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Abstract

Current research in the field of numerical cognition reveals strong behavioral
interactions and similar processing mechanisms for the perceptions of space,
time, and number; which is generally believed to indicate that these dimen-
sions share a common metric for representation in the brain. These three
dimensions of magnitude––analog, ratio dependent representations of space,
time, and number––are essential for interaction with the environment, and
provide a conceptual basis on which further perceptual experience enhances
the discrimination of distance, speed, numerosity, quantity, and size. Basic,
approximate and non-verbal conceptions of spatial navigation, temporal ori-
enting, and numerical computations have been found in human adults and
children, as well as non-human animals, while the employment of discrete
measures seems to be a consequence of a verbally and culturally mediated
ontogenetic shift exclusive to humans (e.g. Feigenson, Libertus, and Hal-
berda, 2013).

This thesis investigates the link between nature and nurture, in an attempt
to find the key factor that ultimately induces the ontogenetic shift from
approximate to exact representations of space, time, and number. An ex-
tensive theoretical review is performed, based on both neuroscientific and
cross-cultural data, where I propose that cultural and linguistic mediation is
as vital to the representational advancement of numerical cognition as our
biologically predisposed magnitude system. The neuroscientific approach is
strongly based on a leading––but controversial––theory in the field of numer-
ical cognition, ATOM (Walsh, 2003), which suggests that both human and
non-human animals possess a generalized magnitude system with fully shared
representational mechanisms for space, time, and number. To further illus-
trate the assumed theoretical stance of ATOM, an exploratory fMRI study
with a single participant is performed, with results closely resembling those
argued by Walsh (2003).
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Ulf Träff and Thomas Karlsson at the department of Behavior and Learning
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1 Introduction

All human beings find themselves situated in particular sociocultural con-
texts, which significantly dictates available and appropriate modes of talk,
thought and action. The use of a common language seemingly explains our
means of interacting with the outside world––regardless of whether the lan-
guage is used for a mutual exchange of ideas or describing properties of the
environment. As a result, mankind has found ways to organize and per-
form group efforts within a planned and collectively recognized window of
time; created systems of commerce based on assigning values to quantities
of objects; and developed the use of common metrics for communicating dis-
tances and sizes of objects. Our cognitive grasp of these three dimensions
of magnitude––time, quantity, and space––has prompted the invention of a
numerically based language, mathematics, used primarily to express these
properties in a discrete fashion.

Even though we conveniently communicate time, quantity and space in ver-
bal and numerical units––such as seconds, currencies, and distance in meters,
respectively––there is little sense in envisioning a constant stream of inner
monologues when an individual performs everyday tasks, such as lifting and
moving various objects. However seemingly insignificant, even the act of
drinking coffee from a cup presupposes the ability to correctly estimate the
space between the agent and the cup, followed by an application of proper
arm movements in a precise amount of time. Yet, few people give much
thought to administering their caffeine fix when engaged in other activities,
such as reading the morning paper. Not only does the ”unconscious” act of
drinking coffee therefore seem to imply that we grasp dimensions of magni-
tude in a non-verbal manner, but also that these dimensions seem to interact
when performing certain tasks (e.g. Walsh, 2003).

We must take great care as not to––in accordance with the old saying––”put
the cart before the horse”. Can we, with absolute certainty, claim that
our innately predisposed mechanisms for the cognitive manipulation of time,
space, and quantity (e.g. Walsh, 2003; Bonato, Zorzi, and Umiltà, 2012) has
granted us the means for constructing societies and monetary systems, or is
culture the leading cause for a meaningful link between these dimensions?
In this thesis, I will try my best to elucidate whether numerical cognition
is a result of nature or nurture, by critically reviewing both neuroscientific
and cross-cultural evidence that, conveniently, appears to split scientists into
four distinct camps: linguistic determinists and linguistic augmenters ; and
contenders of fully shared or partly shared mechanisms across dimensions.
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1.1 Disposition

The thesis is designed to critically review two concurrent threads of inquiry:

1) Firstly, I will set out to investigate how earlier research has informed
Walsh’s A Theory Of Magnitude (ATOM; 2003), and how these results and
inferences hold up with today’s advances in cognitive neuroscience. This
review will later be supplemented with findings from an fMRI-based ex-
ploratory study, where a single participant performs three separate tasks
based on the corresponding magnitude dimensions (i.e. time, quantity, and
space).

2) Secondly, further investigation will be made into our seemingly biological
predisposition of a generalized magnitude system, where ATOM postulates
that space, time, and quantity share the same cortical metrics and mecha-
nisms for action and are thus equally sensitive to changes in stimuli (Bueti
and Walsh, 2009). Such a finding would serve to give credence to ATOM and
could consequently diminish the role of culture and language, as it stands to
reason that a joint understanding of these dimensions is available without
linguistic mediation (e.g. Dehaene, 2003).

I believe these two threads of inquiry, in conjunction with the aforemen-
tioned fMRI-based study, to be a fairly novel approach in the investigation
of a joint, non-verbal magnitude system. More often than not, the findings
of qualitative studies––exploring areas such as language and culture––tend
to be excluded in discussions of quantitative, neuroscientific findings in the
current literature. This thesis strives towards representing both sides equally,
assessing discoveries of both cultural practices and neuroscientific data.

The theoretical background in chapter 2 will thoroughly introduce the reader
to ATOM and the neuroscientific and behavioral data that has led to––and
furthered––its widespread support. Explorations of cross-cultural factors will
be performed in tandem, to question and examine findings at every turn.
In chapters 3 through 5, the reader will be presented with an fMRI-based
study with the express purpose of investigating the possibility of shared neu-
ral mechanisms in numerical cognition, examining data gathered from tasks
testing a participant’s spatial, numerical, and temporal abilities, respectively.
The final, sixth chapter will serve as a comprehensive discussion of the re-
lationships between space, time, and number, further clarifying the roles of
nature and nurture in numerical cognition.
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2 Theoretical background

One of the most notable claims of the romantic period (approximately 1800-
1850) was that mathematics is transcendent of human cognition, and thus
has an objective existence for man to find (Lakoff and Núñez, 2000). This
idea is rooted in the Platonist view of ideal concepts, or forms, where it is
claimed that ”human beings can acquire true knowledge only through forms,
learning to recognize the forms under the transient reality” (Piyong, 2013, p.
207). While Platonist idealism has had a considerable impact on the theories
and ideas of numerical cognition and mathematics, Dehaene (2011) raises a
valid point, grounded in the constructivist tradition of numerical cognition:
”don’t we all tend to forget that five millennia of efforts have presided over
its birth?” (p. 229). Over the following sections, a critical review of current
neuroscientific and cross-cultural research will be undertaken, where both
distant and close descendants Piagetarian constructivism are subject to a
crucial question: is numerical cognition a result of a cultural evolution, akin
to natural selection and refined for applicability, or is it a result of biological
predisposition?

2.1 A brief history of numerical cognition

The following sections will present a number of key studies in the field of
numerical cognition, and provide fundamental insight to the history and
rationale of present-day theories.

2.1.1 The notable contributions of Piaget

When discussing the human acquisition of numerical cognition, Piaget’s ge-
netical epistemology stands as one of the most influential candidates in shap-
ing our current understanding in the matter. It is my belief that no thesis
on numerical cognition would be complete without acknowledging his impact
on modern studies of both neuroscientific and cross-cultural orientations.

In 1953, Piaget published the now renowned The Origin of Intelligence In
Children, paving the way for educational curricula applied all over the world,
even to date. More importantly, however, his work was arguably the first to
comprehensively demonstrate the means by which children acquire concepts
of numerical cognition (Houdé et al., 2011). Building on early conceptions
of cognitive science, Piaget proposed that children develop along a path of
four distinct stages: sensorimotor, preoperational, concrete operational, and
formal operational (Piaget, 1953). Though these stages––and Piaget’s theory
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of development in general––later became subject to much criticism (e.g. De-
haene, 2011), these early attempts nonetheless mark an important beginning
in the exploration of numerical cognition.

2.1.2 Conservation of number

Piaget’s notion of the preoperational stage (occurring approximately between
2 and 7 years of age, but commonly between the fourth and fifth year) is of
paramount importance to numerical cognition. It is during these years chil-
dren pass the number conservation test, designed by Piaget to highlight that
their younger counterparts are unable to discriminate between size and nu-
merosity. Effectively, this means that an equal number of objects in two
rows (as in figure 1) are perceived to contain different amounts of objects
to children in the sensimotor stage, based on length alone (Dehaene, 2011).
Two important conclusions can be drawn from this finding: discrimination
of numerosity requires extensive experience; and without it, children seem to
have a predisposition towards a joint representation of space and number.

Figure 1: Which row contains the most objects? Piaget argues that young
children select the left row, based length rather than numerosity.

The curious results of Piaget’s number conservation task were, as per usual
in the scientific community, met with equal amounts of praise and disbelief.
It would take another 22 years before a substantial counter-argument had
been assembled. In a replication of the original number conservation task,
McGarrigle and Donaldson (1974) found that children in the preoperational
stage did in fact understand the question and could provide the correct an-
swer, depending on whether they experienced the experimenter’s question as
sincere. The researchers reasoned that children were easily mislead, instead
searching for an anomaly they thought themselves be unable to grasp. These
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results are vital in showing that Piaget had underestimated childrens’ sta-
tus as sentient beings with deliberate intentions––a generally supported view
throughout the literature by virtue of several similar findings (e.g. Rose and
Blank, 1974).

Although Piaget’s approach seems to have faltered with regard to the ex-
act ages where children acquire numerical concepts, there are still perfectly
valid reasons to doubt that numerical cognition is fully developed at birth.
Proponents of linguistic determinism––”the view that language determines
the basic categories of thought and that, as a consequence, speakers of dif-
ferent languages think differently” (Wolff and Holmes, 2011, p. 254)––would
argue that children who fail at number conservation tasks have not yet come
to terms with the linguistic expressions that allow proper understanding of
numerosity. This is to say that young children ”use the terms that they hear
others use, at first without real understanding” (Astington, 2006, p. 189).

Linguistic determinism, already ripe with a wide range of logical contradic-
tions––such as the fact that different cultures have been shown think in sim-
ilar concepts, despite differences in language (Wolff and Holmes, 2011)––was
given yet an alarming blow by studies of preverbal infants during the eight-
ies and early nineties. Notably, a study by Wynn (1992) showed that the
preverbal infants, when presented with a number of objects that were sequen-
tially hidden behind a screen and later revealed as a complete set, were more
surprised to find impossible additions such as 1+1=1 rather than 1+1=2.
Wynn argues that this is due to the fact that ”infants look longer at un-
expected events than expected ones, thus, if they are able to compute the
numerical results of these arithmetical operations, they should look longer at
the incorrect than at the correct result” (1992, p. 749).

