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CHAPTER 3

WHY ARE SOME NUMERICAL CONCEPTS MORE
SUCCESSFUL THAN OTHERS? AN

EPIDEMIOLOGICAL PERSPECTIVE ON THE
HISTORY OF NUMBER CONCEPTS

This chapter is an updated and adapted version of De Cruz, H. (2006).
Why are some numerical concepts more successful than others? An evo-
lutionary perspective on the history of number concepts. Evolution and
Human Behavior, 27, 306–323.

Abstract

In the history of mathematics one can observe that some numerical con-
cepts were more pervasive than others. A possible way to explain the
di↵erential spread and survival of cultural concepts is the epidemiology of
culture. This approach explains the relative success of cultural concepts as
a function of their fit with intuitions provided by evolved cognitive capac-
ities. A wealth of recent evidence from animal, infant, and neuroimaging
studies suggests that human numerical competence is rooted in an evolved
number module. This study adopts an epidemiological perspective to ex-
amine the cultural transmission of numerical concepts in the history of
mathematics. Drawing on historical and anthropological data on num-
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74 Chapter 3. Evolutionary perspective on number concepts

ber concepts, it will demonstrate that positive integers, zero, and negative
numbers have divergent cultural evolutionary histories owing to a distinct
relationship with the number module. These case studies provide evidence
for the claim that some aspects of mathematics can be explained in terms
of evolved cognitive abilities that are universal in our species.

3.1 The cultural evolution of numerical concepts

Ways to denote numerical concepts, such as symbolic representations of
positive integers, are the result of cultural evolution, a gradual accumu-
lation of mathematical knowledge within di↵erent cultures (e.g., Chriso-
malis, 2010; De Cruz, Neth, & Schlimm, 2010). Nevertheless, as will be
reviewed in section 3.3, recent evidence from animal and infant studies
suggests that mathematical concepts do not only have a cultural basis,
but that they are also rooted in an evolved number sense (in the terminol-
ogy of Dehaene, 1997) that does not require cultural transmission for its
development. At present, the question to what extent this evolved num-
ber sense influences cultural transmission has not been fully explored. In
chapter 2, we saw that a compelling case can be made for the continuity
between innate and cultural arithmetical skills, but an account of how
the two are related has not been outlined yet. David Geary (1995) per-
suasively argued that most advanced mathematical knowledge can only
be acquired as a result of deliberate and sustained practice that is es-
pecially designed and maintained for this purpose. This view, however,
does not exclude the possibility that innate numerical intuitions continue
to influence the transmission of cultural mathematical concepts. As we
saw in subsection 1.3.1, both proposals are compatible: it is plausible
that mathematics crucially requires deliberate practice in an institution-
alized environment, but that it nevertheless critically builds on evolved,
unlearned numerical and other skills that emerge early and spontaneously
in human development.

This chapter aims to explore the role of our innate number sense in
the transmission of cultural numerical concepts. To this end, I adopt an
epidemiological approach (Sperber, 1985, 1996) to explain the di↵erential
success of positive integers, zero, and negative numbers as a function of
their relationship with innate cognitive abilities. The chapter begins with
an overview of the relationship between conceptual modularity and cul-
tural transmission. It takes as a starting point the perspective that the
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mind consists of many specialized conceptual modules and examines how
human culture can be explained in terms of cognitive modularity. Next,
I review experimental evidence from cognitive ethology, developmental
psychology, and neuroscience that indicates that humans and other verte-
brates share a highly specialized neural system for detecting numerosities
in the environment. I then examine the cultural transmission of three
types of numerical concepts—positive integers, zero, and negative num-
bers—through an epidemiological lens. Each of these concepts displays
a di↵erent type of cultural transmission, owing to a distinct relationship
with the number sense.

3.2 Cognitive modularity and the epidemiology
of culture

3.2.1 Cognitive modularity

Animal brains enable them to behave adaptively even in situations that
they have not previously encountered. How does the brain create adap-
tive responses based on underdetermined sensory input? Evolutionary
psychologists (e.g., Barrett & Kurzban, 2006) contend that the brain
consists of many specialized systems—cognitive modules—that have their
own specific way of dealing with a given subset of computational prob-
lems, in other words, they are domain-specific. Taking this a step fur-
ther, authors like Dan Sperber (1994), Randy Gallistel (1995) and Peter
Carruthers (2006) have adopted the view that the brains of humans and
other animals are massively modular, i.e., most (or all) cognitive processes
are modularly organized. For the purpose of this chapter, it is important
to point out that the evolutionary psychological concept of modularity has
some a�nities with Fodor’s (1983) concept of mental modularity, such as
functional specialization and domain-specificity1. However, there are also
striking di↵erences: in contrast to Fodor, evolutionary psychologists (e.g.,
Barrett, 2005; Pinker, 1997) do not restrict modularity to perceptual and

1Fodor (1983) introduced a list of nine features that mental modules are expected
to correspond to: domain specificity, informational encapsulation (modules do not
receive information from other modules), mandatory operation (modules are triggered
in a reflex-like way), speed, shallow output, characteristic ontogeny, inaccessibility to
consciousness, associated with a fixed neural architecture, subject to characteristic
patterns of breakdown.
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linguistic input, but argue that many central domains of cognitive pro-
cessing (including reasoning and memory) are modularly organized. Also,
they do not consider informational encapsulation to be a central or even
an important feature of modularity, rather, the crucial property appears
to be functional specialization. This functional specialization is argued to
arise as a consequence of natural selection, as specialized systems are bet-
ter at solving distinct problems than a single holistic processor (Cosmides
& Tooby, 1994a).

The main evolutionary arguments in defense of functional specializa-
tion are engineering constraints, functional incompatibility and computa-
tional tractability. Engineering constraints were invoked as early as 1962,
when Herbert Simon argued that modular cognitive systems are more ef-
ficient than holistic ones in his discussion of two fictitious watchmakers;
one makes his watches holistically, the other works in a modular fashion.
Each time the holistic watchmaker has to put down his work, for instance,
to answer the phone or to blow his nose, the watch immediately falls to
pieces. In contrast, the modular artisan works by putting together sub-
assemblies that form larger assemblies. If he has to interrupt his work,
he loses only a small part of it. David Marr (1982) likewise argued that
vision has evolved in a modular way, hypothesizing that biological subsys-
tems evolve in such a way that adding extra components does not change
the performance of the overall system:

This principle is important because if a process is not designed
in this way, a small change in one place has consequences
in many other places. As a result, the process as a whole
is extremely di�cult to debug or to improve, whether by a
human designer or in the course of natural evolution, because
a small change to improve one part has to be accomplished by
many simultaneous, compensatory changes elsewhere (Marr,
1982, 102).

Accordingly, Marr hypothesized that the processing of di↵erent types of
visual input, such as colors, motions and lines, are subserved by di↵erent
areas of the visual cortex, a prediction that has since been confirmed
(e.g., Zeki et al., 1991). An implicit assumption of arguments that invoke
engineering constraints is adaptationism, i.e., the view that the most
e�cient cognitive architecture will be e↵ectively realized, or di↵erently
put, that our minds have evolved in such a way that their structure is close
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to optimal to deal with the selective pressures our ancestors encountered
(Samuels, 2000). However, natural selection works more like a tinkerer
than like an engineer (Jacob, 1977); we should therefore not expect that
mental modules map perfectly onto cognitive structures. Pleiotropy2, for
example, could result in the evolution of suboptimal cognitive systems
(see also chapter 9). Moreover, as Samir Okasha (2003) has argued, even
if adaptationism is true, modularity does not automatically follow. At
best, we can conclude that the mind is probably equipped with a lot of
innate mental content. A nonmodular mind stocked with innate mental
content is a theoretical possibility. Therefore, engineering constraints by
themselves do not provide a compelling argument to infer that the human
mind is modularly organized.

