor of deep 
conceptual features, but rather by adapting perceptual processing so as to conform with and 
support formally sanctioned responses.” With continued efforts to explore the boundaries around 
perceptual effects, perceptual learning offers a promising approach to learning science research 
and education.   

How can teachers use perceptual cues in mathematics 
classrooms? 

Most research in perceptual learning has been 
conducted in lab settings or online learning 
environments with college students. While some work 
has emphasized the role of perception in math learning 
among students (see Kellman et al., 2010 for more on 
Perceptual Learning Modules), less is known about 
how teachers can or do use perceptual scaffolding in 
their own instruction. It is important to explore the 

effects of perceptual training and cues in the classroom in order to inform design and increase 
learning impacts through teacher education. For instance, would teachers benefit from professional 
development workshops or programs that emphasize the value of perceptual cues when teaching 
new content? If so, how can we design curricula for instruction that leverages research-based 
perceptual support? How much perceptual support is too much and how do students perform on 
far-transfer items when those supports are no longer available in the moment? These are some 
sample questions that should be considered when designing learning environments and scaffolds, 
and examining the promise of new tools or interventions. 

In addition, research has found that we naturally use perceptual support to communicate with one 
another (van Amelsvoort & Maes, 2016; Alibali & Kita, 2010). To adapt this natural tendency for 

It is important to explore the effects 
of perceptual training and cues in the 
classroom in order to inform design 
and increase learning impacts 
through teacher education.  
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instruction, future research should include (a) conducting classroom observations to explore the 
natural ways that teachers already use perceptual cues, such as gestures and visual aids to 
support learning, (b) testing the effects of reinforcing teachers’ use of perceptual cues on student 
learning, and (c) examining ways to help teachers incorporate these methods more frequently and 
effectively. As researchers better understand how perceptual cues are already used, we can co-
design materials with teachers to further implement perceptual cues in their mathematics 
classroom practice. 

How should perceptual scaffolds be implemented in online 
environments long term? 
As it becomes increasingly common for teachers and students to use educational technologies, 
we should consider how principles of perceptual learning can and should be applied to the design 
of emerging technologies. While extensive literature demonstrates the effects of perceptual cues 
on student behavior and performance, most research has been conducted in single-session 
studies, preventing researchers from drawing conclusions about the long-term effects of 
perceptual scaffolding. Looking ahead, it will be critical to determine how perceptual scaffolding 
should be implemented in online environments to support student learning over time. For instance, 
how do students’ performance, behavior, and long-term knowledge change over time as a result 
of working with materials that contain perceptual support? Who benefits from receiving perceptual 
support in online contexts? When should perceptual support be available to students and when 
should it be removed from online instructional materials? While students typically benefit from 
concreteness-fading instruction, which gradually transitions instruction from concrete (e.g., the use 
of blocks) to abstract (e.g., the use of math symbols; Fyfe & Nathan, 2019), it is unclear whether 
this approach extends to the context of perceptual scaffolding in online learning environments. 
Future research should examine how to implement perceptual support across online contexts over 
longer periods of time to support long-term learning and retention. 

Conclusion 
In this primer, we introduced perceptual learning theory and discussed its application to math 
education. Specifically, we presented examples of key lessons and future research directions that 
have emerged in regards to: (a) how visual features of instructional materials impact students’ 
performance and learning in mathematics, (b) how teachers can leverage visual and multimodal 
cues to support classroom instruction, and (c) how educational technologies can and should 
implement perceptual scaffolds to support student learning across contexts. In sum, visual cues 
are an effective means of instructional support across classroom and online settings.  

While the scope of this primer only extends to examples of visual cues within math education and 
educational technologies, principles of perceptual learning can be and have been applied to other 
subjects (e.g., science, reading, graphic design) and using other modalities of perceptual cues 
(e.g., auditory, tactile). For instance, the perceptual features of a problem impact students’ learning 
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of science concepts, and long-term knowledge is strongest when the problems are presented in 
order from concrete (e.g., ants adapt their speed when approaching food based on their distance 
to the food) to abstract representations (e.g., picture patterns adapt to the target alphabetic letters 
based on their similarities to the letters; Goldstone et al., 2010). We hope that this primer on math 
education can spark interdisciplinary conversations that offer suggestions for incorporating 
principles of perceptual learning into instructional materials and educational technologies to 
support student learning across content areas. Looking ahead, future research should continue to 
explore when and how to implement perceptual scaffolds across classroom and online contexts to 
support learning. 
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