2.1.3 Core cognition and Quinian bootstrapping

Carey (2000) argues that a non-verbal ability for number discrimination,
as demonstrated in preverbal infants, is part of a system for core cogni-
tion––described as an evolutionarily inherited mechanism which transcends
the richness of sensorimotoric representations. Where Piaget (1952) believed
that the sensorimotor stage of development was key in coordinating motor
skills with multimodal perceptions of the world, Carey contends that ex-
pressions such as ”approximately 10” have far too intricate properties to
be appreciated exclusively through sensorimotoric experience. Rather, these
concepts have to be bootstrapped––inferred by means of experience––to in-
ductively create an understanding of numerical concepts (Carey, 2000). This
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bootstrapping is made possible by an innate, biologically predisposed object
tracking system (OTS; Agrillo, Piffer, and Adriano, 2013), by which children
intuitively recognize small numerosities and map them to long-term mem-
ory models of singularity, duality and plurality (Carey, 2000). Thus, Carey
argues that these early models of numerosity, based in long-term memory,
later become available for one-to-one mappings with the appropriate numer-
ical lexicon (Ibid.). The main gist of this argument is to prove that neither
language nor sensorimotoric experience serve as single prerequisites for nu-
merical cognition; Carey even makes the surprisingly strong claim that core
cognition is advanced enough to store, compare and infer different numerosi-
ties even during the first hours of infancy. Thus, it is argued that we gain
an understanding of numerical concepts by experiencing them sensorimotor-
ically and bootstrapping them to mental concepts, regardless of language
(Ibid.).

While Quinian bootstrapping explains ”the ’rich soil of confusion’ the learner
finds herself in when confronted with the realization that current concepts
cannot account for some phenomenon” (Keeler, 2012, p. 7), the inductive
leap that gives rise to new concepts ”remains a mystery” (Ibid.). As such,
Carey’s thesis is easily seen as incomplete––especially by proponents of lin-
guistic determinism.

2.1.4 Subitizing and the OTS

It is my understanding that the debate regarding core cognition has seemingly
reached an impasse, where equally valid points are raised by advocators and
detractors alike. However, there are strong grounds for embracing the notion
of an Object Tracking System (OTS), as advocated by Carey (2000) under
the name of parallel individuation.1 An important implication following from
the notion of an OTS is the fact that the proverbial minefield of core cog-
nition could, potentially, be entirely sidestepped for the time being; instead
substituting this notion with clear-cut neuroscientific and cross-cultural evi-
dence. The following section will present studies that have served to reinforce
this belief and thus made it a staple of numerical cognition.

The OTS is manifested through a phenomenon called subitizing, which en-
ables ”precise, accurate, and seemingly instantaneous enumeration of a small

1Note that there are slight philosophical differences separating the OTS and parallel
individuation, but as these are obscure to even the most seasoned researchers in the field
(e.g. Piazza, 2011), I will not address this question further, but rather treat them as the
same construct.
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number of items” (Hyde, 2011, p. 2). For subitizing, the commonly held be-
lief is that a maximum of four objects (or four groups of objects) can be
perceived and judged correctly without resorting to manually counting each
object (Ibid.), which is to say that subitizing seems to occur before linguis-
tically based reflection. The upper limit of four perceived objects inciden-
tally agrees with cultural studies of numerical cognition, where Ifrah (2000)
has gathered considerable evidence to support that all human civilizations
initially represented the first three numbers (1-3) by iteratively carving or
writing the symbol for ”one”. Where some cultures also denoted the number
4 as the corresponding number of lines, most cultures chose to implement a
separate and arbitrary symbol to denote numbers larger than 3 (Ibid.), which
lends considerable support to the claim that numbers outside the range of
the OTS require explicit counting.

Roitman, Brannon and Platt (2007) argue that a population of neurons in
monkeys’ lateral intraparietal cortex (LIP) ”encodes the number of elements
in a visual array in a roughly monotonic manner” (p. 1678), which is to say
that the members of this neuronal population appear to be consistently trig-
gered when exposed to specific values. On this account, the authors reason
that all numerical neurons in the LIP are individually tuned for ”particular
cardinal values” (Ibid.). This position was confirmed by means of microelec-
trode recording in the monkeys’ LIP, while they were presented with sets of
circles (either 2, 4, 8, 16 or 32) in randomly distributed patterns and sizes.
Roitman et al. found ”encoding of numerical magnitude in the activity of
single neurons” (2007, p. 1680); a compelling result when considering the
two streams hypothesis proposed by Goodale and Milner (1992). They sug-
gest that perceived visual stimuli are separated into pathways for identifying
the ”what” (ventral stream) and ”where” (dorsal stream) of objects (pp. 20-
21)––or the properties of perceived objects and their spatial location. On this
account, it stands to reason that a system concerned with visually tracking
objects through space would employ parts of the parietal cortex that do not
invoke linguistic representation, as in the ventral stream. Likewise, Roitman
et al. propose that ”[q]uantity may thus be another aspect of visual informa-
tion that is processed hierarchically within the dorsal visual stream” (2007,
p. 1680), where the LIP is located.

I have thus far presented compelling evidence to the effect of equating the
OTS with the ability for subitizing, which in turn has been credibly shown to
occur spontaneously and independently of linguistic ability. This position is
especially appealing when considering the ”encoding of numerical magnitude
in the activity of single neurons” (Roitman et al., 2007, p. 1680) in non-
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linguistic primates. At the current stage, however, the universal upper limit
of four objects represented by the OTS is in conflict with the idea of value-
specific numerical neurons. The inevitable question is this: why are more
than four simultaneously perceived objects more difficult to discriminate in-
stantaneously, when exact cardinality is represented by single neurons? To
address this issue, Hyde (2011) has carried out an extensive literary review
on the subject and argues that there in fact are two systems of linguistically
independent numerical cognition.

On Hyde’s (2011) view, there is considerable evidence for ”an innate dif-
ference between small and large number processing” (p. 3). Behavioral
evidence suggests that attention is key in identifying individual objects (e.g.
Lavie, 2005), and Hyde (2011) argues that attentional resources are signif-
icantly constrained above the limit of subitizing. To cope with larger nu-
merosities––without resorting to actual counting––”the set is summarized by
a single mental symbol and properties of the set, or ensemble statistics, will
be calculated, approximate numerosity being one property of the set” (p.
5). This suggests that linguistically independent estimation of numerosity in
fact is possible beyond the capacity of the OTS. However, where subitizing
grants the agent an explicit perception of the exact numerosity of smaller
numbers (a clear intuition, as it were), larger numerosities result in a decid-
edly ”fuzzy” conception, which requires certain verbal mediation to approach
correct approximations of number (Agrillo et al., 2013). Thus, approxima-
tion of numerosities outside the range of the OTS is viable as a means of
non-verbal numerical cognition only when, for example, engaged in finding
the largest of two clearly diverse sets of objects.

2.1.5 Approximation and the ANS

The idea of two separate non-verbal numerical systems is generally supported
throughout the literature, where the OTS is considered to be employed with
”keeping track of individual elements [and] is thought to be called on also to
enumerate precise small quantities (usually up to 3-4 items)”, and the ap-
proximate number system (ANS) represents ”analog magnitudes” (Agrillo et
al., 2013, p. 1). The ANS is believed to not have a lower or upper limit, and is
therefore able to represent virtually any number of objects (Dehaene, 2011).
The existence of an ANS thus brings forth a vital question with disparate
answers: why are two systems necessary at all, when the ANS seemingly has
neither a lower nor higher limit?

Proponents of the two-systems view (e.g. Hyde, 2011; Agrillo et al., 2013;
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Feigenson, 2011) argue that the ANS in fact is limited, but not with re-
spect to upper or lower numerosities. Rather, approximation has been shown
to serve under Weber’s law––discovered in early nineteenth century psy-
chophysics and still a valid means of explaining sensory discrimination, where
”the discriminability of two sensed magnitudes (e.g., two weights) is a func-
tion of their ratio” (Gallistel, 2011, p. 7). This effectively means that the
mental representation of magnitudes is compressed, to allow the approxi-
mate representation of larger sets of objects (Ibid.). In the case of the ANS,
Weber’s law is perhaps most convincingly expressed when participants are
asked to compare and determine the largest of two numerosities; where in-
creasingly larger distances (ratios)––e.g. when comparing 4 and 5 versus 2
and 5 objects (see figure 2)––give rise to shorter reaction times and higher ac-
curacy (Ansari, Garcia, Lucas, Hamon, and Dhital, 2005). This phenomenon
is commonly called the distance effect, and is firmly believed to be contingent
on Weber’s law (Agrillo et al., 2013).

Figure 2: The ratio between numerosities affects response time and accuracy.

Weber’s law and the distance effect are especially apparent in young chil-
dren (e.g. Ansari et al., 2005), and it has been claimed that these phenom-
ena predict performance on numerical discrimination tasks (Cantlon, Platt,
and Brannon, 2009). It has consistently been shown that children require
large ratios when correctly comparing numerosities, and that performance
on smaller-ratio tasks improves over development (e.g. Hyde and Spelke,
2011). Indeed, while infants seem able to discriminate numerosities with a
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ratio of about 1:3, adults are generally able to discriminate at a ratio of about
7:8 (Piazza, 2011). However, OTS capacity is not ratio-dependent and shows
consistent performance over individuals’ entire lives, which––when corrobo-
rated with successful small-numerosity discrimination in preverbal infants
(e.g. Wynn, 1992)––further serves to strengthen the notion of two distinct
systems (Hyde and Spelke, 2011).

There is some opposition to the idea of two independent systems for non-
verbal numerical cognition. A study of rhesus monkeys’ ability for numerical
discrimination by Nieder and Miller (2004) presented a Weberian effect even
for numerosities in the range of the OTS. The monkeys were trained to release
a lever when presented with an equal number of objects (1-7), where correct
answers were prompted with a reward. The authors found no evidence of a
critical degradation in performance outside the subitizing range, but response
time and accuracy diminished gracefully with numerosity––whereby Nieder
and Miller claim that there ”is no need to assume a separate object tracking
process (subitizing) for small numerosities because the continuum of small
and large numbers shows a clear Weber fraction signature” (2004, p. 898).
Furthermore, Cavanagh and He (2011) argue that the spatial configuration
of objects (i.e. tightly grouped or far apart) is of significant importance for
the acuity of spatial attention; which in turn would indicate that spatial at-
tentional load is lessened in the subitizing range due to configuration, not a
separation of systems.

Although the previous arguments provide compelling counter-evidence, Cordes
and Brannon (2009) found that infants performing numerical discrimination
”require a larger ratio when comparing a small and large value than when
comparing two large values” (p. 1591), which the authors believe occurs by
virtue of an inherent threshold in the OTS––a point where the ratio is so
great that the attentional demands escalate dramatically. Additionally, this
result indicates that ”the OTS may be automatically recruited whenever the
number of items falls within its limits, and on some occasions may even mask
the ANS, thus interferring with otherwise perfectly feasible numerical oper-
ations” (Piazza, 2011, p. 271). Surely enough, in accordance with Piazza’s
assertion, the infants were shown to accurately detect changes in number
within the range of the OTS. Indeed, the mere fact that this interference
occurs is, in my opinion, strongly indicative of separate systems and makes a
strong case for acknowledging two systems of non-verbal numerical cognition.

This section concludes what I would like to call a brief history of numer-
ical cognition. I have thus far provided both neuroscientifically and cross-
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culturally based evidence that strongly favors a paradigm where non-verbal
and culturally independent numerical cognition indeed is possible, with the
means of two inherent systems: the Object Tracking System and the Approx-
imate Number System. The following sections of this theoretical background
will serve to elucidate how these systems aid verbally mediated numerical
cognition and how numerical cognition itself is linked to mental representa-
tions of space and time.