A stronger case for functional specialization can be made by invok-
ing functional incompatibility: if many problems encountered by humans
and other animals are mutually incompatible, we can expect that natural
selection has crafted a dedicated solution for each recurrent evolutionary
problem. For instance, our species has a rich social life that requires spe-
cialized social cognition. Social relationships come in many forms: we
make friends, avoid fights, and have to assess whether or not we can trust
someone. The rules we observe for making friends are not the same as
those we use when detecting cheaters; thus, evolutionary psychologists
(e.g., Cosmides & Tooby, 1994b) argue that these two abilities are proba-
bly governed by separate modules. Behavioral ecologists like David Sherry
and Daniel Schacter (1987) have argued that some species of bird re-
quire multiple memory systems. Some birds, such as black-capped chick-
adees (Poecile atricapillus), sing songs and retrieve previously cached food
items. Both abilities draw critically on memory, but the type of memory
that is required is quite di↵erent in each case. Song learning takes place
in a critical learning period, usually when the male bird is a fledgling,
with the songs of adult males of the same species as models. Once the
bird has acquired a song, it will keep this throughout its lifetime, as it
is a way to signal its presence to (potential) mates and competitors. By
contrast, food caching requires that a bird update its memory each year
with the new locations of caching sites. Sometimes, cached food needs to
be relocated to prevent pilferage by other birds. Remembering caching
sites does not rely on a critical learning period, but requires continuous

2One gene influencing more than one trait.
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updating. The functional requirements of song learning and food caching
are thus not compatible, so we can infer that bird species that have both
behaviors evolved two separate memory systems that deal with these mu-
tually incompatible tasks. The functional incompatibility argument is in
some respects stronger than the engineering argument, because it does
not presuppose adaptationism, and it can provide a solution to Okasha’s
(2003) question of why we should expect modular rather than nonmodular
innate knowledge. According to the functional incompatibility argument,
natural selection favors modular cognitive architectures not because it
would be the best solution, but because it would be the only solution. If
correct, the functional incompatibility argument has considerable power
and would provide a serious challenge to nonmodularists.

Unfortunately, functional incompatibility of cognitive tasks has not
been actively researched, except in the domain of artificial intelligence.
In those studies, it turns out that modular neural networks are much
more e�cient at learning tasks with conflicting demands than holistic
ones (e.g., Jacobs, Jordan, & Barto, 1991; Wagner & Altenberg, 1996).
It remains to be investigated, however, to what extent functional incom-
patibility is a property of natural neural systems. For instance, the visual
detection of mechanical versus biological motion appears to be subserved
by distinct neural areas, as was shown in a study in which geometric
shapes, such as circles and triangles, that were engaged in either mechan-
ical or social motions (Martin & Weisberg, 2003). Mechanical motions,
such as collisions, or a conveyor belt, activate the middle temporal gyrus,
whereas social motions, such as chasing or dancing, activated the ventro-
medial prefrontal cortex and superior temporal sulci. One could make a
plausibility argument that both types of visual analysis are subserved by
di↵erent neural areas (anatomical modules) because of their functional
incompatibility—after all, our predictions of the behavior of inanimate
objects are widely di↵erent from those of animate objects (e.g., only the
latter can move on their own accord).

Computational tractability is a concept from artificial intelligence and
cognitive science, and is a requirement that is formulated in the com-
putational theory of mind. The computational theory of mind specifies
that cognitive processes must ultimately be reducible to mindless, me-
chanical operations (i.e., Turing-computable operations), for otherwise
we would be faced with homunculi, minds within minds, and a potential
infinite regress of minds. How do human and other animal minds ac-
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complish this? According to evolutionary psychologists (e.g., Cosmides
& Tooby, 1994b), we can expect the brain to be modular because what
counts as fit (appropriate) behavior di↵ers markedly from domain to do-
main. For example, sex with close kin should be avoided because the
resulting o↵spring has a higher probability of congenital disorders. By
contrast, helping close kin (e.g., sharing food) increases inclusive fitness.
To make interactions with kin computationally tractable, we need dis-
tinct modules to allow for inclusive fitness-increasing behavior like incest
avoidance or nepotism. On the basis of this, Lieberman, Tooby, and Cos-
mides (2003) suggest that humans have specialized cognitive mechanisms
that help them to avoid incest with people with whom they have shared
most of their childhood, as these are likely to be close genetic relatives.
However, Lawrence Shapiro and William Epstein (1998) propose that the
argument from computational tractability may be conflating cognitive
processes with their tasks: tightening screws requires a turn to the right
and loosening them requires a turn to the left, yet we do not need two
di↵erent types of screwdrivers to perform these di↵erent tasks. Analo-
gously, cognitive systems do not require a new module each time they are
confronted with a new cognitive task. Indeed, as the successful adoption
of novel behaviors (novel in evolutionary terms) such as playing chess
or reading and writing illustrates, ancient cognitive capacities are often
successfully co-opted to solve novel tasks. Thus, modular theories need
to be more explicit about which types of cognitive tasks they expect to
be modularly organized.

Evolutionary psychologists also invoke the learnability argument, ac-
cording to which organisms are regularly faced with problems that are
too di�cult to learn through trial-and-error learning within an individ-
ual’s lifetime (Cosmides & Tooby, 1994b). For example, male house mice
kill any neonate in their territory, except when they have mated 18 to
22 days before. During this period, when the possibility exists that the
neonate is their o↵spring, they switch to nurturing behavior (Kummer,
1995). Given that insemination in house mice is internal, it seems vastly
unlikely that individual males of this species would have been able to
learn the connection between their mating and the genetic relationship of
neonates to themselves by experience. By contrast, natural selection is
capable of modifying behavior of house mice in this way. The function of
modules is to solve adaptive problems: when a distinct adaptive problem
arises, a modular architecture is, according to evolutionary psychologists
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(e.g., Frankenhuis & Ploeger, 2007), the most e�cient solution. However,
even though the learnability argument provides strong reasons to accept
innately regulated behaviors, it does not specifically vindicate modularity.
Although the theoretical reasons that have been proposed for modularity
are at present not watertight, it may nevertheless be fruitful to accept
modularity on a case-by-case basis, using a consilience of inductions from
diverse disciplines. As Sperber (1996) and Barrett and Kurzban (2006)
have pointed out, if modularity is indeed a natural property of cognition,
it may not always reveal itself as conveniently and clear-cut as Fodor
(1983) or Cosmides and Tooby (1994b) proposed. In that case, its char-
acteristics may be something to be empirically discovered.

Current models of modularity have extensively relied on metaphors
and a priori reasoning. Evolutionary psychologists have likened mod-
ules to “Swiss army knives” (Cosmides & Tooby, 1994a), “elegant ma-
chines” (Tooby & Cosmides, 1995), “enzymes” (Barrett, 2005). While
such metaphors can be useful in the early stages of scientific research
(as will be argued in chapter 7), they are becoming more of a hindrance
than a help. Because the similarity between target and source domains
of metaphors is never complete, metaphors can be misleading and can
foster expectations that are not borne out by the data. Machine-based
metaphors, such as Swiss army knives and elegant machines elicit expec-
tations of optimality and e�ciency (Pigliucci & Boudry, 2011), but as
argued earlier, we cannot be sure that naturally evolved cognitive sys-
tems are optimally designed. Jerry Fodor’s (1983) model of modularity
is not based on metaphors but on a priori reasoning, in particular his
attempt to unite cognitivism with behaviorism. Fodor sought to unite
the emerging cognitivist account of reasoning, which states that reason-
ing is sophisticated and smart, with the older behaviorist point of view,
according to which reasoning processes are elicited by the environment in
a reflex-like, involuntary, manner. He called cognitive tools that combine
these features “modules”. In his attempt to keep some elements from the
behaviorist research program, he insisted that modules are reflex-like and
informationally encapsulated. More recently, Fodor (2000) stresses that
informational encapsulation is indeed central to his theory of modularity.
Today, behaviorism does not enjoy the status it had some decades ago,
and even then, comparative psychologists regarded this research program
increasingly as degenerative in a Lakatosian sense (see Lockard, 1971, for
review). Therefore, informational encapsulation may not be a central or
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even an important property of modularity (McCauley & Henrich, 2006).
From a physicalist perspective, cognition is a function of physical,

