
MIT Press • Open Encyclopedia of Cognitive Science

Numerical Cognition

David Barner1

1Professor, Department of Psychology, UC San Diego

MIT Press

Published on: Nov 20, 2025

DOI: https://doi.org/10.21428/e2759450.44f29f6b

License: Creative Commons Attribution-NonCommercial 4.0 International License (CC-BY-NC

4.0)

https://doi.org/10.21428/e2759450.44f29f6b
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


MIT Press • Open Encyclopedia of Cognitive Science Numerical Cognition

2

Number is everywhere in human cognition, behavior, and culture. In a glance, a human observer can tell 

whether a stadium contains more fans for the home team or the visitors. When we want to be precise, we 

can count or use written numerals to express exact number. Number even gets expressed grammatically, 

when we use plural nouns or words like “many” or “a few.” These diverse abilities allow humans to 

describe and reason about abstract phenomena like time and space, to model the structure of invisible 

particles, or to imagine alternative universes. Some human numerical abilities are shared with other 

species, like mice and fish, whereas some are unique to humans. Some abilities are unique to only a 

handful of humans whose interest is drawn to the creation of formal systems for modeling our world. 

History

The human capacity to reason numerically is as old as we are. There is evidence of numerical thought in 

archeological artifacts dating back at least 10,000 years and perhaps as far back as 20,000 years. Also, 

humans have wondered about what numbers are and how we come to know them for as long as we have 

been asking questions, and number has played an important role in the philosophy of mind for hundreds 

of years (Shapiro, 2000). Numbers pose a particularly interesting philosophical problem because they 

seem to have a life of their own outside of the human mind, but they are also not physical or directly 

observable in any way. Also, some mathematical truths appear to be immutable and necessary—such as 1 

+ 1 = 2—and yet we still need to learn them.

Until the 20th century, questions about numerical cognition were mostly discussed by philosophers, but 

things changed with the birth of psychology and the introduction of experimental methods to study 

cognition and behavior. Scientific reports on numerical cognition began with reports by Francis Galton 

(1880) and Wilhelm Wundt (1904) and in studies of birds and rodents (Koehler, 1950; Mechner, 1958). The 

study of numerical cognition in humans took off in the 1970s, with the advent of the cognitive revolution, 

which shone new light on basic cognitive processes including numerical cognition. Early work by 

developmental psychologists such as Piaget (1953) and Gelman and Gallistel (1978) was especially 

influential [see Cognitive Development]; this work helped to spawn multiple new fields of inquiry that 

have investigated different age groups, cultures, animal species, and experimental methods.

Core concepts

Number sense and object tracking

All humans—regardless of education level or age—possess an ability to judge the relative number of 

things in two groups without counting. For example, if an image of 50 apples is quickly flashed followed 

by a second image of 30 apples, most people can judge that the first image contained more apples. A large 

body of literature suggests that this ability is supported by an evolutionarily ancient approximate 

magnitude system, which has been documented in pigeons, mice, fish, nonhuman primates, and humans 

across cultures (Brannon, 2005; Cantlon, 2012; Dehaene et al., 1998). When we use this system to compare 

https://oecs.mit.edu/pub/zw60p83x
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two groups of things, our success in identifying the larger group is determined by the ratio between them. 

Judging that 50 is more than 30 is relatively easy for most people, whereas 40 versus 30 is harder, and 35 

versus 30 is nearly impossible. This is because our representation of each individual group of things is 

uncertain and approximate; when we see 50 things, sometimes we might think there are as few as 30 and 

other times 70 or more (see Figure 1). That is, numerical judgments using this system are ratio governed: 

comparing 50 versus 30 is no easier or harder than comparing 100 versus 60.

There is now strong evidence that approximate magnitude representations have dedicated real estate in 

the brain and, in particular, the intraparietal sulcus (Gallistel, 2021; Nieder, 2021). Similar findings have 

been reported in young infants (Visibelli et al., 2024) and in older children as well (Piazza et al., 2006). 