2.2 The relationships of space, time, and number

Over the following sections, the link between mental representations of space,
time, and number will be described.

2.2.1 Space and number in the brain

In addition to the influence of Weber’s law and the distance effect in nu-
merical approximation, a third critical factor is the magnitude effect (De-
haene, 2011). While the distance effect brings about deficits in acuity and
response time when comparing two adjacent numbers, the magnitude effect
further diminishes individuals’ performance when ”discriminating two large
numerosities, such as 90 and 100” (Ibid., p. 61).

Remarkably, Dehaene argues that smaller numbers with an equal distance
(e.g. 10 and 20) have been proven easier to discriminate than their larger
counterparts (cf. e.g. Dehaene, Izard, Spelke, and Pica, 2008; Dehaene,
2003). These results have been taken to suggest that number is mentally
represented in a spatial manner, and that this representation compresses nu-
merosity logarithmically (i.e. larger numbers are more tightly grouped along
the spatial continuum; Dehaene, 2011). Such a neural disposition would pro-
vide a satisfying answer to the occurrence of a magnitude effect, as larger
numbers become more narrowly spaced and thus generate distance effects of
their own––whereby the equal distance between 10 and 20 versus 90 and 100
in fact does not apply.

2.2.2 Spatial-Numerical Association of Response Code

In 1993, Dehaene, Bossini, and Giraux provided empirical support for what
would come to be known as the Spatial-Numerical Association of Response
Code (SNARC), which fueled the notion of a spatial representation of num-
ber. While the experiment originally set out to examine how participants
determined numerical parity (i.e. whether the presented digit was odd or
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even), they found a strong link between parity judgment and numerical mag-
nitude. The experiment was designed so that either a leftward or rightward
key on a computer’s keyboard was used to determine whether numbers in the
0-5 range and 4-9 range were odd. After several such experiments with small
variations––to test whether response keys or the task itself gave rise to con-
flicting data––Dehaene et al. found that numbers in the lower range (i.e. 0-5)
elicited faster and more accurate responses with the leftward key, and that
numbers in the higher range (i.e. 4-9) elicited the same characteristics when
using the rightward key. This pattern was shown to apply even when partic-
ipants’ hands were crossed, which the authors have taken to suggest that the
results are task-invariant. However, the foremost consequence of this study
is the empirical support for a mental number line, because the result––in
the authors’ own words––”bears a natural and seemingly irrepressible cor-
respondence with the left-right coordinates of external space” (1993, p. 394).

Göbel, Shaki, and Fischer (2011) provide culturally grounded evidence for a
spatial representation of number in their spatial experience hypothesis. Based
on an extensive literary review of cultural and linguistic influences in numer-
ical processing, the authors argue that the spatial mapping of number seems
to be a universally predisposed neural heuristic in all humans, although with
some local variations. For instance (cf. Göbel et al., 2011 for an abundance
of cross-cultural examinations of the SNARC effect), the authors refer to
Zebian’s (2005) study of the SNARC effect in Arabic monolinguals, where it
was shown that ”reading and writing from right-to-left gives rise to a Reverse
SNARC” (Zebian, 2005, p. 176). The reversed SNARC effect (i.e. the num-
bers ascend in a leftward direction on the mental number line) seems therefore
to be grounded in cultural mediation, as ”this effect was not significant in
either the Adult Arabic-English/French Biliterate group or in the English
Monoliterate group” (Ibid.). To this effect, Göbel et al. contend that spa-
tiality and spatial representations are shaped by cultural practices, and that
”[d]ifferent spatial experiences (e.g., reading direction or finger counting) lead
to cross-cultural differences in the spatial representation of numbers” (2011,
p. 560).

It seems that a strong case can be made for an inherent mental number
line, based on the magnitude effect and the empirically sound SNARC effect.
In addition, it is reasonable to believe that ”abstract concepts are typically
understood, via metaphor, in terms of more concrete concepts” (Lakoff and
Núñez, 2000, p. 41)––and as all humans are invariably situated in environ-
ments where spatiality is instantly apparent, its use as a cognitive heuristic
makes ample sense. However attractive this notion may seem, it is still sub-
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ject to some criticism.

2.2.3 The culturally mediated mental number line

Núñez (2011) claims that the idea of a mental number line is objectionable
on historical grounds. He suggests that ”[e]vidence of the use of number
lines should be overwhelming” (p. 654), yet remains conspicuously absent
until the year 1685. It was during this year that John Wallis published his
Treatise of Algebra, and Núñez argues that the novelty of the number line, as
presented by Wallis, is described ”with detailed and careful––almost redun-
dant––explanations of how to generate and use a number line mapping” (p.
657). The gist of Núñez’s argument is thus that the concept must have been
foreign to mathematicians at that time, to warrant such detailed commentary.
While this is somewhat peculiar as a stand-alone argument, some suspicion
is justified when coupled with the argument that neither Babylonian nor
Greek mathematicians seem to have utilized number line mapping, despite
their extensive work in geometry and algebra (Núñez, 2011). Furthermore,
Núñez raises a valid point when considering the ubiquity of a mental number
line, which would then have to manifest itself ”(1) throughout the history
of humankind and (2) in all cultures around the world” (p. 664). These
arguments do not, however, contend the existence of mental number lines.
Rather, Núñez argues that the spatial mapping of number is a cultural inven-
tion which––when influenced by reading and formal education––strengthens
the joint conceptual notion of number as space. In effect, the argument is
not dissimilar to the previously presented view of Göbel et al. (2011), but
emphasizes the distinct role of culture––not predisposed neural circuitry.

Conflicting evidence is notably found in studies of indigenous Amazonian
tribes by Pica, Lemer, Izard, and Dehaene (2004); and Dehaene, Izard,
Spelke, and Pica (2008). Both groups travelled to the settlements of the
Munduruku tribe with two varying––yet similar––purposes: investigating
whether language is a key factor in calculation, and whether the locals had
a biologically predisposed intuition of the mental number line. In a numer-
ical discrimination task, with two sets of dots ranging from about 20 to 80,
Pica et al. (2004) found that the Munduruku were only slightly less accurate
than the French control group. Such empirical evidence alone should per-
suade proponents of linguistic determinism to consider the validity of their
claims, but Pica et al. performed two additional tasks to further strengthen
their findings. These tasks consisted of addition and subtraction, where the
Munduruku were shown to perform in a range of about 80-100 percent correct
answers. The most interesting result, however, is that the Munduruku per-
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formed considerably worse when subjected to larger numbers––in accordance
with Weber’s law, the distance effect and the magnitude effect. While the
French control subjects seemed to overcome this number line compression
by employing exact representations of number and formal arithmetic, the
Munduruku participants’ lack of these concepts seems to have encouraged
the approximative spatial-numerical, number line representation.

To further probe the Munduruku tribe’s mental representation of space and
number, Dehane et al. (2008) performed a spatial-numerical mapping task
with a total of 33 children and adults. Here, participants were asked to deter-
mine where––on a visually presented horizontal line––the current numerical
stimulus ought to be placed. To aid the participants, the leftmost point
on the line consisted of a single dot, while the rightmost point consisted of
ten dots. The stimulus material was presented either in ”sets of dots, se-
quences of tones, spoken [Munduruku] words, [or] spoken Portuguese words”
(Ibid., p. 5), and participants were asked to simultaneously point to the ap-
propriate location on the line. Dehaene et al. found a ”significant positive
correlation between stimulus number and mean response location, regardless
of the modality in which the numbers were presented” (Ibid.). Even though
statistical analyses generally show a linear mapping of number and space in
Western participants, the Munduruku were observed to compress mappings
logarithmically, in a Weberian fashion––as when performing numerical dis-
crimination and arithmetic (Pica et al., 2004). Following on these outcomes,
Dehaene et al. (2008) argue that ”the mental revolution in Western chil-
dren’s number line does not result from a simple maturation process” (p. 8);
the linearity of the mental number line is rather a cultural adaptation, which
aids thinking about number and numerosity. Yet, the Mundurukus’ clear
intuition of spatial mapping supports the idea of a logarithmic mental num-
ber line, and an inherent mental capacity to grasp even a linear variation,
which in my opinion provides adequate grounds to counter Núñez’s (2011)
criticism.

2.2.4 When time is space and number

Although somewhat debated, the link between space and number is generally
accepted within the community of numerical cognition (cf. e.g. Dehaene et
al., 2008; Göbel et al., 2011; Dehaene, 2011; Bonato et al., 2012). The follow-
ing section will present how time––the third and last piece of the puzzle in
Walsh’s ATOM (2003)––has been shown to interact, interfere, and identify
with representations of space and number.

14



A first line of evidence for the ubiquity of temporality in representations
of space and number comes from Burgess, Schuck, and Burgess (2011). The
central claim in the authors’ thesis is that the mental representation of time
differs from that of space and number, where the latter are represented in the
form of object tracking, analog magnitude, and mental number lines. Time,
however, is believed to be an emergent phenomenon which relies on spatial
information, where visually perceived stimuli (although I would argue that
this applies to any sensory perception of objects) cause oscillatory spikes in
neural clusters concerned with identifying objects and distances (e.g. the
medial entorhinal cortex and intraparietal sulcus). These spikes are in turn
separated by a temporal interval, which the authors believe then causes a
phase code––an interval of time between neural spikes contrasting the base-
line rhythm (Ibid.). Thus, Burgess et al. claim that spatiality directly affects
perceived temporality; an idea with strong ties to Piaget’s (1952) notion of
sensorimotor interaction as key in understanding the world (cf. Dehaene,
2011). This hypothesis is further sustained by Wittman (2009), who argues
that ”[t]he strong relationship between effect and time is not only an every-
day experience of everyone but it is also well documented by many empirical
studies” (p. 1963).

Time is represented spatially in the form of ”graphs, time-lines, orthogra-
phy, clocks, sundials, hourglasses, and calendars” (Boroditsky, 2011, p. 333).
Our penchant for representing time spatially seems to give credence to the
argument put forth by Burgess et al. (2011). While the proposed model is
all but set in stone, the basic notion of joint space-time enjoys considerable
support throughout the literature. For example, a seminal review by Bonato
et al. (2012) explores ”when time is space” (p. 1), in search of material proof
for such a joint means of representation. In addition to the idea of a mental
number line, the authors contend that time, too, is represented along a spa-
tial continuum––the mental time line (Ibid.). To support this notion, Bonato
et al. (2012) present influential studies by Santiago, Lupiáñez, Pérez, and
Jesús Funes (2007), and Bueti and Walsh (2009). I will proceed by examining
these studies in detail.

2.2.5 The culturally mediated mental time line

A highly called for, cultural examination of the language constituting our
everyday communication of time is provided by Santiago et al. (2007). The
authors appeal to the claim that ”[e]veryday conversations provide many
examples that seem to imply that people locate the past behind them and
the future in front of them, and that they think of time as a movement
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from one (past) location to another (future) location” (p. 512). A similar
idea is raised by Miles, Nind, and Macrae (2010), who argue that ”mental
time travel has an observable behavioral correlate––the direction of people’s
movements through space” (p. 223). Considering the prevalence of expres-
sions such as ”back when I was 10” or ”the train was ahead of schedule”,
a substantial question entails the idea of spatially represented time: is time
exclusively conceptualized in the sagittal plane (i.e. from rear to front)?