neural structures and their interactions with the environment. If this
perspective is correct, we should let our theories of modularity be guided
by empirical results from disciplines that study the development and func-
tion of the architecture of the mind. These include cognitive neuroscience,
developmental psychology, and cognitive psychology. If we accept a realist
view on mental modularity, we must take into account that its proper-
ties may not always correspond to theoretical, metaphorical views, but
rather, that they are something to be empirically discovered. Just like
early models of the atom, which were based on a priori theories, gradually
got replaced by empirically-informed theories, theories of mental modu-
larity should be more firmly grounded in neuroanatomical, neuroscientific
and cognitive and developmental psychological empirical findings. When
experiments in the 19th century disproved the ancient Greek idea that
atoms are indivisible and solid entities, the model of the atom was re-
vised, rather than abandoned. Similarly, the advances of neuroscience
and developmental and cognitive psychology over the past decades, in-
cluding the invention of functional neuroimaging (see below, subsection
3.3.2) and the looking time procedure (see section 2.2), should lead us
to propose a more empirically-informed concept of modularity. If a par-
ticular solution to a computational problem is observed in many species,
arises early and spontaneously in development, is associated with a fixed
neural architecture that is reliably associated with the task regardless of
modality, and is subject to characteristic patterns of breakdown follow-
ing injury, we have plausible reasons to accept that this behavior may
be subserved by a cognitive module (Atran, 2001). As we shall see in
section 3.3, there are good indications that numerical cognition may be
subserved by a number module.

3.2.2 Epidemiological approaches to culture

One theoretical objection that is sometimes leveled against modularity
is that it cannot explain cultural innovations (see e.g., Carruthers, 2006,
for discussion). Most elements of human culture are too novel and too
variable to be the specific output of any module. Opera, oil refineries,
priesthood celibacy, and kayaks to hunt seals from are all recent cultural
inventions. Dan Sperber (1994), who is an advocate of massive modular-
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ity, proposed a solution to this problem by drawing a distinction between
proper, actual and cultural domains of modules. The proper domain is
the reason a module exists; it defines the function of the module and
is part of its evolutionary history. The term “proper” is closely related
to the way the term is used in teleosemantics (see e.g., Millikan, 1984):
it is the evolutionary function the module has acquired, which enhances
the fitness of its owner (see also section 8.1). For example, the proper
domain of the face-recognition module is human faces: it is neurally sub-
served by an area in the fusiform gyrus (the so-called fusiform face area)
that responds strongly to face-like stimuli (Kanwisher, McDermott, &
Chun, 1997). Presumably, this module evolved in humans and other pri-
mates as a result of the complex social interactions that primates have
to entertain. As they have rather limited olfactory capacities, they have
to rely on vision rather than smell to recognize conspecifics (Pascalis &
Bachevalier, 1998). The actual domain is the set of stimuli to which the
module responds, whether it belongs to its proper domain or not. For
the face-recognition module, its actual domain consists not only of real
human faces but also of photographs of human faces, and even faces of
nonhuman animals such as cats (Tong, Nakayama, Moscovitch, Weinrib,
& Kanwisher, 2000). The slight mismatch between proper and actual do-
mains is systematically exploited in human culture (Sperber & Hirschfeld,
2004; De Smedt & De Cruz, 2010), giving rise to the cultural domain of
modules. Because humans acquire most of their information through cul-
tural transmission, a large part of domain-specific knowledge is cultural.
Modules are likely to respond to cultural stimuli that have a strong con-
currence with their proper domains. Masks, for example, are part of the
artistic traditions of many cultures; they tap into the face-recognition
module by exaggerating some of the prominent characteristics of faces
(e.g., eyes and mouth). Culturally transmitted domain-specific concepts
can flourish even if they have no basis in the real world, such as imaginary
creatures and, as will be argued in this chapter, numerical concepts. Such
concepts are part of the cultural domain of specific modules, e.g., dragons
and unicorns belong to the cultural domain of modules that underlie our
folk biology.

Not all cultural representations are equally successful: some occur
much more frequently than unconstrained variation would predict. Al-
though ecological relevance may account for the success of some cultural
ideas (e.g., hunting techniques), it does not plausibly account for the
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salience of seemingly less useful ideas (e.g., religious concepts). As Kim
Sterelny (2007) observed, historically Inuit had a close to optimal tech-
nology, including streamlined kayaks and highly e�cient weapons, but
they also had less useful beliefs, such as nonexistent dangerous giant fish
and birds, that they took pains to avoid. This has led anthropologists like
Sperber (1996) and Boyer (2002) to suggest that cultural transmission is
biased by evolved psychological predispositions.

Sperber (1985, 1996) has developed this relationship between culture
and cognition as a model of cultural evolution, which he terms the epi-
demiology of representations. According to this model, all things being
equal, cultural traits that have a close match to the pre-existing intuitions
from cognitive modules enjoy a higher success than cultural traits with
a poor correspondence to cognitive modules. Such intuitive concepts are
found widely across cultures. They cluster around a small set of recur-
rent features, such as folk biology, folk psychology, and folk physics (see
subsection 6.2.1). These bodies of knowledge develop in young children
without explicit teaching (Atran, 1998). For example, regardless of cul-
ture, humans have a folk psychology that explains the behavior of other
agents in terms of an internal belief–desire psychology. Observable actions
(such as verbal communications) are explained in terms of unobservable
beliefs, desires and intentions. An explicit mastery of belief–desire psy-
chology typically occurs by 4 to 5 years of age, when children acquire the
ability to understand and predict false beliefs (for a cross-cultural study,
see e.g., Callaghan et al., 2005). Of course, there is cultural variation in
folk psychology, such as a greater emphasis on personal motivation within
western cultures and a greater recognition of the role of one’s family in
East-Asian societies (see Nisbett, 2003, for a review), but such cultural
elaborations are implicitly learned and are typically part of normal and
spontaneous cognitive development during infancy and childhood.

Next to intuitive concepts, psychological evidence indicates that mini-
mally counterintuitive cultural traits, such as religious concepts, may also
have a transmission advantage. They have a limited number of features
that violate intuitive assumptions, but conform to most of our intuitive
expectations. “Counterintuitive” is a notion with a wide range of mean-
ings. The cognitive anthropologist Pascal Boyer (2002) has used this
term in the fairly restrictive sense of a violation of ontological expecta-
tions. According to Boyer (2002), we conceptualize the world in terms of
broad intuitive ontological categories such as person, animal, plant, and
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solid object (see also subsection 6.2.1). For each of these broad categories,
humans have a corresponding set of ontological expectations. For exam-
ple, we expect from a solid object, such as a stone, that it does not move
by itself but rather that it requires an external source to be set in motion,
whereas we expect that animals are able to move by themselves. Several
experimental studies indicate that these ontological expectations emerge
early in development, often already in infancy. According to Boyer, min-
imally counterintuitive concepts provide a cognitive optimum because
they activate evolved inference systems that support inductive inferences.
This makes them easy to represent. Next to that, they capture our atten-
tion by violating a limited number of intuitive ontological assumptions.
This provides a plausible explanation for the cultural success of religious
ideas, which often have minimally counterintuitive elements, such as eat-
ing mountains, weeping statues or invisible agents (Pyysiäinen, Linde-
man, & Honkela, 2003). Ghosts, for instance, violate intuitive physics
because they can walk through walls or disappear at will. On the other
hand, they behave in accordance with folk psychology by having beliefs,
desires, and social intercourse. There is considerable cross-cultural ex-
perimental evidence to suggest that minimally counterintuitive concepts
enjoy a transmission advantage over other types of concepts (e.g., Boyer
& Ramble, 2001; Barrett & Nyhof, 2001).