Finally, there is ample evidence that specialized areas are also used to represent number in other animal 

species (Dehaene et al., 1998; Nieder, 2021). All of this suggests that, whatever this ability is, it is supported 

by an evolutionarily ancient biological system that is found across the human lifespan and across 

different species.

Interestingly, people get better at judging relative number as they age and gain experience with formal 

education (Libertus et al., 2016). Early in life, human infants can differentiate quantities that are in a 2:1 

ratio but struggle to differentiate a 2:3 ratio (Xu et al., 2005). By preschool, a 2:3 ratio is easy for most 

Figure 1
Approximate number estimates for groups of 4, 8, 12, and 16. Each line represents the distribution 
of verbal estimates that are typical when a human participant is presented with a target numerosity 

(e.g., 4, 8, 12, or 16 dots). Typically, the most common response is centered around the target, 
and responses are more accurate and less distributed for smaller numbers relative to larger ones.
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children, and by high school, they can differentiate groups in a 7:8 ratio. Meanwhile, members of 

innumerate groups (who do not have verbal counting systems or written numbers) like the Piraha and 

Munduruku are able to differentiate quantities that exhibit relatively large ratios but are less likely than 

numerate adults to differentiate smaller ratios (Gordon, 2004; Pica et al., 2004). Such differences may be 

due to differences in motivation, practice taking tests, or perhaps training with number words and 

counting.

The emergence of numerical symbols and artifacts in human culture

Humans use a variety of symbolic forms to represent number, including number words (e.g., one, two, 

three), verbal counting, body count systems, written numerals, and physical artifacts like counters and 

abacuses (Ifrah, 2000). There is some debate about when humans first began using external symbols to 

represent exact numbers [see Cognitive Artifacts]. On some accounts, the first numerical artifact is the 

Ishango Bone, a 20,000-year-old object discovered in the Democratic Republic of Congo that features a 

series of marks that correspond to prime numbers (de Heinzelin, 1962). However, others have speculated 

that the marks may have no mathematical significance and might even have been made by idle hands 

killing time or to improve grip of the bone. More certainty surrounds clay tokens dating back 10,000 years 

in current-day Iraq (Schmandt-Besserat, 2010). Small objects, sometimes formed into the shape of animals 

or common objects, were baked into clay envelopes, likely as a way to record economic transactions. 

These objects were sometimes used to make impressions on the clay envelopes before they were baked—

like a kind of proto-writing system—and eventually just these impressions in clay were used to record 

numbers and featured symbols for large numbers in addition to the tokens representing individual things.

In addition to clay tokens, many cultures also created devices for counting and calculation, such as the 

abacus, which is still used to this day. A Japanese soroban abacus (Figure 2) features a series of vertical 

rods on which beads can be moved. Beads on each rod are divided into “earthly” beads near the bottom 

and “heavenly” beads at the top. On the rightmost vertical rod, each earthly bead represents a value of 

one, whereas each heavenly bead has a value of five. Moving one rod to the left, each bead’s value is 

multiplied by 10 so that earthly beads are worth 10, and heavenly beads are worth 50. The next rod to the 

left represents multiples of 100, and the next, multiples of 1000, and so on. To represent a specific number 

on a soroban, beads in the heavenly and earthly realms are moved toward one another to the horizontal 

rod that divides them, such as in Figure 2, in which gray beads represent 28,918. Notably, numerous other 

abacus systems have been used over human history (Ifrah, 2000), many of which use a similar strategy of 

clustering counters into smaller groups that make them easier for human users to keep track of. These 

include the Chinese abacus (which features five earthly beads and two heavenly beads per column), the 

Russian schoty (which organizes beads horizontally rather than vertically), and the Roman hand abacus.

https://oecs.mit.edu/pub/bx21plqj
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In addition to these three-dimensional representations of number, humans have also created a large 

variety of different written numeral systems over human history (e.g., Chrisomalis, 2020; Ifrah, 2000). 