In answer to this question, Santiago et al. set out to examine whether par-
ticipants exhibited signs of representing time in a ”left–past right–future
conceptual metaphor” (Ibid.). 32 participants were recruited and sequen-
tially presented with a set of words on a computer screen (24 in total; 17
tensed verbs). Aided by two lateralized keys on the computer’s keyboard (F
and J ), their objective was to determine if the perceived word represented
the past or future tense. Two conditions were examined: in the congruent
condition, participants were asked to press the leftward key for past tense
and the rightward key for future tense. In the incongruent condition, the
participants were asked to correlate future tense with the leftward key and
past tense with the rightward key. Additionally, the words were presented
either to the left, in the center, or to the right of the screen, which partici-
pants were told was ”irrelevant to the task” (p. 513). Santiago et al. found
that the congruent condition promoted higher accuracy and shorter response
time, coupled with a ”trend toward an interaction between meaning and
screen position” (p. 514) when the words were presented in a similarly con-
gruent fashion (i.e. leftward placement of past tense, rightward placement of
future tense). On these grounds, the authors claim that ”thinking of the ab-
stract domain of time leads to the activation of concrete spatial concepts” (p.
515), or––in other words––plausible support for the notion of a mental time
line, influenced by a culturally dependent SNARC effect (cf. Dehaene et al.,
1993; Zebian, 2005). This phenomenon was later named the STEARC (Spa-
tial–Temporal Association of Response Codes) effect, and has been argued
to provide a strong behavioral correlate of the mental time line (Ishihara,
Keller, Rossetti, and Prinz, 2008).

Continuing on the narrative stipulated in Piaget’s (1952) sensorimotor inter-
action, Bueti and Walsh (2009) likewise argue that ”development of magni-
tude processing proceeds by interactions with the environment and is there-
fore closely linked with the motor reaching, grasping and manipulating of
objects” (p. 1836). Ultimately, this view gives rise to the assumption that
action is the driving force that serves to instill our understanding of space
and time (Bueti and Walsh, 2009). Becuase this understanding is contingent
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on experience, young children have been observed to, for instance, confuse
the effects of space on time. Stavy and Tirosh (2000) designed an experi-
ment where children were asked to determine which, of two unevenly sized
trains, would be the first to reach a station. Although the trains were clearly
shown to travel at the same rate and distance, the participants most com-
monly suggested that the larger train would be the first to arrive. Following
on interviews with physics teachers, the authors argue that children often
tend to apply ”the intuitive rules ’More A–More B’ and ’Same A–Same B’”
(p. 100). While such assumptions in many cases turn out to be true (e.g.
a larger engine usually makes a car go faster), experience gained from real-
world observations and cultural effects, such as formal education, eventually
teaches children that the relationship between space and time is subject to
irregularities. However, of most interest here is the fact that judgments are
made upon these intuitive rules in the first place, which serves to give cre-
dence to the notion of joint representations of time and space, and––as a
possible consequence––a mental time line.

The idea of a mental number line has met some criticism, which in my
opinion also applies to the mental time line. Fias, van Dijck, and Gev-
ers (2011) argue that the mental number line was initially designed as a
metaphor, and while the behavioral effects in judgments of time and number
remain undisputed, the authors see no convincing proof of spatiality as the
key component. Rather, Fias et al. argue that working memory contains
serial positions, ”with items in the initial positions being associated with left
and items towards the end of the working memory sequence being associated
with right” (p. 140). The authors then go on to suggest that the prevalence
of the SNARC and STEARC effects is not due to an inherent number (or
time) line, but rather a consequence of storing ”numbers in working memory
as part of the task set and that, in doing so, [participants] systematically
order numbers as a function of their numerical magnitude, maybe as a help-
ful way of extending working memory capacity” (p. 141). However, such a
mental heuristic is implausible in two respects: firstly, how does the left-to-
right order of working memory explain the reversed SNARC effect in Arabic
monolinguals (cf. Zebian, 2005), and secondly, would SNARC-based task
performance gradually improve over time, when more task-relevant numbers
are committed to working memory? The first question is contested with
the claim that ”the positional working memory account easily explains this
flexibility, although at this point it is not clear whether reading direction
determines how the numbers belonging to the task set are positionally coded
in working memory or, alternatively whether it is the position-space associ-
ations that are influenced by reading direction” (Ibid.). While this stance
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offers no impressive foundation for the serial working memory hypothesis, it
is dealt yet another blow by the fact that previously reviewed studies (e.g.
Pica et al., 2004; Dehaene et al., 2008) show no apparent increase in ability
for the mapping of number on horizontal lines. Thus, two disparate conclu-
sions are available for consideration: working memory either instantly stores
a large range of numbers serially (which is somewhat conflicted by claims
that working memory capacity is limited; cf. Cowan, 2001), or that number
(and time) is, in fact, represented spatially.

For final consideration on the matter, Lakoff and Núñez (2000) claim that
”[o]ne of the principal results in cognitive science is that abstract concepts
are typically understood, via metaphor, in terms of more concrete concepts”
(p. 40). A conclusion to be drawn upon this argument is that the intuitive
”More A–More B” mappings of children, or the logarithmically based intu-
ition of number line mapping in the Munduruku, easier lend themselves to
the instantly apparent and readily embodied notion of space. A cautionary
note, however, is that working memory has been seen to mediate the transi-
tion from logarithmic to linear number lines (Booth and Siegler, 2008)––yet,
it seems to be of considerably less importance to the initial, logarithmically
”fuzzy” conception of the mental number line (Geary, Hoard, Nugent, and
Byrd-Craven, 2008).

2.2.6 Time and number

The association of time and number may not be as readily apparent as the one
between time and space. Although the representation of time in numerical
units is ubiquitous in everyday life, the converse––representing numbers tem-
porally––is far less common, and one often struggles to think of situations
where such an approach may apply. When investigating the link between
these dimensions, researchers often employ dual task experiments where par-
ticipants are asked to, for instance, estimate the duration of a certain stimulus
while presented with a task-irrelevant numerical stimulus (cf. Walsh, 2003).

A strong case for the commonalities in space-time and number-time pro-
cessing was made by Dormal, Seron, and Pesenti (2006). Participants of the
study were asked to perform two tasks: ”a numerosity comparison and a
duration comparison of two successive series––constituting a pair or a stim-
ulus––of visually flashing dots” (p. 113). Moreover, each task was designed
with a series of pairings: congruent (where the duration of more numerous
dots was longer), neutral (where, in the numerosity comparison task, dura-
tion was fixed to 1500ms and; in the duration comparison task, numerosity
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was fixed to 6 dots), and incongruent pairing (where the duration of less
numerous dots was longer). The authors reasoned that such a design would
elucidate ”whether and how the temporal cues interfered with the processing
of numerosity, and inversely whether and how the numerical cues interfered
with duration processing” (p. 121). Dormal et al. found that the dots’
numerosity facilitated duration estimation in congruent trials, and impaired
duration estimation in incongruent trials. This phenomenon was later termed
the TiNARC (Time–Numerical Association of Response Codes) effect (Kiesel
and Vierck, 2009), due to its close resemblance of the SNARC effect, and as
such further motivates the notion of joint number-time processing.

Although Dormal et al. (2006) argue that their results indicate interferences
at the processing stage, Kiesel and Vierck (2009) observed TiNARC at ”the
levels of response initiation and execution” (p. 275). Notably, Kiesel and
Vierck found that congruency between number magnitude and duration ”led
to faster responses than did incongruency” (p. 278), in accordance with the
findings of Dormal et al. (2006). However, it was found that slightly altered
response requirements gave rise to the same effect, where participants were
asked to both press the appropriate key when judging numerical magnitude
(i.e. the left key for smaller numbers; the right key for larger numbers) and,
correspondingly, pressing the response key ”for either a short or a long du-
ration” (p. 275). The authors argue that the faster reaction times observed
in this condition ”provide information about response execution by allow-
ing one to compare response durations for small and large magnitudes” (p.
276), which effectively means that the common magnitude code for action
simultaneously activates estimations of time and magnitude judgment dur-
ing action––not necessarily during perception. This perspective nonetheless
agrees with that of Bueti and Walsh (2009), and Piaget (1952), who argue
that action is key in understanding the dimensions of the generalized mag-
nitude system.2

In line with the intuition that numbers can be used to represent time but not
conversely, Dormal et al. (2006) did not find any facilitating or impairing
effects of temporality in numerosity comparison. This curious asymmetry of
time and number has led some researchers to believe that a generalized mag-
nitude system for space, time, and number may very well be partly shared
”among dimensions, instead of the proposal of a single, fully shared system”

2While the particular consequences of response-level interferences may affect the current
understanding of the generalized magnitude system, I believe this thread of inquiry to be
outside the scope of this thesis and, as such, leave it open for future research.
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(Cappelletti, Freeman, and Cipolotti, 2011, p. 3078), consisting of ”a stable
hierarchy of dimensions, with numbers being the strongest” (Ibid.). To ex-
amine this idea further, Cappelletti et al. performed a series of experiments
with two individuals suffering from lesions in the left (patient JT) and right
(patient CB) parietal lobes, and 24 healthy control participants. A strong ra-
tionale for such an approach is found in the peculiar symptoms of the afflicted
participants JT and CB, who suffered from deficits in general numeracy skills
and arithmetic; and estimation of time, respectively. Thus, the participants
provide a means for conducting double dissociations of temporal and numer-
ical abilities. A total of nine experiments were performed, and were split
into three principal conditions: discrimination of numerosity, discrimination
of time, and discrimination of line length. In the first two conditions, partic-
ipants were asked to determine either the on-screen duration or amount of
a set (9-100) of colored circles, or a set of Arabic numbers (ranging from 9-
100). When testing for discrimination of line length, participants were asked
to determine either the longest duration of two sequentially presented lines,
or which of these two lines was longer in length. The reference line (i.e. the
first line to be presented) was additionally preceded by a prime, which could
be a number, a non-numerical symbol (e.g. ”#”) or letters A-Z (Ibid.).

Cappelletti et al. found that the performance of JT or CT differed––sometimes
dramatically––from the control group. Essentially, JT’s performance was di-
minished when judging the duration of Arabic numbers, which is to say
that the presence of cardinal numbers considerably impairs JT’s capacity for
temporal discrimination. Such an effect was not found in the spatial con-
dition (i.e. discrimination of line length), where JT ”was equally accurate
at discriminating the length of two line stimuli whether they were preceded
by task-irrelevant numerical primes or by a non-numerical prime” (Ibid., p.
3089). For CB, the rather critical deficit in temporal estimation led him
to consistently misjudge durations of both Arabic numbers and circles. CB
was, however, perfectly capable of identifying the longest of two lines in any
given condition, and generally performed numerosity estimation––regardless
of stimuli––at a level comparable to the control group. On these grounds,
Cappelletti et al. argue that ”asymmetric relations between magnitude di-
mensions”––i.e. space, number, and time––”are due to intrinsic differences
between these dimensions, with numbers thought to be a more salient di-
mension or more automatically accessed relative to time” (p. 3090). In my
opinion, this conclusion can be perceived as suggesting that the very notion
of time is highly contingent on number, primarily, but––as manifested by
JT’s and CB’s success in the spatial condition––on space as well.
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While the contrasting theories of dimensional hierarchies and contingencies
are yet to be adequately resolved, archaic cultural practices may very well
provide answers to guide future studies in neuroscience. One such practice is
the ubiquity of calendrical timekeeping, which has been traced as far back as
the Upper Paleolithic period––roughly between years 50000-10000 BC (De
Smedt and De Cruz, 2011). Although one would suppose––by modern stan-
dards––these artifacts to be naive and arbitrary conceptions of time, they in
fact comprise startling evidence for early intuitions of mental and material
time lines (Dehaene, 2011). Most notably, the lunar calendars of the period
exhibit the staggering representational accomplishment of its creators. The
majority of these calendars represent lunar cycles in consecutively notched
lines, describing the number of days in a cycle. Perhaps even more remark-
able, however, is the fact that the notches are grouped in subsets, sometimes
even plotted alongside linear patterns, corresponding to what present-day
calendars would define as one or two month intervals (De Smedt and De
Cruz, 2011). It therefore seems like the human cultures of the Upper Pale-
olithic not only understood time; they were able to denote and communicate
it through spatial and numerical representations!