Lastly, nonintuitive concepts are relatively rare across cultures. Such
concepts typically violate a large number of intuitions, making it di�cult
to represent them coherently or to generate predictions and inferences.
Scientific theories typically contain many nonintuitive concepts. Take
the current model of the substance of matter in particle physics, which
conceptualizes objects as composed mostly of empty space and of tiny
particles. These particles are not objects, but rather entities with a po-
sition that is not fixed, and that is described as statistical occurrences
(quantum states). This picture is incompatible with our intuitive no-
tion of objects that we share with other primates, namely that objects
are solid things, that adhere to the principles of coherence, cohesion and
continuity (Sullivan, 2009; Spelke, 1990). It is hard to have an intuitive
notion of the particle physical theory of matter. Our representation of
this is therefore purely reflective (see also subsection 1.2.2). Some the-
ological concepts, such the Trinity, which conceptualizes three persons
that share the same essence and are therefore one being, also fall in this
category. As we saw in subsection 1.3.1, the transmission of nonintuitive
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concepts can only be sustained in highly institutionalized contexts, where
long training and external storage of information overcome the cognitive
limitations of individual learners.

In sum, it can be argued that there are not one but several tracks of
cultural transmission because cultural concepts activate di↵erent cogni-
tive modules (Boyer, 1998). Because each module imposes its own organi-
zation on a distinct type of knowledge, it is crucial to examine how these
modules work. To explain patterns of cultural transmission of numerical
concepts, we need a detailed account of how they interact with intuitions
provided by the number module. In the next section, I briefly review the
experimental literature that supports the existence of a number module.

3.3 Number as the proper domain of a concep-
tual module

Numbers are abstract representations that seem far removed from ele-
mentary sensory data. They appear to imply knowledge of language:
arithmetic, counting, and more complex computations involving numbers
rely on linguistic tools. It seems, therefore, unlikely that numbers could
constitute the proper domain of one or more dedicated modules. On
the other hand, number is a basic property of the environment. From
an evolutionary perspective, stable properties of the environment that
yield potentially useful information can exert selective pressures on ner-
vous systems in animals. Therefore, we can expect that modules that
infer gravitational pull, color, or numerosities3 occur in many species.
Recognizing numerosities provides animals with a mechanism to reduce
complicated forms of input (discrete objects or events distributed in time
or space) to simple numerical relationships, thus making them more com-
putationally tractable.

3.3.1 Numerical competence in nonhuman animals, hu-
man infants, and adults

Current experimental evidence from diverse disciplines suggests that num-
bers are more than a cultural invention and that human numerical com-

3When discussing human and other animals’ intuitive knowledge of number, I use
the term “numerosities” to refer to the cardinalities, rather than “numbers”. The term
“number” will be restricted to more formal, mathematical ways to discern cardinalities.
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petence has its roots in cognitive evolution. As we shall see in this sub-
section, numerical competence is present in human infants, prior to their
schooling or even language acquisition. Similar capacities have been found
in animals even in the absence of training. Furthermore, functional neu-
roimaging studies strongly suggest that number processing rests on a
distinct neural circuitry. Based on this, scientists from various disciplines
(e.g., Dehaene, 1997; Butterworth, 1999) have argued that humans and
other vertebrates share an evolved number sense, a specialized neural
mechanism for detecting numerosities in the environment.

The evolutionary roots of numerical abilities are perhaps best illus-
trated by animals that spontaneously use numerical cues when making
adaptive decisions. For example, lionesses decide whether or not to at-
tack an intruding group based on a comparison of the number of unfa-
miliar roaring individuals they hear and the number of members of their
pride present (McComb, Packer, & Pusey, 1994). Animals also rely on
numerical cues to guide their foraging decisions: when presented with
two patches of food items, both honey bees (Dacke & Srinivasan, 2008)
and red-backed salamanders (Uller et al., 2003) go for the larger quan-
tity. These and other animal studies (e.g., Kilian, Yaman, von Fersen, &
Güntürkün, 2003; Rugani, Regolin, & Vallortigara, 2008) indicate that
nonhuman animals are able to distinguish between 1, 2 and 3, but that
they fail to discriminate 3 from 4 or 4 from 6. The observation that only
humans are able to represent numbers larger than 3 precisely is robust;
even chimpanzees after long periods of training never reach 100 % accu-
racy on number discrimination tasks that involve more than 4 items (see
also section 2.3.1). The exact representation of numerosities in nonhuman
animals is thus limited to n < 4. However, animals are able to compare
large numerosities in an approximate sense. For example, guppies are able
to discriminate between groups of 4 and 8 fish when deciding which shoal
to join (Bisazza, Pi↵er, Serena, & Agrillo, 2010); rhesus monkeys expect
that 4 + 4 = 8 and not 4 (Flombaum et al., 2005)4. Larger numbers re-
quire larger ratio di↵erences in order to be distinguished, a phenomenon
known as the Weber–Fechner law.

Human infants share this capacity to reason about numbers. The ear-
liest evidence for infants’ ability to deal with small numerosities comes

4In this experimental setup, rhesus monkeys witnessed events similar to Wynn’s
(1992) puppet experiment that was discussed in chapter 2: monkeys were shown 4
pieces of fruit that were occluded, to which a further 4 were added.
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from a classic study by Starkey and Cooper (1980). They habituated
22-week-olds to slides with arrays of dots, di↵erently arranged on each
slide. One group saw two dots per slide, the other three. During the test
trials, subjects of the two dot-group saw three dots, and vice versa. The
looking time increased significantly when the number of dots changed,
suggesting that the infants noticed the change in cardinality. This test
was repeated with four and six dots, but the subjects failed to discrim-
inate between those cardinalities. Antell and Keating (1983) used this
experimental design with newborns, and obtained similar results. Both
studies have been criticized because they did not adequately control for
nonnumerical cues such as density or contour-length. Although this does
not rule out the possibility that the infants relied on numerosity, they
could equally well have used other cues such as overall brightness or den-
sity (Xu & Spelke, 2000, B2). Thus, more recent studies have tried to
control for nonnumerical variables. Xu and Spelke (2000), for example,
found that six-month-olds are able to discriminate between 8 large dots
and 16 smaller dots, but not between 8 and 12 dots. Lipton and Spelke
(2003) habituated infants to sequences of either 8 or 16 sounds. Dur-
ing the test trials, infants heard sequences with novel sounds which were
either the same or di↵erent in number. The infants could discriminate
between 8 and 16 sounds, even when controlling for overall length of the
sound fragments. In a second experiment, they examined a smaller ra-
tio di↵erence (of 1.5), i.e., between 8 and 12 sounds. The infants did
not detect this change in numerosity, suggesting that, like in the experi-
ments with visual stimuli, six-month-olds are unable to discriminate ratio
di↵erences of 1.5 and smaller.

Adults rely on numerical concepts similar to those of infants and other
animals when they are prevented from counting. If adults are asked to
press a key a specific number of times, while being prevented from sub-
vocal counting, the mean number of key presses increases in proportion
to the target number (Cordes, Gelman, & Gallistel, 2001). Adults’ ac-
curacy and speed in numerical performance get worse as the absolute
size of the numbers increases (size e↵ect) and as the distance between
them gets smaller (distance e↵ect). For example, a comparison between
7 and 8 typically takes a longer response time than that between 3 and
8 (Moyer & Landauer, 1967). In sum, animals as well as human infants
and adults who do not count fail to make exact representations of all but
the smallest cardinalities. From an evolutionary perspective, this seem-
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ing fuzziness may actually prove to be more e�cient than a linear, exact
representation of number. This is because calculating return rates when
making foraging decisions may be a plausible candidate for the primary
evolutionary function of the number module (Gallistel, 1990). The dif-
ference between small numbers is often more ecologically significant than
that between large numbers, for example, to a hungry foraging primate,
the di↵erence between obtaining 1 or 2 pieces of fruit is more ecologically
significant than that between 11 or 12 pieces of fruit.