Familiar to most people is the Hindu–Arabic positional or “place value” system, in which a numeral like 5 

represents different quantities depending on its position in a numeral, much like the abacus. For 

example, in a number like 55, the first 5 represents 50, and the second represents 5. However, many other 

systems were invented over time. Some used tally marks to represent numbers (e.g., using IIII to 

represent four) and some systems even grouped marks into chunks of four to five to represent larger 

numbers (e.g., IIII IIII to represent eight). Other systems, like the familiar Roman numerals still in use 

today, added special symbols to represent multiples of these numbers, using a character like X for 10 or V 

for 5. 

Numeral systems have also used a variety of base structures. Whereas the Hindu–Arabic system uses a 

base of 10 (e.g., including numbers like 20, 30, 40, etc.), other bases are also historically attested, including 

base 4, 5, and 20 and even base 60. In some cases, such bases likely emerged from concrete artifacts that 

were used to represent number in different cultures. For example, it is widely believed that base 10 

counting systems emerged from the fact that humans have two hands totaling 10 fingers. Similarly, some 

have speculated that base 60 systems, which were first created by the Sumerians in 3100 BCE, may have 

evolved from a finger-counting system, in which the thumb of one hand was used to count each of the 12 

bones comprising the four fingers of the hand, whereas the five fingers on the second hand were used to 

keep track of each count to 12—resulting in a maximum of 60 (Ifrah, 2000).

Figure 2
A soroban abacus representing the value 28,918. Gray represents beads that are in play and thus 

“count,” whereas white represents beads that are out of play.
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The emergence of number words and verbal counting

In parallel with the emergence of written numeral systems, humans have also created a variety of verbal 

systems to express number (Corbett, 2000). Early in human history, it is likely that most of these systems 

were highly limited and expressed only smaller numbers exactly while using approximate quantity 

words to express larger amounts. For example, although number words and counting are common ways 

to express number verbally, we also use forms like singular and plural nouns (e.g., a cup versus some 

cups), number agreement (e.g., these, those), and quantifiers (e.g., several, many) to express numerical 

information. Some current-day cultures have these kinds of grammatical number marking, plus 

specialized markers for quantities up to three. For example, some dialects of Slovenian mark singular and 

plural on nouns, like English does, but also include a dual marker when speaking about sets of two 

(Almoammer et al., 2013). Similar marking is also used in Arabic, and some languages may even have 

dedicated plural marking for sets of three (Corbett, 2000). 

In fact, some languages only have small numbers. For example, in the Hup dialect of the Nadahup 

language spoken in the Brazilian Amazon, the word for one is “unity,” the word for two is “eye quantity,” 

and the word for three is “rubber tree seed quantity” (Epps, 2006). However, words for larger exact 

quantities do not exist. Other Nadahup dialects add to this a body counting system and accompany 

gestures with expressions like “both hands” to represent 10 and “both hands and both feet” to represent 

20 (see Figure 3).

Much more common in the modern era are verbal counting systems like the one used in English, which 

includes a series of simple rules that allow us to generate very large, although not infinitely large, 

numbers. English uses a base 10 verbal system, in which the words for one through nine are glued onto 

Figure 3
Nadahup (Dâw dialect) body count representations of five and 10.
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bases like “twenty,” “thirty,” “forty,” etc. to create ever larger numbers. Additional bases occur at 100, 

1,000, etc. Even the bases reflect a rule structure—“twen-ty” is 2 x 10, and “thir-ty” is 3 x 10. This can be 

seen much more transparently in languages like Cantonese, in which the word for three is “sàam,” the 

word for 10 is “sahp,” and the word for 30 is “sàam-sahp.” Although these base 10 structures are familiar to 

many in the Western world, like in the case of writing, verbal number systems have also used many 

different bases historically, most ranging from two to 20. These days, however, most humans use systems 

that use some version of base 10, sometimes mixing in remnants of older bases, as in the case of the 

French “quatre vingt” (four 20s) to represent 80.