The preceding sections have served to distinguish a firm link between the
dimensions of number, space, and time, based on promising advances in neu-
roscience and compelling cultural phenomena. With these intuitions in place,
I will now proceed to dissect one of the leading theories in the field of nu-
merical cognition––A Theory Of Magnitude (Walsh, 2003)––and the studies
that have both strengthened and weakened its appeal.

2.3 ATOM: space, time, and number in the brain

A critical paradigm shift in the field of numerical cognition took place in
2003, when Walsh published an article by the name of A theory of magnitude:
common cortical metrics of time, space and quantity. Although the notion
of common cortical metrics was far from new at the time, and in fact can be
traced back to approximately the early 1950s (e.g. Critchley, 1953), Walsh’s
approach was revolutionary in the sense that it suggested fully shared neural
mechanisms for the three dimensions of space, number and time––whereas
earlier theories predominantly focused on the relationships between time and
number, time and space, or space and number (Walsh, 2003). Though ear-
lier research had essentially served to generate ”three separate literatures”
(p. 483), Walsh argues that it had neglected to study these representational
capacities in a broader, but self-evident, joint three-dimensional context (see
figure 3).
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Most of the conceptions put forth by Walsh in this seminal article have
since then been thoroughly researched and are today generally supported.
For instance, Walsh argued that the ubiquity of the distance effect made
a strong argument for a mental number line, and thus for a joint repre-
sentational capacity for space and number (cf. section 2.2). Furthermore,
Walsh contended the joint representational capacity of time and quantity
with regards to studies of dual-task experiments and temporal or numerical
interference (cf. section 2.2.6). Finally, Walsh argued that ”[t]ime and space
are seldom considered together, but what little evidence exists suggests that
spatial factors do affect the perception of time and other magnitudes” (p.
484). However, as recent studies have increasingly corroborated the notion
of joint time-space processing (cf. section 2.2.4), this preconception could still
be argued to apply as a credible foundation of Walsh’s ATOM. While these
arguments, by themselves, provide no conclusive grounds for embracing the
joint, three-dimensional view; ATOM was also highly influential in its presen-
tation and delimitation of previously compiled neuroscientific data––serving
to identify and link the cortical areas of interest.

Figure 3: The schema for magnitude processing, as proposed by Walsh (2003)

22



The following sections will present a number of neuroscientific studies which
have shaped the current general perception of three key cortical areas, be-
lieved to make up the foundation of a generalized magnitude system: the
frontal lobe, the parietal lobe, and especially the intraparietal sulcus.

2.3.1 The frontal lobe

The frontal lobe, located in the most anterior region of the brain, provides
several key elements in magnitude-related tasks. It is commonly believed to
be the locus of executive and attentional functions (cf. Cappelletti et al.,
2011), and is of imperative significance in the sorting and judgment of task-
relevant versus task-irrelevant stimuli (Rusconi, Bueti, Walsh, and Butter-
worth, 2011). Recall patient JT, presented in section 2.6.2, whose ”[f]rontal
executive functions were impaired” (Cappelletti et al., 2011, p. 3080). JT’s
performance on tasks regarding temporal discrimination was considerably
impaired by task-irrelevant numerals, suggesting an inability for accurate at-
tendance to relevant stimuli. Containing a number of pre-motor areas, the
frontal lobe is also an essential component ”in object manipulation or grasp-
ing” (Oliveri et al., 2008, p. 308); and constitutes a first stage of motor
planning which is dependent on in situ understanding of quantity, space and
time (Ibid.).

The frontal lobe has been shown to provide crucial support to the spatial
representation of number (Rusconi et al., 2011). In particular, the right in-
ferior frontal gyrus (see figure 4) is believed to be of utmost importance to
the mental number line, and participants receiving rTMS (Transcranial Mag-
netic Stimulation) over the area experienced significant deficits in SNARC
performance––i.e. participants did not respond faster to lower values with
the left button and vice versa––when deciding whether a presented number
(1-9; 5 excluded) was larger or smaller than 5 (Ibid.).

Rusconi et al. (2011) additionally found that rTMS over the right frontal eye
field (see figure 4) eliminated the SNARC effect for numbers in the subitizing
range (i.e. 1-4), suggesting that ”right anterior areas play an important role
in numerical space processing during explicit magnitude comparison” (p. 10),
and that the simultaneous deficits in proper engagement of both rightward
and leftward mental number space indicate a ”right-hemisphere specialisa-
tion for magnitude judgment” (Ibid.). Thus, a joint frontal system seems to
be an important source of the linear mental representation of number, and
crucial in determining the numerosity of perceived objects.
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Figure 4: The right inferior frontal gyrus (highlighted in yellow) and right
frontal eye field (highlighted in blue).3

2.3.2 The parietal lobe

The parietal lobe (see figure 5) is commonly believed to be employed when
decoding sensory inputs (e.g. bodily sensations, language, analysis of motion
and spatial relations, analysis of form and color) for future action, whether
it be the application of motor skills or further cognitive processing (Purves,
2008). Indeed, as home to the primary somatosensory cortex, the parietal
lobe is an apt candidate for considering joint magnitude representations.
This is in line with Walsh’s ATOM (2003), where he argues that ”the infe-
rior parietal cortex is the locus of a common magnitude system” (p. 484).

Recent neuroscientific studies have primarily shown the parietal lobe’s role in
effecting ”the processing of duration and numerosity” (Dormal et al., 2006).
However, in a study which would later come to inform ATOM, Göbel, Walsh,

3”Frontal lobe animation.gif” by Life Science Databases is licensed under CC-BY-SA-
2.1-jp.
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and Rushworth (2001) found that the parietal cortex also was vital in rep-
resenting spatiality, along with duration and numerosity. Here, the authors
applied rTMS to participants’ left or right angular gyrus (located in the
parietal lobe; see figure 5) while performing a number comparison task. The
participants were asked to indicate whether the on-screen digit was larger
or smaller than 65 (stimuli ranged from 31-99; excluding 65), by using ei-
ther a leftward or rightward key (representing ”less than” or ”more than”,
or the converse, depending on the current experimental condition). It was
found that ”[l]eft and right angular gyrus rTMS led to impaired and slower
performance on the number comparison task when judging numbers from 31
to 99” (p. 1286). Additionally, the authors found that rTMS over the left
angular gyrus gave rise to an effect mirroring that of rTMS over the right
frontal eye field (cf. Rusconi et al., 2011; section 2.7.1): instead of deficits in
the leftward range of the number line, performance in the rightward range
(i.e. numbers larger than 65) was shown to be considerably impaired (Göbel
et al., 2001). The authors conclude that ”within the left angular gyrus the
representation of number appears to be spatial in nature” (p. 1287).

Figure 5: The parietal lobe, the angular gyrus (highlighted in yellow), and
the intraparietal sulcus (highlighted in blue).4
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Taken together, the studies presented in sections 2.7.1 and 2.7.2 seem to
indicate a cortically distributed magnitude system, with no distinct locus.
Although the evidence thus far seems to indicate the existence of joint repre-
sentational magnitude system, its functional components are still shrouded
in mystery. However, recent studies have begun to implicate the intrapari-
etal sulcus (IPS; see figure 5) as a promising candidate locus, where the three
dimensions may very well interact. Cohen Kadosh and Walsh (2009) argue
that ”[n]euronal populations coding for numbers are highly distributed in the
IPS, and also highly overlapping with representations of other magnitudes”
(p. 323), which would further endorse such a notion.

The intraparietal sulcus has been shown to be active in both non-verbal and
verbal number discrimination, addition, subtraction (Park, Park, and Polk,
2013), tasks where the mental number line manifests itself (e.g. when test-
ing for the SNARC effect; Priftis, Zorzi, Meneghello, Marenzi, and Umiltà,
2006), and the perception and judgment of time (Alexander, Cowey, and
Walsh, 2005). Although undoubtedly contingent on other cortical regions,
these patterns of activation in the intraparietal sulcus represent a promising
line of inquiry for future research, and the area may very well turn out to be
the central mechanism for transforming representations of space, time, and
number (cf. Bonato et al., 2012).

2.3.3 Considering culture and language

Taken together, the presented studies seem to predominantly favor the notion
of a generalized magnitude system, although its structure and functionality
remain highly debated. In the absence of definitive neuroscientific data, I
believe that once again turning to cultural and linguistic phenomena may
serve to present how a generalized magnitude system is recruited in situ,
thus contributing a second line of evidence––or refutation––of ATOM.

Lourenco and Longo (2011) argue, based on previous studies of numerical
cognition in children (e.g. Opfer, Thompson, and Furlong, 2010; Berch,
Foley, Hill, and McDonough Ryan, 1999), that the spatial representation
of number may stem from culturally mediated practices and is, seemingly,
cognitively opaque to children under approximately nine years of age. How-
ever, younger children seem able to grasp the spatial concept of number if
explicitly asked to determine whether one of two simultaneously presented
stimuli is more or less numerous, which evokes parallels to Piaget’s num-

4”Parietal lobe animation.gif” by Life Science Databases is licensed under CC-BY-SA-
2.1-jp.
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ber conservation task (1952) and the more recent replication by McGarrigle
and Donaldson (1974; cf. section 2.1.2). On these grounds, one could argue
that the unpredictable results stem mainly from semantically grounded mis-
understandings (i.e. the question is posed in a manner which children are
unable to understand, or do not consider to be genuine). The notion that a
spatial representation of number derives from educational experience during
early school years would, however, be incompatible with findings of ancient,
sophisticated lunar calendars; which contain both numerical and spatial rep-
resentations of time (cf. section 2.2.6).

Cultural adaptations to various mathematical operations provide unparal-
leled insight to the human intuition of space, time, and number. In a study
of the Australian Aboriginal tribes Warlpiri and Anindilyakwa, Butterworth,
Reeve, and Reynolds (2011) set out to determine whether a mental repre-
sentation of space could serve as a substitute for verbal counting practices,
as these tribes lack words to describe large numerical quantities. The au-
thors presented ”13 Warlpiri-speaking children, 10 Anindilyakwa-speaking
children, and 9 English-speaking children from Melbourne” (p. 632) with a
nonverbal addition task, where the objective was to observe the number of
objects placed onto a covered mat (to prevent the children from simultane-
ously observing the referential goal state), and then arranging their own mat
in the same way. This was reasoned to be analogous to verbally mediated
calculation of expressions such as 1 + 4, 3 + 3, and 4 + 2 (Ibid.; see figure 6).