3.3.2 The neural architecture underlying numerical com-
petence

Neuropsychological studies o↵er the opportunity to investigate the neural
correlates that underlie our capacity to perform arithmetical operations.
What neural structures enable us to comprehend and compute numerosi-
ties? Are there di↵erences between approximate and exact arithmetic?
Lesion studies are the oldest method to study the neural basis of nu-
merical competence. They rely on an examination of the e↵ects of brain
lesions on various cognitive tasks. This methodology was developed in
the later decades of the 19th century when physicians like Paul Broca
and Carl Wernicke noticed that specific lesions, i.e., patterns of brain
damage, led to an inability to speak. Such lesions can be the result of
an external injury or a stroke (where a blood-clot momentarily deprives
part of the brain of oxygen and nutrients), leading to various patterns
of cognitive impairment. Indirectly, one can infer from the correlation
between damage to a given brain area X and loss of a certain cognitive
function a that X and a are functionally correlated.

Early studies by Josef Gerstmann (1940) showed that patients with
damage to the left inferior parietal lobule often had marked impairments
in mathematical cognition. Lesions in this area often leave a patient un-
able to perform very simple arithmetical operations such as 3�1 or 8⇥9.
However, these lesions usually also a↵ect other domains of cognition. This
is exemplified in Gerstmann’s syndrome (Gerstmann, 1940), a neurolog-
ical condition that is associated with damage to the parietal lobe, and
that is characterized by an inability to perform arithmetic, count and
do other numerical tasks, as well as by di�culties in writing (agraphia),
the inability to recognize one’s own fingers (finger agnosia) and left-right
confusion (Chochon, Cohen, van de Moortele, & Dehaene, 1999). The
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fact that loss of mathematical function is often accompanied by finger
agnosia, agraphia, and left-right confusion might be due to its proxim-
ity to the areas involved in these tasks: lesions are often not confined
to one area, but often damage several adjacent functionally specialized
brain regions. In that case, the cognitive functions are not really related,
but their damage coincides because the areas correlated with them are in
close anatomical proximity. Alternatively, one could take these findings
as support for the view that finger counting, writing, and spatial skills
play an important role in numerical processing (we will return to this in
section 4.4).

A more direct way to study which regions of the brain are involved
in performing specific tasks is provided by functional neuroimaging tech-
niques. All neuroimaging techniques exploit the fact that although the
whole brain is always active, not every part is equally active. Regions that
are more active require more energy (glucose) and oxygen. Neuroimag-
ing techniques measure di↵erential brain-activation after presentation of
a relevant stimulus, and compare these activations to a carefully chosen
control stimulus. If this e↵ect is constant across subjects and if it is re-
producible, the cerebral parts that are more active after presentation of
the test stimulus compared to a control stimulus are taken as neural cor-
relates for the task that the stimulus probes. The most frequently used
neuroimaging technique for probing numerical competence is functional
Magnetic Resonance Imaging (fMRI), which relies on strong magnetic
fields to measure di↵erences in oxygen-levels in cerebral blood flow. A
problem with most neuroimaging techniques is that, while they have a
relatively good spatial resolution (i.e., they give a relatively accurate map
of di↵erential brain activity), they have a relatively poor temporal res-
olution (i.e., they are slow, and may not pick up transient patterns of
brain activity). By contrast, electroencephalography (EEG) scans, which
measure electric activity in the brain through electrodes on the scalp, can
pick up subtle and quick changes in brain activity, but have poor spatial
resolution, as only areas at the surface of the brain can be accurately
measured. EEG scans can be used to measure the specific response of the
brain to a given task; these task-related patterns of electric brain activity
are termed Event Related Potentials (ERPs).

Dehaene, Spelke, Pinel, Stanescu, and Tsivkin (1999) investigated the
relative importance of language and nonlinguistic approximate represen-
tations of number in two brain-imaging studies: one with high temporal
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resolution (ERPs) and one with high spatial resolution (fMRI). First,
they conducted a behavioral experiment with Russian-English bilinguals.
The subjects were taught a series of exact or approximate sums of two-
digit numbers in one of their languages, either Russian or English. The
test condition consisted of a set of new additions. This was either an
exact condition, in which they had to choose the correct sum from two
numerically close numbers, or an approximate condition, in which they
had to estimate the result and select the closest number. After training,
response time and accuracy improved in both types of tasks. However,
when tested in the exact condition, participants performed much faster
in the teaching language than in the untaught language. In contrast,
for the approximate condition, there was no cost in response time when
switching between languages. To the authors, this suggested that ex-
act arithmetical facts are stored in a language-specific format; each new
addition is stored separately from neighboring magnitudes, e.g., 9 + 1
would be stored di↵erently from 9 + 2. Because there was no cost in re-
sponse time and accuracy in the approximate condition when switching
between languages, the authors assumed that approximate numerosities
are stored in a language-independent format (Dehaene et al., 1999, 971).
They examined whether this apparent behavioral dissociation is the result
of distinct cerebral circuits. In fMRI, the bilateral parietal lobes showed
greater activation for the approximate task than for exact calculations. In
the approximate task, the most active areas were the bilateral horizontal
banks of the intraparietal sulci (HIPS) (see Fig. 3.1). Exact calculations
elicited a distinctly di↵erent pattern of brain activation, which was strictly
left-lateralized in the inferior frontal lobe. Smaller activations were also
noted in the left and right angular gyri. Previous studies have shown
that the left inferior frontal lobe plays a critical role in verbal association
tasks. Together with the left angular gyrus, this region may constitute
a network involved in the language-dependent coding of exact addition
facts (Dehaene et al., 1999).

Several studies since then have confirmed that the intraparietal sulci
of both hemispheres, but predominantly of the left, are active during
arithmetic and other numerical tasks. This is the case even in the absence
of explicit tasks, for example, when subjects are only required to look
passively at Indo-arabic digits, or listen to number words spoken out loud
(Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003). In this study, the
presentation of an arabic digit (say 3) activated the HIPS, whereas that
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Figure 3.1: Patterns of brain activity involved in calculation, left hemi-
sphere shown on the left.

of a similarly presented letter (say a) did not. Also when presented in an
auditory format, the word “two” elicited activation in the HIPS, whereas
the word “red” did not. An ERP study (Izard, Dehaene-Lambertz, &
Dehaene, 2008) indicates that the HIPS are also activated when infants
as young as three months watch changes in numerosity in a display of
dots. The HIPS seems to be an important neural correlate for numerical
cognition, regardless of the format in which it is presented.

These fMRI and ERP results are confirmed by several studies that
measure the firing rate (i.e., electric activity) of single neurons in mon-
keys. Tudusciuc and Nieder (2007) found that neurons in the intraparietal
sulci of rhesus monkeys are sensitive to di↵erences in numerosity. These
neurons are optimally tuned to a specific quantity (e.g., two items) and
gradually show less activity as the presented numerosity deviates from
this preferred quantity. Nieder and Miller (2003) presented rhesus mon-
keys with pairs of slides with dots that varied in size, shape, or numerosity.
They found individual neurons that respond only to changes in number
and that remain insensitive to changes in shape or size. Each number-
sensitive neuron shows a peak activity to a specific quantity and becomes
progressively less active as the discrete magnitude increases. For exam-
ple, a neuron optimally activated by two is less responsive to one or three,
and even less so to more items. Because neurons are only coarsely tuned,
close numerosities will activate similar populations of neurons. Smaller
numerosities yield narrower tuning curves, thus making them easier to
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distinguish; larger numerosities yield broader tuning curves, which makes
their discrimination fuzzier. In sum, the intraparietal sulci represent a
plausible neural correlate of a cognitive module that deals specifically
with numerical information. Their activation can be reliably dissociated
from nonnumerical tasks that require a similar level of attention, work-
ing memory, and spatial cognition (Simon, Mangin, Cohen, Le Bihan, &
Dehaene, 2002).