A large literature describes how children learn to count and finds surprising limits to their early abilities 

across a range of cultures and languages (Carey & Barner, 2019) [see Word Learning]. By as early as age 2, 

many children—both in the United States and in other cultures—can recite a small set of number words in 

a rote routine, counting up to three, or five, or as high as 10. However, they rarely know what these 

numbers mean at this time or how to use them to represent exact number (Wynn, 1992). For example, 

when shown a group of three objects and asked how many there are, children at this age often guess 

randomly, despite being able to say the word three when counting. Also, when asked to give three objects, 

they give a random handful. In fact, children appear to learn the meanings of number words very slowly 

and initially one at a time over the course of many months. Typically they begin by learning the meaning 

of the word “one.” Then several months later, they learn the meaning of the word “two.” And again, 

several months after that, they learn “three” and sometimes “four” shortly thereafter. Surprisingly, 

however, none of these children can use counting to label and construct larger sets, despite being able to 

recite the counting list in speech.

By around the age of 3½ or 4, many children begin to use counting in a more adult-like way, counting up 

from “one” to “two” to “three” while pointing at objects they are counting, keeping a tight one-to-one 

correspondence between number words and objects (see Figure 4) so that they always arrive at the same 

number when counting a set (Carey & Barner, 2019; Gelman & Gallistel, 1978; Wynn, 1992). These children 

can use this procedure to give sets larger than three to four and seem to have understood certain 

principles of counting. However, even then their knowledge is limited. For example, initially, when such a 

Figure 4
The use of one-to-one correspondence to accurately count large numbers.

https://oecs.mit.edu/pub/dubzy1cd
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child is told that there are five objects in a cup and then sees one more object added, they choose 

randomly when asked whether there are now six or seven objects (Schneider et al., 2020). Some of these 

limitations continue until age 5 or 6 and sometimes beyond. For example, many 5-year-old children do 

not know that if two sets are placed in one-to-one correspondence and therefore have the same number of 

items, that the same number word should be used to label both but that this is not true if one-to-one 

correspondence is disrupted (Le et al., 2025). Also, many young children claim that numbers are finite 

and end at some specific number, like 100, and only believe that numbers never end by 5½ or 6 years of 

age (Cheung et al., 2017). Finally, children are slow to associate their verbal numbers with perceptual, 

approximate representations of numbers and only begin to accurately estimate quickly presented groups 

of things after age 5 or 6 (Sullivan & Barner, 2014).

Crucially, important individual differences exist between children during early stages of numerical 

development, which are predictive of later classroom achievement (e.g., Geary et al., 2018). A wide range 

of factors appear to influence early learning. For example, delays in early learning outcomes are 

associated with developmental neurocognitive differences such as loss of hearing (Santos & Cordes, 2022). 

They are also related to parental education, parental anxiety about mathematics, access to quality 

preschool instruction and education, and socioeconomic status (Sarnecka et al., 2023). Some studies find 

that parental talk about counting and labeling sets is associated with children’s ability to accurately count 

large sets of objects (Gunderson & Levine, 2011) and may even impact later math achievement (Purpura et 

al., 2019). Also, other math practices, like teaching children to count with the fingers, may also impact 

learning (Goldin-Meadow et al., 2014). Some children experience particular difficulties thinking and 

talking about number and are diagnosed with dyscalculia (Butterworth, 2010). Consequently, novel 

training paradigms and educational interventions continue to be developed and revised to enhance 

mathematical outcomes for students (e.g., Hawes et al., 2021).

Questions, controversies, and new developments

Previous work has documented the diverse ways in which humans engage with number, from written 

symbols, to physical calculators, to counting, number words, and grammatical expressions of quantity, 

although much descriptive work remains to be done. Still, despite this wealth of knowledge, many 

important puzzles remain. One of these is how and why humans created symbolic number systems in the 

first place, some 10,000 years ago. Although researchers have a good idea of what these systems were used 

for, it remains a mystery how the earliest innovations came about and whether they were pioneered by 

individual strokes of genius or emerged organically from cultural practices, without particular moments 

of insight. Recent work suggests that some progress on such questions might be made by creating 

experimental simulations of cultural evolution, although such work is in its infancy (e.g., Holt et al., 2024) 

[see Cultural Evolution].