While the experimental design is arguably better suited for memory-based
tasks, and an explicitly apparent link to mathematical ability is curiously
absent, Butterworth et al. nonetheless reason that ”counting words, far from
being necessary for exact arithmetic, offer one strategy among others” (p.
630). The results seem to corroborate such a notion, as the Aboriginal chil-
dren consistently ”solved more nonverbal addition problems correctly” (p.
634), and the older children performed better than their younger peers. Al-
though the experimental design’s means of explaining arithmetical ability is
somewhat obscure, there is nonetheless yet some important food for thought
presented by the authors, that could serve to explain some of the cultural
dispositions necessary for numerical cognition.

The limited numerical vocabularies of the observed Aboriginal tribes are
interesting in two respects: the mere fact that the absence of words for
large quantities (i.e. most commonly larger than three or four) has not been
amended; and the comparatively larger numerical lexicon in the Anindilyakwa
tribe. Indeed, whereas the Warlpiri have been shown to express numerosity in
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terms of singular, dual plural, and greater than dual plural, the Anindilyakwa
additionally employ words for trial, five, ten, fifteen, and twenty (Butter-
worth et al., 2011). The expanded numerical lexicon of the Anindilyakwa
has been suggested to be a result of interactions with Indonesian traders,
who presumably introduced the tribe to such words in order to efficiently
conduct business (Ibid.).

Figure 6: The experimental task in Butterworth et al. (2011).

While seemingly important for numerical cognition, culture and language may
also cause difficulties in expressing intuitively grounded concepts. A study
by Goldin-Meadow (2006) showed that school-aged children who produce
mismatches between speech and gesture, when reasoning about arithmetic,
”have information relevant to solving the task at their fingertips and could, as
a result, be on the cusp of learning the task” (p. 367). The author gave nine
and ten year old children a problem of ”the 4+5+3=[x]+3 variety” (Ibid.),
and found that some children ”produced gestures that did not match their
speech” (Ibid.). It was argued that these children were more susceptible to
instruction than their peers, and that the concept––although linguistically
unavailable at the time––seemed intuitively based on a current conception of
numerical cognition.

Likewise, Brannon and Merritt (2011) argue that language may be key in
causing interferences and asymmetrical relationships between dimensions (cf.
section 2.2.6). Although the previous sections of this thesis primarily high-
lighted the asymmetries of time and number, Brannon and Merritt also de-
scribe an asymmetry between ”space and time, with spatial manipulations
influencing judgments of time more than the reverse” (p. 216). To exam-
ine whether this effect was contingent on language, Merritt, Casasanto, and

28



Brannon (2010) performed a study on ”two rhesus monkeys and 16 adult hu-
mans in a nonverbal task that assessed the influence of an irrelevant dimen-
sion (time or space) on a relevant dimension (space or time)” (p. 191). Two
concurrent hypotheses were considered; one on the basis of ATOM––which
”posits that space and time are represented via a common magnitude system,
suggesting a symmetrical relationship between space and time” (Ibid.)––and
one on the basis of metaphor theory, which claims that ”representations of
time depend on representations of space asymmetrically” (Ibid.). Partici-
pants were asked to ”classify lines on the basis of both duration and spatial
extent” (p. 193), and the authors found that the monkeys showed a wholly
symmetrical performance on both time and space. The human participants
did, however, experience temporal biases based on line length, which the au-
thors have taken to suggest that ”abstract domains like time are structured,
in part, by mappings from more concrete domains like space” (p. 201). As
this effect was not found in the monkeys’ performance on the task, there is
reason to believe that ”space and time are represented by a common metric
for analog magnitudes” (Ibid.), which would implicate language as the main
cause for asymmetrical representations.

In this last section of the theoretical background, Walsh’s ATOM (2003)
has been examined with a neuroscientifically and a culturally grounded per-
spective. There are, in my opinion, strong claims for ATOM’s validity in
either research area, and although the cultural examinations of ATOM are
few and far between, there is reason to suspect that culture and language sub-
stantially influences our joint conceptual representation of space, time, and
number. The following section will once again demonstrate the key argu-
ments that support and oppose ATOM––albeit in a condensed fashion––and
subsequently present three hypotheses to be considered during the upcoming
fMRI study and discussion.

2.4 Summary and hypotheses

The following section will summarize notable experimental results and points
of discussion that provide key arguments for my hypotheses, which are as fol-
lows:

1) Bueti and Walsh (2009) argue ”that dissociations between [the dimen-
sions] probably tell us more about the strange things we can make people
do in experiments rather than how the brain operates in the real world” (p.
1836). ATOM (Walsh, 2003) therefore takes on a situated perspective of
numerical cognition and argues that the dissociations and hierarchies of di-
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mensions (cf. Cappelletti et al., 2011) are mere happenstance––not indicative
of the true nature of our generalized magnitude system. Coupled with exper-
iments where children tend to confuse a dimension of the magnitude system
with another (e.g. Piaget, 1953; Stavy and Tirosh, 2000), I would argue that
there are strong grounds to contend ATOM’s notion of a fully shared gener-
alized magnitude system––as these data suggest a tight coupling between the
dimensions, where experience, in turn, is required to adequately discriminate
between them. Furthermore, in the same vein as Piaget (1952), Bueti and
Walsh (2009) argue that ”we learn about space and time through action” (p.
1836). This view would therefore, in my opinion, indicate that basic senso-
rimotor interaction with the world teaches us how space, time, and number
interact and how each of these dimensions differ from their analogous mental
magnitude code.

The abstract domain of time is highly susceptible to spatial or numerical
representations. Cultural evidence and neuroscientific studies seem to show
that time is natural to consider in terms of space and number, but that nei-
ther of these are natural to express in means of time (e.g. Cappelletti et
al., 2011; Dormal et al., 2006). This has been suggested as evidence of an
asymmetry between the dimensions (Cappelletti et al., 2011), but I argue
that these results could taken to suggest that time, as an abstract domain,
is deeply intertwined in the fabric of the generalized magnitude system, and
thus needs to be part of a fully shared neural mechanism to make represen-
tational sense.

To summarize, the key claim of this hypothesis is that a common repre-
sentational system and common mechanisms for space, time and number are
fully shared among dimensions.

2) Although linguistic determinism is an improbable stance for numerical
cognition, considering that Weber’s law is obeyed ”across species, develop-
mental stages and tasks” (Bueti and Walsh, 2009, p. 1831), there is reason
to believe that the capacity of the generalized magnitude system is at least
enhanced by language. This notion is predominantly endorsed by compar-
ative studies of humans and animals (e.g. Merritt et al., 2010; cf. section
2.3.4), or studies designed to investigate infants’ concept of number (e.g.
Wynn, 1992; cf. section 2.1.2)––where it is consistently found that acuity
outside the subitizing range decreases, probably due to infants’ and animals’
absence of language. Furthermore, studies of cultures with no expressions
for numbers outside the subitizing range (e.g. the Munduruku; Dehaene et
al., 2008; cf. section 2.2.3) indicates that the concept of cardinal numbers
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is underdeveloped, which could indicate that language mediates the rise in
ANS acuity during development (e.g. Hyde and Spelke, 2011; cf. section
2.1.5).

To summarize, the key claim of this hypothesis is that the fully shared,
joint representational system for space, time and number is available even
though individuals may lack the appropriate linguistic concepts. I argue
that language may, however, broaden the scope of these representations,
thus allowing exact representations of number outside the subitizing range
and granting individuals the possibility of inferring that numerical symbols
equal a certain numerosity.

3) There is reason to believe that language and cultural practices strongly
influence the generalized magnitude system. On the basis of the cultural
SNARC effect (e.g. Zebian, 2005; cf. section 2.2.2), I believe that numerical
cognition is culturally variable. However, the archaic calendrical practices
of the Upper Paleolithic (De Smedt and De Cruz, 2011; cf. section 2.2.6)
and employment of spatial representations as substitutes to number-based
arithmetic (Butterworth et al., 2011; cf. section 2.3.3) would, in my opinion,
suggest that culture constitutes a ”local flavor” (Levinson, 2006, p. 56) that
aids, but does not constrain, abilities for numerical––or general––cognition.

To summarize, the key claim of this hypothesis is that the linguistically
invariant––but perhaps linguistically enhanced––fully shared, joint represen-
tational system for space, time and number is predominantly a result of
nature; a biological predisposition. However, I would argue that although
the generalized magnitude system is biologically grounded, cultural need for
these types of representations is crucial to unlock the system’s full potential
(cf. Sperber, 2006; Butterworth et al., 2011).

3 Research issues

The purpose of this fMRI-based study is to examine the nature of the neu-
ral signals present in three experimental tasks: line-length discrimination
(adapted from Fias, Lammertyn, Reynvoet, Dupont, and Orban, 2003; Agrillo
et al., 2013), time discrimination, and non-symbolic number magnitude com-
parison (adapted from Halberda and Feigenson, 2008; Agrillo et al., 2013)––
consistent with the claim that space, time, and number make up the three
key dimensions of the generalized magnitude system (Walsh, 2003).
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With these data in place, the following objective is twofold: first, a psy-
chophysiological interaction analysis (PPI) will be performed to identify the
cortical areas pertinent to each of the three experimental tasks. Secondly,
a conjunction analysis will be performed to establish the degree of overlap
across the dimensions of the generalized magnitude system. The rationale
behind such an approach is that it simultaneously serves to identify the key
cortical areas active in each dimension––adding to the existing corpus of re-
search on the matter––and the approach may further serve to distinguish
whether these cortical areas are consistently involved during all trials, pro-
viding an indication of the fully or partly shared nature of the generalized
magnitude system.

3.1 Hypothesis

The hypotheses of this study are available in section 2.4. However, of most
pertinence to the fMRI study is hypothesis (1), where I believe that the
generalized magnitude system employs fully shared mechanisms among the
three dimensions. In line with ATOM (Walsh, 2003), I suggest the inferior
parietal cortex to be the central locus of the generalized magnitude system,
whereby the fMRI study could corroborate this notion if the area was seen
to be active during all experimental trials. Such a result would imply that
the generalized magnitude system, although consisting of several key areas
in the brain, centrally processes the analog codes of magnitude, which would
give credence to the notion of fully shared dimensional representations. Ad-
ditionally, frontal areas such as the inferior frontal gyrus and the frontal eye
field should, in line with findings by Rusconi et al. (2011; cf. section 2.3.1),
actively participate in the employment of mental number and time lines, and
the employment of attentional resources.

I do not believe that the fMRI study will serve to elucidate the roles of
culture or language in numerical cognition, as the single participant is ho-
mogenous with regards to general cultural practices and language. However,
I believe that the outcomes of this study will provide further resources to
discuss these areas of interest with more confidence.