3.4 The epidemiology of numerical concepts

Numerical concepts vary widely between cultures, yet some are more
widespread than others. One way to explain these patterns of cultural
transmission is by adopting the epidemiological approach. To date, the
relationships between evolved cognitive abilities and culture have been
examined for religion and supernatural concepts (e.g., Boyer & Ramble,
2001), folk stories (e.g., Barrett, Burdett, & Porter, 2009; Norenzayan,
Atran, Faulkner, & Schaller, 2006), folk biology (e.g., Atran, 1998), folk
sociology (e.g., Gil-White, 2001; Sperber & Hirschfeld, 2004), table man-
ners and disgust (Nichols, 2002), and art (De Smedt & De Cruz, 2010).

Applying the epidemiological approach to number, we can expect that
some cultural numerical concepts may enjoy a higher success of transmis-
sion because they correspond closely to the intuitions provided by the
number module. On the other hand, numerical concepts that minimally
violate intuitive expectations can thrive because they are surprising while
not posing too many computational demands. Finally, it will be argued
that nonintuitive numerical concepts that maximally violate numerical
intuitions can only be passed on in highly institutionalized contexts be-
cause external storage of information and highly trained sta↵ are required
for their survival and transmission. In the following sections, we will see
how positive integers, zero, and negative numbers have a di↵erent trans-
mission success, rooted in their varying relationships with our evolved
number module. For each case, we will examine experimental psycholog-
ical evidence and historical patterns of di↵usion.

3.4.1 The positive integers

Some developmental psychologists (e.g., Wynn, 1992, 1998b) believe that
positive integers {1, 2, 3, . . .} constitute the psychological foundation from
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which all other numerical concepts arise. The apparent ease of individual
acquisition (poverty of the stimulus) and ease of cultural di↵usion seem to
indicate that positive integers constitute the proper domain of a cognitive
module. However, as we have seen, the number sense makes only approx-
imate representations that grow increasingly imprecise as numerosities
increase. Hence, positive integers must be human cultural inventions.
Because we do not intuitively reason about numerosities in terms of posi-
tive integers, any model that explains the success and salience of positive
integers in various cultures has to explain why these are apparently intu-
itively appealing and culturally widespread and why reals, for example,
are not (see also subsection 2.3.1). To date, no language that completely
lacks number words has been recorded. Nevertheless, there is consid-
erable variation in their occurrence across cultures: some cultures have
elaborate positional number word systems, whereas others have a very
limited number word vocabulary (see also subsection 4.4.1).

Investigations in South American horticultural societies show that
some cultures do not possess true discrete numerical concepts. In subsec-
tion 2.3.1, we saw that the Pirahã have only words for one, two, and many
—sometimes using their word for one for small collections of items as well.
In controlled experiments, they can discriminate between very small sets
such as two and three but their discrimination between three and four
is at chance level (Gordon, 2004). The Mundurukú, another Amazonian
culture with few number words (up to five), likewise use their number
vocabulary in an approximate fashion: pũg (“one”), xep-xep (“two”), e-
ba-pũg (“your arms and one”), e-ba-dip-dip (“your arms and two”), pũg-
pog-bi (“a handful” or “a hand”) (Pica, Lemer, Izard, & Dehaene, 2004).
The approximate nature of these quantities is illustrated by the fact that
the use of these terms is inconsistent when the subjects have to denote
three or more items. For example, when five dots are presented, the sub-
jects respond pũg-põg-bi in only 28 % of the trials, and e-ba-dip-dip in
15 % of the trials. Above five, they do have words to denote numerosities,
but these terms have very little consistency. Subjects refer to 10 items
using the expressions ade ma (“really many”), adesũ (“not so many”) and
xep-xep pog-bi (“two hands”). Nevertheless, Mundurukú subjects do very
well on approximate arithmetical tasks, where they are asked whether
the addition of two large collections of dots (e.g., 16 and 16) in a can was
smaller or bigger compared to given number of dots (e.g., 40). In this
task, which involved quantities far above their number word range, they
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performed as well as French numerate adults (Pica et al., 2004).
These anthropological studies indicate that the mere presence of num-

ber words does not su�ce to promote an exact representation of numerosi-
ties. More crucial perhaps is that both Amazonian cultures lack a count-
ing routine (i.e., putting objects in a one-to-one correspondence). This
results in a conceptual transformation in which the continuous magnitude
scale provided by the number module is supplemented by a number line
consisting of discrete elements (the positive integers). This connection be-
tween one-to-one correspondence and number theory was already recog-
nized by Georg Cantor (1845–1918), and earlier, by Hume (see subsection
2.3.2). Without the principle of one-to-one correspondence, a true under-
standing of positive integers as discrete entities does not emerge spon-
taneously, plainly because the number-sensitive neurons’ representations
are too fuzzy to enable discrete representations. Conversely, humans are
able to make exact representations of magnitude without number words.
Patients with extreme aphasia have been demonstrated to show a remark-
ably conserved ability to make exact multiple digit calculations (Varley,
Klessinger, Romanowski, & Siegal, 2005), suggesting that language is not
a prerequisite for exact calculation. Moreover, positive integers can be
represented by nonlinguistic symbols as well, as we shall see in section
4.4. Thus, not language per se but counting by sequential tagging is the
key ingredient to a successful understanding of positive integers.

The activity of counting involves a relationship between three sets:
countable items, counting symbols, and mental magnitudes (Fig. 3.2a).
The set of items to be counted varies from one count to another. To
count, one establishes a one-to-one correspondence between each item
and a conventionally defined list of symbols that have a fixed ordinality
(e.g., the number words “one”, “two”, and “three”), this is sequential
tagging. The final item tagged determines the last tag from the counting
sequence, which in turn denotes the cardinality of the set. This num-
ber word is mapped onto a corresponding mental magnitude. Through
cultural learning, a synaptic connection gets established between these
tags and the corresponding mental magnitude. Thus, the population of
neurons in the HIPS that fires preferentially around three will respond
to any symbolic representation for this magnitude. In this way, it be-
comes possible to establish a discrete, exact representation of magnitude
by mapping an ordered set of symbols onto mental magnitudes. As shown
in Fig. 3.2a, arabic numerals that denote positive integers {1, 2, 3, . . .} are
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directly translated onto a continuous and approximate magnitude scale.
Temple and Posner (1998) demonstrated that a number comparison task
with arabic numerals (say 5 and 3) yields an almost identical pattern of
brain activation as one that involves arrays of dots (in casu, five and three
dots). Thus, the brain immediately translates a positive integer into a
mental representation of its quantity.

In contrast, the mental representation of approximate number words
follows a di↵erent neural trajectory (Fig. 3.2b). Here, cardinality is es-
tablished directly, without sequential tagging. This approximate rep-
resentation is subsequently converted into a linguistic expression, the
approximate number word (e.g., few, a couple, about a hundred, the
number vocabulary of the Pirahã and Mundurukú). Western adults also
use this mechanism when accurate answers are di�cult to come by (e.g.,
“There are about 70 students in my Introduction to Philosophy of Science
class”). If counting is not an evolved ability, then why has it emerged so
frequently? Late Paleolithic bone and antler artifacts (bearing ordered
series of notches) indicate that positive integers were represented as early
as 30,000 years ago, long before writing was invented (d’Errico, 1998;
De Smedt & De Cruz, 2011b). Understanding positive integers and the
counting routine seemingly develops spontaneously and with little formal
teaching in western and Papua children (Saxe, 1981). Before they can suc-
cessfully count, preschoolers have the intuition that the application of a
positive integer changes when the numerosity of items changes (Sarnecka
& Gelman, 2004). Taken together, this evidence lends support to the
suggestion that the counting procedure itself may constitute a precursor
to the positive integer system.

To ensure that we count each item in a set exactly once, we shift
our attention to each of them in a systematic, ordered way. This can
be achieved by gesturing or gaze direction. Establishing a one-to-one
correspondence between an ordered list of numerical symbols and mental
magnitudes often exploits the structure of the brain, such as the anatomi-
cal proximity between the neural areas specialized in the representation of
body parts and the number module, which may facilitate finger and body
part counting procedures (this will be discussed in detail in subsection
4.4.2). In brief, although positive integers are intuitive, they are not uni-
versal. Although they do not constitute the proper domain of the number
module, they can become part of its actual domain through the cultural
sca↵olding provided by the counting procedure. This counting procedure
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Figure 3.2: Linguistic representation of numbers in a counting sequence
(a) and approximately (b).

is a cultural construction that is subserved by cognitive capacities dealing
with number, language, attention direction, and body-part identification.
As a result, positive integers are anchored in more than one cognitive
module, as is the case for many other complex cultural phenomena.