A related question is whether such symbolic abilities are restricted to humans. Although we know that no 

other animals have created symbols for large exact number, some animals, like Ai the chimpanzee, seem 

https://oecs.mit.edu/pub/u870vxpu
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able to interact with human symbols in semihuman ways (Matsuzawa, 1985). It remains debated whether 

the propensity for language explains why only humans are sensitive to exact differences in large numbers 

(Gordon, 2004; Pica et al., 2004; Schneider et al., 2022). Alternatively, it may be that our organization into 

large cultural groups that engage in trade, sharing, lending, and debt is more important (Graeber, 2014).

Finally, much more remains to be known about how human cognition changes when we learn symbolic 

number systems and whether this fundamentally changes how we understand number—bringing with it 

entirely new concepts—or if it instead reorganizes concepts that humans have available to them at birth 

(Carey & Barner, 2019). Some researchers argue that core numerical concepts, including mental 

representations of the positive integers, are innate and represented by the approximate magnitude 

system (Clarke & Beck, 2021; Gallistel, 2021). On some accounts, these representations are organized 

spatially or in a format similar to a number line (e.g., Siegler & Opfer, 2003). Some of this evidence comes 

from studies of the spatial-numerical association of response codes effect, which finds that people are 

faster at making numerical judgements when smaller numbers appear on the left and larger numbers 

appear on the right (Dehaene et al., 1993). Other researchers are more circumspect about whether 

approximate magnitudes represent number at all and argue that most results in the literature can be 

explained by nonnumerical features. For example, they suggest that deciding whether 50 or 30 is more 

might be calculated on the basis of the total area that each group takes up or some other feature that is 

correlated with number (Leibovich et al., 2017). These researchers often argue that there is no dedicated 

number system but instead a “generalized magnitude system” (Lourenco, 2015). Still others argue that any 

such ability to perceive quantity approximately is not truly numerical at all and that the word “number” 

should be reserved for culturally mediated practices like counting and arithmetic (Núñez, 2017).

Adding to these controversies is the idea that there may actually be more than one nonverbal number 

system. Early studies of numerical perception noticed that participants perform much more quickly and 

accurately when comparing small sets than when comparing larger ones. For example, human adults are 

more or less perfect in judging that three is more than two and do so almost instantly (Mandler & Shebo, 

1982). Picking up on this idea, subsequent work argued that, beginning in infancy, humans as well as 

nonhuman animals represent small sets using an object-tracking system (Feigenson et al., 2004). 

Crucially, this system does not sum objects into magnitudes but is thought to represent each object 

individually, with a limit of up to three to four items. As evidence for this, when preverbal infants watch 

as one, two, or three objects are hidden in a box, they search until they find them all but are confused 

when four objects are hidden, often only searching until they find one object and then giving up. Similar 

results have also been reported using other methods. For example, when infants see three crackers 

hidden in one bucket and one hidden in another, they prefer to crawl to the bucket with three crackers, 

but they fail when tested with larger numbers, like three versus four (Feigenson et al., 2004).

These studies, when combined with work on the approximate magnitude system, have sparked 

interesting debates about which systems are used for which tasks and how representations of objects 

differ from representations of magnitudes and number (Cantrell & Smith, 2013). Such debates are 
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important because they are critical to understanding where human concepts of number come from and 

how we eventually learn to think and talk about integers, rational numbers, real numbers, and other 

abstract numerical properties (Carey & Barner, 2019).

Broader connections

Number permeates cognition and human culture and is found not just in math classrooms but in basic 

perceptual processes, in economic exchanges, and in writing and linguistic systems, dating back 

thousands of years. Number is studied from every approach in the cognitive sciences, including 

linguistics, philosophy, psychology, neuroscience, anthropology, computer science, education, and 

mathematics, and therefore is among the most interdisciplinary fields of current inquiry. Among the 

most interesting opportunities for future work is to further deepen connections between these various 

approaches so that psychologists and neuroscientists may interact more with philosophers of 

mathematics, anthropologists who study numerical artifacts, and educators who seek to understand best 

practices for instilling an understanding of number in young learners.
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