3.2 Delimitations and limitations

The participant sample will be limited to one individual (N = 1), as this
thesis is limited in both time and scope. This poses a problem for the ex-
ternal validity of the study, and it will therefore, regrettably, be unable to
adequately contend or argue against the notion of a fully shared magnitude
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system. The rationale behind supplementing this predominantly theoretical
thesis with empirical data is to illustrate the key areas implicated in ATOM
(Walsh, 2003) and provide additional material for further discussion. As
such, the results should be considered as descriptive and exploratory, rather
than validating. A larger participant sample will be available for review in
Skagerlund and Träff (2014, in prep.).

3.3 Expected outcomes

It is reasonable to predict that the tasks in this experiment give rise to BOLD-
signals (Blood Oxygen Level Dependent) mirroring cortical areas concerned
with temporal, numerical and spatial processing. The following section will
outline the areas that I believe will be active during the experimental tasks,
as supported by existing research.

In the case of temporal processing, I believe that the attentional demands
of temporal discrimination would result in activation of the dorsolateral pre-
frontal cortex (cf. Cappelletti et al., 2011). Furthermore, recalling the argu-
ment of serial positions in working memory put forth by Fias et al. (2011;
cf. section 2.2.4), an activation of the dorsolateral prefrontal cortex is highly
probable, as this area has been implicated as a key element in both work-
ing memory and executive functions (Robertson, 2013). The perception and
judgment of time has additionally been observed to elicit activation in the in-
traparietal sulcus (Alexander et al., 2005), which has been argued by––among
others––Cohen Kadosh and Walsh (2009) to be ”a critical area for numerical
cognition” (p. 327).

Regarding numerical processing, Cohen Kadosh and Walsh (2009; cf. section
2.3.2) argue that ”[n]euronal populations coding for numbers are highly dis-
tributed in the [intraparietal sulcus]” (p. 323), making this area probable for
activation during the non-symbolic number magnitude comparison task. It
has furthermore been shown to activate during both non-verbal and verbal
number discrimination, suggesting that the same analog representation of
number is employed regardless of stimulus (Park et al., 2013).

Finally, spatial processing has been seen to elicit activation in prefrontal
areas, perhaps most notably in tasks where the mental number line mani-
fests itself (Priftis et al., 2006; cf. section 2.3.2). I believe that the line-length
discrimination task will particularly bring about activation in the right infe-
rior frontal gyrus and the right frontal eye fields, in line with the results of
Rusconi et al. (2011; cf. section 2.3.1). In addition, spatial processing has
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been observed to employ the intraparietal sulcus, which has been argued to
be ”the neural substrate of the [mental number line]” (Ibid., p. 2269).

The common denominator for these three predictions is the intraparietal
sulcus, or IPS for short. With this in mind, I argue that consistent activa-
tion of the IPS, located in the inferior parietal cortex, would support the
notion of a fully shared magnitude system, where the IPS is the central lo-
cus of processing for the common neural magnitude code of space, time, and
number.

4 Method

The following sections will serve to provide the reader with information about
the participant, ethical concerns, used materials and procedures, task design,
and fMRI data acquisition and analysis.

4.1 Participant

One right-handed, healthy 25-year old adult Swedish male participated in
this study. This individual was, at the time, enrolled in one of Linköping
University’s educational programs. The study was approved by Linköping’s
regional branch of the Central Ethical Review Board, and the participant
has given informed, written consent before participation.

A main cause of ethical concern in fMRI-based studies is that of ”person-
ality, self-identity and other social constructs” (Racine, Bar-Ilan, and Illes,
2005, p. 159), which could potentially apply in studies of numerical cogni-
tion. However, the participant in this study reported no apparent deficits in
mathematical aptitude or other psychological complications in general, and
the results will remain anonymous and framed in an objective manner, as a
method of minimizing ethical concerns to the fullest possible extent.

A behavioral-cognitive task was administered prior to the acquisition of
fMRI-based neuroimaging data, where the participant underwent practice
outside the scanner to become familiarized with the task and response re-
quirements.

The participant was recruited voluntarily and was not offered any reimburse-
ment for his cooperation. The participant is part of a larger group, recruited
for a future study by Skagerlund and Träff (2014, in prep.), and gave his full
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consent to use any collected data for this thesis as well. This participant
was selected quasi-randomly by scheduling attendance at participants’ earli-
est convenience, where the first individual to attend was selected to be the
participant examined in this thesis.

4.2 Materials

The experiment was conducted at Linköping University’s Center for Medical
Imaging and Visualization (CMIV). fMRI data was acquired with a 3.0T
Phillips MRI scanner, equipped with a 32-channel head coil. An overhead
projector was used, coupled with an array of mirrors, to visually present the
participant with stimulus materials in his direct line of sight (i.e. centered
above the headrest, inside the fMRI coil). The participant performed the
tasks using a handheld Lumina fMRI response pad (Cedrus), where the index
and middle fingers of the right hand were used for responses to the on-screen
stimuli.

4.3 Procedure

The experiments of this study were primarily designed by my advisor, Kenny
Skagerlund, in participation with experienced researchers at Linköping Uni-
versity. I will proceed by describing the design of the study, and methods
used in fMRI data acquisition and data analysis.

4.3.1 Design

Three tasks were administered in a repeated-measures design during the
fMRI session: line length discrimination (adapted from Fias et al., 2003; and
Agrillo et al., 2013), time discrimination, and non-symbolic number magni-
tude discrimination (adapted from Halberda and Feigenson, 2008; and Agrillo
et al., 2013). In all trials, stimuli were preceded by a fixation cross with an
on-screen duration of 500 ms. Each task trial measured accuracy and re-
action time, and ended with a response screen, granting the participant a
response window of 2000 ms.

In all 64 trials, with 80 task trials each, the ratios between the presented
stimuli varied in accordance with the following set: 1:2, 3:4, 4:5, and 5:6.
These ratios have been observed to consistently affect performance in dis-
criminability of both spatial, temporal and numerical stimuli, as posited by
Weber’s law (e.g. Agrillo et al., 2013), and are commonly used in tests of
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magnitude discrimination. Each experimental task was conducted over a to-
tal of 16 separate blocks with a duration of 40 s each. Experimental tasks
and control tasks constituted 8 blocks each. Following each joint experi-
mental and control block (1+1), a resting period of 12 s was administered.
The tasks were administered using an alternating block design, which is com-
monly used in studies where several conditions are examined at once––in this
case; space, time, and number. With this division of experimental blocks,
researchers can focus on the localization of distinct neural regions and their
response to specific tasks.

The line length discrimination task represents the spatial dimension of the
generalized magnitude system. In each trial, a reference stimulus in the form
of a yellow line was presented with an on-screen duration of 600 ms. Fol-
lowing a blank screen, presented for 500 ms, a target stimulus in the form
of a blue line was presented for 600 ms. The participant was then asked to
determine which line was longer, using corresponding color-coded buttons on
the keypad, congruent with the sequential presentation of the task (i.e. the
first stimulus was selected with the left––yellow––button, the second with
the right––blue––button).

The time discrimination task was performed in two separate conditions: a
subsecond condition with stimulus durations ranging from 400 to 800 ms,
and a suprasecond condition with durations ranging from 2250 to 4000 ms.
Depending on the current condition, the reference stimulus––a yellow cir-
cle––appeared on the screen for either 600 ms (subsecond condition) or 3000
ms (suprasecond condition), after which a blank screen was presented for
500 ms. Following this, the target stimulus––a blue circle––appeared within
the range of 400 to 4000 ms, where shorter durations applied to the sub-
second condition and longer durations applied to the suprasecond condition.
the participant was then asked to determine whether the reference stimulus
or the target stimulus had been presented longer, using the same congruent
keypad design as in the line length discrimination task.

The non-symbolic number magnitude comparison task, representing the nu-
merical dimension of the generalized magnitude system, required the par-
ticipant to discriminate between two arrays of blue or yellow dots. As in
previous tasks, the arrays were presented sequentially for 250 ms at a time,
with the array of yellow dots acting as a reference stimulus. A blank screen
was then presented for 500 ms, followed by the array of blue dots, acting as
a target stimulus. The participant was asked to determine which of the two
stimuli had contained the most numerous array of dots, by responding with
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the yellow or blue button on the keypad.

Following each experimental task, a control task was administered (a to-
tal of 8 blocks with a duration of 40 s each), using the same stimuli as the
preceding experimental task. The objective of the control task, however, was
to determine whether the target and reference stimuli were of the same color.
The control task was in all respects structurally similar to the experimental
task (i.e. the same ratios of line length, duration and numerosity applied),
although the participant was explicitly asked to only attend to color. All
data from the control tasks was subsequently withdrawn during analysis.

Figure 7: Experimental procedure for spatial, temporal and numerical tasks.
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4.3.2 fMRI data acquisition

To ensure adequate spatial resolution, covering the cortical and subcortical
regions of interest (cf. section 3.3), we used forty-six 2.9 mm thick slices (in-
plane resolution 2.9 mm isotropic, no gap, interleaved acquisition), extending
axially from the mid-pons to the crown of the skull. Whole-brain functional
scans were gathered by using a T2*-weighted gradient echo pulse sequence
(TR = 2 s, TE = 24 ms, flip = 77o). To further facilitate the observation of
active cortical regions and dimensional overlap during the tasks, we acquired
high-resolution structural scans with a T1-weighted pulse sequence (TR =
7.2 ms, TE = 2.8 ms, flip = 12o).

4.3.3 fMRI data analysis

Whole brain analyses were performed using the Analysis of Functional Neural
Images (AFNI) software (NIMH Scientific and Statistical Computing Core).
Further statistical analysis of BOLD-images was performed with the gen-
eral linear model (GLM) implemented in the SPM software (Wellcome Trust
Centre for Neuroimaging, London). Motion correction estimates were exam-
ined to ensure that no excessive head movements (i.e. more than 2.0 mm
in any direction) disrupted data acquisition, in which case these trials were
dismissed from further analysis.

For whole-brain analysis pre-processing, voxel time series were sinc inter-
polated to correct for non-simultaneous slice acquisition within each volume,
concatenated across runs, corrected for motion, slightly spatially smoothed
to minimize effects of anatomical variability (FWHM = 4 mm), high-pass
filtered (admitting frequencies with a period of less than 90 s), and normal-
ized to percent signal change with respect to voxel means for the entire task.
Regression models were then applied, which included eight regressors of no
interest, six of which indexed residual motion, and two of which indexed
cerebrospinal fluid intensity and white matter intensity. Regressors of in-
terest orthogonally contrasted experimental conditions of interest, and were
convolved with a single gamma-variate function that modeled a canonical
hemodynamic response prior to inclusion in the model. Maps of t-statistics
for regressors of interest were transformed into Z scores, co-registered with
structural maps, spatially normalized by warping to Talairach space, and
resampled as 2.5 mm cubic voxels.

The general linear model (GLM) implemented in the SPM software (Well-
come Trust Centre for Neuroimaging, London) was used for statistical anal-
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ysis of BOLD-images. A whole brain voxelwise analysis was then performed
across subjects for each task. To examine the activity of cortical regions in
the three dimensions of the generalized magnitude system, a psychophysi-
ological interaction analysis was performed for each dimension. This fur-
thermore served to identify coactivations of multiple regions in single tasks,
where applicable. To establish the degree of overlap across the dimensions
of the generalized magnitude system, a conjunction analysis was performed.