3.4.2 Zero

The numerical concept zero has created opportunities in western math-
ematics that could never have been realized without it, extending to al-
most all of its domains. It might therefore seem strange that zero is
not culturally widespread. A cognitive perspective may partly explain
this. Number-sensitive neurons discharge preferentially at di↵erent nu-
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merosities, but as far as we know, there are no neurons that respond
preferentially to an absence of objects. Zero thus means an absence of
di↵erential neural activation in the number-sensitive areas of the brain.
To examine whether infants have something like the concept zero Wynn
and Chiang (1998) used a modified version of Wynn’s (1992) addition and
subtraction tasks5. Eight-month-olds were confronted with either “mag-
ical” or expected events. In the 1 � 1 = 0 or 1 condition, they saw one
object on a stage, a screen then occluded it, and a hand visibly removed
it. Once the screen was removed, the infants saw either the expected re-
sult (no object) or a magical appearance in which the removed object was
still there. Intriguingly, the subjects showed no surprise to this last result
(1� 1 = 1). This is in stark contrast to earlier experiments (e.g., Wynn,
1992), which indicated that infants are able to predict that 2� 1 = 1 and
not 2. These findings suggest that the number module is not capable of
representing zero, leaving infants unable to form the expectation that no
object will be seen.

If zero does not correspond to any intuitive representation of cardi-
nality, how did this concept come into existence? Zero, as a byproduct
of positional systems that needed a symbolic representation for an empty
placeholder, emerged several times independently (e.g., Babylon, Maya,
Inca, and India). However, the use of an empty placeholder does not au-
tomatically lead to a true numerical concept of zero, as is aptly illustrated
by Mayan mathematics. The Maya had a concept of zero as a result of
their base-20 positional system. However, cosmological and religious con-
siderations (the significance of their solar calendar) created an anomaly
at the third position, which was set at 20 ⇥ 18 = 360 (instead of the
straightforward 20⇥20 = 400) because 360 is the number of days in their
solar year. This anomaly deprived the Mayan zero and other numbers
from their potential calculative properties (Ifrah, 1985).

Zero as a numerical value has its roots in classical Indian mathemat-
ics. The oldest Indian mathematical concepts can be found in the Védas,
a collection of religious texts dating between 1500 and 500 BC, and the
accompanying Vedāṅgas, which contain sūtras, rules that were of vital
importance to the performance of ritual o↵erings. Large public o↵erings
required altars constructed from complex geometric figures. If incorrectly
constructed, the o↵erings would be of no value. Considering the e↵ort,

5See chapter 2 for a more extensive discussion of this experimental procedure.
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means, and time invested in each public o↵ering, its success was crucial.
This increased the cultural importance of mathematical disciplines such
as geometry, arithmetic, and (a precursor to) algebra (Joseph, 2000). An
additional incentive was provided by the fascination for large numbers,
salient in classical Indian poetry. It originated from stylistic considera-
tions: because large numbers impressed readers, poets felt compelled to
use ever-increasing magnitudes to emphasize the age, size, or distance
of any event, building, or other thing they described. This led to the
introduction of words that could express powers of 10. Combined with
words that denote single digits up to 9, this enabled the elegant and par-
simonious formulation of very large numbers. Parsimony was important
for Vedic texts that were (and still are) learnt by heart. This eventually
resulted in the invention of a positional system in which a symbol for the
empty placeholder became essential. As an aside, so far, the history of
the Indian zero is comparable to that of several other positional systems,
such as the Babylonian or the Inca zero. But, as Whitehead (1911, 60–65)
has noted, there is an important di↵erence between these and our concept
zero, because they only fulfill the function of a placeholder. Today, zero
performs a double function: it is both a placeholder within our positional
system, and it symbolizes the number zero.

It was only in Jain mathematics that zero became a fully fledged
mathematical concept (Joseph, 2000). As a reaction to Brahmin ortho-
doxy, heterodox Jains no longer practiced complex o↵erings. Severed
from its religious origins, mathematics became a discipline studied for its
own sake. The Jains had a fascination for mathematical concepts, such
as infinity, positing several types of infinite sets centuries before Cantor.
Words for nothingness such as śūnya meant more to them than absence
or void and implied receptiveness. Because of their cosmological ideas of
time and space, emptiness could be conceptualized as a thing in its own
right instead of merely being an empty placeholder. The Jain cosmolog-
ical text Lokavibhaga (458 AD) is the earliest known Indian text to use
the place-value system together with zero. In this text, the place-value
system was verbal, e.g., viya dambar akasasa śūnya yama rama véda de-
noted 4, 320, 000 in current notation (translated this would be sky (0)
atmosphere (0) space (0) void (0) primordial couple (2) Rama (3) véda
(4)). The use of a circle or dot to denote zero emerged somewhat later,
probably in the early 6th century (Roy, 2003). Once zero was established
as a legitimate mathematical object, Hindu mathematicians such as Brah-
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magupta (7th c. AD) began to wonder how arithmetical operations with
zero could be performed (e.g., whether or not division by 0 is possible).

Figure 3.3: Historical spread of the number zero with its symbolic repre-
sentations throughout the Old World.

This mature mathematical concept of zero subsequently spread to
China and Southeast Asia as well as to the Islamic world, from whence it
di↵used to the west. The first mention of zero outside India is found in
7th-century Nestorian and Syrian Orthodox writings. Its spread was fa-
cilitated by their interest in Indian astronomy and the search for e�cient
methods to calculate an accurate date for Easter. By the beginning of the
11th century, various sources illustrate that zero had spread throughout
the Arabic empire both by scholars and nonscholars. The oldest men-
tion of zero in Europe is found in a Spanish 10th-century manuscript.
In the next few centuries, it spread successfully throughout Christian
Europe, despite several o�cial diktats that discouraged or prohibited
Indian numerals. In the Chinese empire, the spread of zero started in
the 7th century (T’ang dynasty, 618–907 AD), primarily driven through
translations of Indian mathematical, astronomical, and Buddhist texts
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(Martzlo↵, 1995). In Southeast Asia, imbued with Buddhist cultural
influence from India, the use of a circle to denote zero is found in 7th-
century inscriptions in Sumatra and Cambodia (Joseph, 2000). In sum,
the concept for zero spread successfully from its place of origin to a large
part of the Old World in a relatively short span of time, as can be seen
on Fig. 3.3.

The emergence of zero as a numerical concept in Jain mathematics
was possible because it could free ride on cosmological and philosophical
concepts. However, this does not explain its subsequent spread to other
cultures. A possible explanation for this success is its minimal violation of
intuitive expectations of the number module. Although the number mod-
ule may be unable to represent zero, zero can become part of its cultural
domain because the absence of magnitude can be easily mapped onto the
absence of stu↵ in the world. This counter-intuitiveness may give zero a
memory advantage, as illustrated in a series of experiments that probed
the understanding of zero in young children (Wellman & Miller, 1986).
As expected, the development of the zero concept is di↵erent from that
of other natural numbers. Young preschoolers simply treat zero as syn-
onymous for nothing; they do not realize that it is a numerical concept as
well. In magnitude comparison tasks, they are just as likely to say that 0
is larger than 3 as vice versa. By the end of the preschool years, however,
most children understand that zero is a numerical concept and correctly
identify it as the smallest natural number. Interestingly, the initial di�-
culties seem to facilitate an understanding of abstract operational rules
for zero compared with other numbers. When first-grade students are
confronted with an abstract addition or subtraction task, their success is
significantly higher for tasks involving 0 than for those involving other
small numbers, such as 1 or 2. For instance, they judge correctly that
a+0 = a but are at a loss when judging whether a+2 = a is false or true.
Hence, an early understanding of algebraic rules for zero seems advanced
in comparison with other small numbers. The reason for this advantage is
clear from the children’s justifications for their answers: most state that
zero is a special number with special properties (Wellman & Miller, 1986).
Zero as a numerical concept was long in the making because of its mini-
mal counterintuitiveness. However, once originated, it became appealing
precisely because it minimally violates intuitive numerical expectations.
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3.4.3 Negative numbers

At first sight, negatives may seem counterintuitive because they violate
ontological expectations. However, compared to zero, which is mini-
mally counterintuitive, negative numbers provide many violations that
ultimately undermine our intuitions about number. Why should a nega-
tive times a negative yield a positive? What is the relationship between
the value of �3 and its absolute value |3|? From an evolutionary point
of view, it is unlikely that the mental number line would be capable of
handling negative numbers because it is empirically impossible to experi-
ence negative quantities. In one number comparison task (Fischer, 2003),
adults were presented with pairs of positive integers, a positive and a
negative integer, or negative integers. The subjects showed faster re-
sponse times for small absolute numerosities (e.g.,�3, 2) than for larger
ones (e.g., 4,�9). However, response times were especially slow in tri-
als with two negative numbers, especially those where the answer based
on the absolute value and that based on the numerical value conflicted
(e.g., �4,�9), suggesting that our mental number line does not extend
to negative integers. Another line of evidence for the nonintuitiveness of
negatives comes from education: eighth-grade students were probed on
their knowledge of the minus sign in solving first-grade equations (Vlassis,
2004). Despite their prior knowledge of algebra and negative integers, er-
ror rates soared when they were confronted with negatives in equations,
especially when compared to equations that involved only positive inte-
gers. Because negative numbers are nonintuitive, we may ask whether
they are still part of the cultural domain of the number module. As
Fischer (2003) demonstrated, negative integers show similar distance and
size e↵ects as do positive integers, although they are processed markedly
slower. Thus, intuitions provided by the number module still structure
this concept. As we shall see in subsection 7.2.1, this structuring role
of intuitive expectation on imagination can be seen in other forms of
nonintuitive concept formation as well. For instance, when subjects are
asked to invent extraterrestrial life forms, they do not produce a limit-
less variety of beings but rather draw upon their knowledge of terrestrial
animals to structure their imagined beings (e.g., bilateral symmetry, sen-
sory organs) (Ward, 1994). Likewise, negative numbers are structured by
analogy with the positives: they are represented on a mental number line
that runs backward.
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In contrast to zero, which was readily assimilated as soon as it reached
western mathematicians, negative numbers were poorly received. Most
western 16th- and 17th-century mathematicians, including Blaise Pascal
and François Viète, rejected or questioned negative numbers (Buzaglo,
2002). In the 18th century, Francis Maseres even devoted an entire trea-
tise6 on how to avoid negative numbers, especially as solutions in alge-
braic equations. This rejection of negative numbers continued well into
the 19th century: Augustus De Morgan (1830, 103–104) wrote that “3�8
is an impossibility; it requires you to take from 3 more than there is in
3, which is absurd.” The struggle with the negative integers’ ontological
status may have contributed to their poor cultural transmission and long
development in western mathematics. Indeed, in the history of science,
we can find numerous examples of how intuitive notions have restrained
and slowed down scientific progress. For example, as we shall see in more
detail in section 6.5, in biology, the widely held belief that species have
unchanging essences was deeply incompatible with evolutionary theories
that held that species can evolve into new species. The slow acceptance
of evolutionary theory can be explained as a result of this. Not until the
late 19th century did mathematicians finally reject the long-held belief
that negative numbers are unintelligible (Greer, 2004).

Arabian mathematicians rejected negatives altogether. Indeed, the
term algebra, derived from the seminal text by al-Khwārizmı̄, Al-jabr
watl muqaal-jabr, dating to 830, means restoration, as in the sense of
adding equal terms to both sides of an equation to remove negative quan-
tities (Stedall, 2001). Although Chinese mathematicians did use negative
integers to solve equations, they were reluctant to accept a negative num-
ber as a result of an equation: Chinese algebraic problems are typically
posed as concrete problems involving weights, lengths, sums of money. Al-
though negative numbers often arise during calculations, the final results
are specific quantities, which are always stated in positive terms (Hart,
2010; Chemla & Guo, 2004). Initially, only medieval Indian mathemati-
cians developed a system to deal with negative quantities. Prior to the
19th century, European mathematicians, such as Leibniz, who accepted
negatives did so despite their apparent clash with numerical intuitions,

6A dissertation on the use of the negative sign in algebra: containing a demon-
stration of the rules usually given concerning it, and shewing how quadratic and cubic
equations may be explained, without the consideration of negative roots: to which is
added, as an appendix, Mr.Machin’s quadrature of the circle, 1758.
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stressing their usefulness in calculations.
Only with the advent of 19th-century mathematical institutions and

formalization as part of the curriculum of the new research-oriented uni-
versities (Restivo, 1992) did negatives become fully incorporated in west-
ern mathematics. One of the reasons why European mathematicians suc-
cessfully integrated so many nonintuitive concepts (e.g., imaginary num-
bers, infinite sets) may be that they strove to externalize such concepts in
a consistent set of symbols. As we shall see in chapter 5, once mathemat-
ical concepts are nested outside the brain, their evolution and cultural
transmission are less vulnerable to corruption by individual mathemati-
cians or to competition from ideas that are easier to learn, that speak
more to the imagination, or that pose fewer computational demands.
They gain a degree of autonomy that would be impossible to attain were
they represented in the mind alone. This externalization is sustained by
the highly institutionalized context of research conducted in universities,
mathematical journals, and mathematical societies.

In sum, although negative numbers are still part of the cultural do-
main of the number module, they are nonintuitive and therefore di�cult
to transmit and reconstruct. As they do not activate an evolved inference
system and therefore are supported by few inductive inferences, concepts
like these require a long training period and, as we shall see in chapter
5, external storage of information to overcome cognitive limitations. In-
deed, the history of western mathematics from the 19th century onward
is characterized by an increased acceptance of nonintuitive concepts, in-
cluding negative numbers, which goes hand in hand with an increased
institutionalization of mathematical practice.

3.5 Conclusion

This chapter examined the cultural transmission of numerical concepts
through an epidemiological approach. This research on the history of
number concepts provides evidence for continuity between mathematics
and cognitive evolution. Historical evidence indicates that the emergence
and subsequent spread of cultural number concepts are influenced by the
evolved structure of the human brain. The multiple and frequent cultural
invention of positive integers can be explained as a result of their close fit
with intuitions provided by the number module. The anatomical proxim-
ity of this module to other modules involved in counting by the sequential
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tagging procedure further adds to their salience. By being rooted in more
than one conceptual module, including body-part recognition and linguis-
tic skills, positive integers are easy to learn and to transmit. The unique
invention of zero as a numerical concept and its successful spread can
be seen as a result of content-biased cultural transmission. Its counter-
intuitiveness facilitated its cultural transmission; once emerged, it could
easily spread to neighboring cultures with positional systems. In contrast,
negative numbers have been accepted late due to their nonintuitiveness.
Although they are part of the cultural domain of the number module,
they cannot be grasped intuitively and therefore need a highly institu-
tionalized context to thrive.

These results can shed light on the question to what extent evolved
cognitive capacities that are universal in Homo sapiens are su�cient to
promote numerical cognition. In human cultures, the proper and cul-
tural domains of any conceptual module rarely overlap entirely. In some
cultural domains of expertise, this overlap is at times so marginal that
cultural transmission can only take place within a highly institutionalized
context, characterized by distributed cognition and a structured learning
environment. Without these, humans would perhaps only be able to
transmit intuitive and minimally counterintuitive concepts. This exami-
nation of the epidemiology of number representations opens the possibility
that this approach can be applied to the study of other scientific disci-
plines for which evidence exists that they are also governed by evolved
conceptual modules, such as physics, biology and psychology.