5 Results

Over the following sections, I will present the results of the line discrimination
task (spatial domain), time discrimination task (temporal domain), number
discrimination task (number domain), and a conjunction analysis showing
the degree of overlap across the dimensions of the generalized magnitude
system. Significant voxel activation was subject to an uncorrected statisti-
cal threshold of p<0.001 at peak level. The areas of interest will be labeled
according to the nearest coordinate presented by the Talairach Client (Re-
search Imaging Institute, Texas Health Science Center, San Antonio), and
appended with Brodmann areas where possible.

5.1 Line discrimination task

The participant exhibited consistent activation in several hypothesized areas.
In line with the expected outcomes, areas around the intraparietal sulcus were
seen to activate; the posterior cingulate area (Brodmann area 23; with MNI
coordinates x = -7, y = -56, z = 16; p <0.001), and the superior temporal
gyrus (Brodmann area 22; with MNI coordinates x = -47, y = -36, z = 1;
p <0.001). Additional activations in the parietal cortex were found in the
paracentral lobule (Brodmann area 3; with MNI coordinates x = 21, y = -33,
z = 61; p <0.001).

Activations in the medial frontal gyrus (Brodmann area 10; with MNI coor-
dinates x = 1, y = 66, z = 1; p <0.001) resemble the findings of activations
around the inferior frontal gyrus by Rusconi et al. (2011), suggesting a pos-
sible application of the mental number line. The expected activation of the
right frontal eye fields was, however, absent.

Activations in the cerebellar cortex and the insular cortex were not hypoth-
esized, but nonetheless yielded strong results, suggesting some overlap of
pathways between the parietal and cerebellar lobes. Most notably, activa-
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tion was seen areas around the ventral lateral nucleus (with MNI coordinates
x = 14, y = -10, z = 10; p <0.001), the insula (Brodmann area 13; with MNI
coordinates x = -31, y = 31, z = 7; p <0.001), the posterior lobes of the left
and right cerebellum, the anterior lobe of the left cerebellum (cf. table 1),
and the inferior temporal gyrus (Brodmann area 37; with MNI coordinates
x = 57, y = -69, z = 1; p <0.001). All results of the line discrimination task
are available for review in table 1, and a graphical representation of neural
activations in figure 8.

5.2 Time discrimination task

The participant elicited high levels of activation around the intraparietal sul-
cus and in the prefrontal cortex, as hypothesized. The activations of the
middle frontal gyrus (Brodmann area 10; with MNI coordinates x = -27, y =
41, z = 10; p <0.001), inferior frontal gyrus (Brodmann area 44; with MNI
coordinates x = 65, y = 18, z = 10; p <0.001), and to some extent the supe-
rior temporal gyrus (Brodmann area 38; with MNI coordinates x = 50, y =
15, z = -35; p <0.001) suggest that the expected attentional demands of the
task were reasonable, and could furthermore imply the expected involvement
of a mental time line.

Activations were found near the intraparietal sulcus––in line with previous
expectations––in the precuneus (Brodmann area 7; with MNI coordinates x
= 27, y = -71, z = 58; p <0.001), and most notably in the superior temporal
gyrus (Brodmann area 39; with MNI coordinates -58, -61, 34; p <0.001).
Additional unexpected patterns of activation were found in the inferior tem-
poral gyrus (Brodmann area 20; with MNI coordinates x = 55, y = -36, z =
-17; p <0.001).

As in the previous task, activations of insular and cerebellar areas were not
hypothesized but yet again yielded strong results. Activations were found
around the thalamus (with MNI coordinates x = -12, y = -15, z = -2; p
<0.001), and both left and right cerebellum (cf. table 2). All results of the
time discrimination task are available for review in table 2, and a graphical
representation of neural activations in figure 9.
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Table 1. Line discrimination task results.

Brain region MNI coordinates Cluster size (voxels) Z-score p

Ventral lateral nucleus 14, -10, 10 458 4.67 0.000
Insula (BA 13) -32, 31, 7 54 4.43 0.000
Posterior cingulate (BA 23) -7, -56, 16 2339 4.30 0.000
Right cerebellum (posterior lobe) 29, -84, -29 100 4.13 0.000
Medial frontal gyrus (BA 10) 1, 66, 1 17 4.04 0.000
Left cerebellum (posterior lobe) -37, -81, -32 34 3.75 0.000
Paracentral lobule (BA 3) 21, -33, 61 44 3.66 0.000
Left cerebellum (cerebellar tonsil) -12, -51, -44 5 3.39 0.000
Left cerebellum (anterior lobe) -17, -33, -35 6 3.38 0.000
Inferior temporal gyrus (BA 37) 57, -69, 1 1 3.37 0.000
Superior temporal gyrus (BA 22) -47, -36, 1 3 3.33 0.000

Table shows 3 local maxima more than 8 mm apart. p <0.001. BA = Brodmann Area

Figure 8: A neural activation map of the line discrimination task.
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Table 2. Time discrimination task results.

Brain region MNI coordinates Cluster size (voxels) Z-score p

Superior temporal gyrus (BA 39) -58, -61, 34 558 6.64 0.000
Middle frontal gyrus (BA 10) -27, 41, 10 3241 5.59 0.000
Right cerebellum (cerebellar tonsil) 34, -41, -50 188 5.46 0.000
Inferior frontal gyrus (BA 44) 65, 18, 10 264 5.39 0.000
Thalamus -12, -15, -2 88 5.19 0.000
Inferior temporal gyrus (BA 20) 55, -36, -17 38 4.57 0.000
Left cerebellum (anterior lobe) -45, -53, -32 176 4.53 0.000
Precuneus (BA 7) 27, -71, 58 43 4.41 0.000
Superior temporal gyrus (BA 38) 50, 15, -35 44 4.31 0.000

Table shows 3 local maxima more than 8 mm apart. p <0.001. BA = Brodmann Area

Figure 9: A neural activation map of the time discrimination task.

42



5.3 Number discrimination task

In line with previous findings by Cohen Kadosh and Walsh (2009), activa-
tions were found in areas bordering on the intraparietal sulcus; the middle
occipital gyrus (Brodmann area 19; with MNI coordinates x = 37, y = -79,
z = 25; p = 0.001), the cingulate gyrus (Brodmann area 31; with MNI coor-
dinates x = 11, y = -36, z = 37; p = 0.002), and the following areas of the
precuneus: Brodmann area 31 (with MNI coordinates x = -14, y = -58, z
= 28; p = 0.005), and Brodmann area 7 (with MNI coordinates x = 27, y=
-66, z = 43; p = 0.006).

The activations occurring during the number discrimination task differed
slightly from the strong hypothetical emphasis on the intraparietal sulcus.
Weaker activations were additionally found in regions bordering the parietal
and temporal lobes, in areas such as the superior temporal gyrus (Brodmann
area 42; with MNI coordinates x = 70, -28, 16; p = 0.007), and Brodmann
area 21 (with MNI coordinates x = 57, y = -18, z = -5; p = 0.004) in the
temporal lobe.

Unexpected activations were found in the thalamus (with MNI coordinates
x = 21, y = -20, z = 1; p = 0.001), the hippocampus (with MNI coordinates
x = 39, y = -25, z = -14; p = 0.006), and the parahippocampal gyrus (Brod-
mann area 35; with MNI coordinates x = 21, y = -33, z = -11; p = 0.008).

All results of the number discrimination task are available for review in table
3, and a graphical representation of neural activations in figure 10.
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Table 3. Number discrimination task results.

Brain region MNI coordinates Cluster size (voxels) Z-score p

Superior temoral gyrus (BA 41) 44, -33, 4 575 3.66 0.000
Parahippocampal gyrus 29, -20, -17 38 3.22 0.001
Thalamus 21, -20, 1 35 3.00 0.001
Middle occipital gyrus (BA 19) 37, -79, 25 186 2.99 0.001
Postcentral gyrus (BA 3) 60, -13, 25 15 2.83 0.002
Superior temporal gyrus (BA 21) 57, -18, -5 20 2.70 0.004
Cingulate gyrus (BA 31) 11, -36, 37 14 2.67 0.004
Right cerebellum (anterior lobe) 32, -56, -17 12 2.63 0.004
Precuneus (BA 31) -14, -58, 28 9 2.56 0.005
Hippocampus 39, -25, -14 2 2.54 0.006
Precuneus (BA 7) 27, -66, 43 29 2.51 0.006
Superior temporal gyrus (BA 42) 70, -28, 16 4 2.46 0.007
Middle frontal gyrus (BA 9) 52, -20, 37 3 2.44 0.007
Parahippocampal gyrus (BA 35) 21, -33, -11 2 2.43 0.008

Table shows 3 local maxima more than 8 mm apart. p <0.001. BA = Brodmann Area

Figure 10: A neural activation map of the number discrimination task.
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5.4 Conjunction analysis

Of most importance to this study are the results of the conjunction analysis,
which serve to examine the hypothesis of common, fully shared neurological
mechanisms in the generalized magnitude system. The results seem to sup-
port this view, where areas around the intraparietal sulcus and dorsolateral
prefrontal cortex were observed to be strongly active during all trials.

The active areas bordering on the intraparietal sulcus were as follows: the
inferior occipital gyrus (Brodmann area 18; with MNI coordinates x = -35,
y = -94, z = -2; p <0.001), the superior occipital gyrus (Brodmann area
19; with MNI coordinates x = 42, y = -74, z = 34; p <0.001), the lingual
gyrus (Brodmann area 18, with MNI coordinates x = -9, y = -71, z = 52;
p = 0.001), and the inferior parietal lobule (Brodmann area 40; with MNI
coordinates x = -55, y = -41, z = 31; p = 0.001). Additional activation in
the parietal cortex was found in the postcentral gyrus (Brodmann area 3;
with MNI coordinates x = 55, y = -18, z = 25; p <0.001).

A number of strongly activated prefrontal areas were observed: the supe-
rior frontal gyrus (Brodmann area 10; with MNI coordinates of x = 34, y =
59, z = 7, p = 0.002), and the three bordering Brodmann areas of the middle
frontal gyrus; Brodmann area 10 (with MNI coordinates x = -40, y = 51, z
= 10; p <0.001), Brodmann area 46 (with MNI coordinates x = 47, y = 41,
z = 16; p = 0.003), and Brodmann area 9 (with MNI coordinates x = 47, y
= 10, z = 34; p = 0.004).

As with the separate task results, activations were also present in the fol-
lowing cerebellar areas: the anterior lobe of the right cerebellum (with MNI
coordinates x = 37, y = -56, z = -32; p <0.001), the posterior lobe of the
right cerebellum (with MNI coordinates x = 39, y = -69, z = -23; p = 0.003),
and the posterior lobe of the left cerebellum (with MNI coordinates x = -40,
y = -71, z = -23; p = 0.002).

All results of the conjunction analysis are available for review in table 4,
and a graphical representation of neural activations in figure 11.
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Table 4. Conjunction analysis results.

Brain region MNI coordinates Cluster size (voxels) Z-score p

Middle frontal gyrus (BA 10) -40, 51, 10 51 3.57 0.000
Inferior occipital gyrus (BA 18) -35, -94, -2 25 3.54 0.000
Postcentral gyrus (BA 3) 55, -18, 25 233 3.51 0.000
Superior occipital gyrus (BA 19) 42, -74, 34 218 3.47 0.000
Right cerebellum (anterior lobe) 37, -56, -32 218 3.32 0.000
Medial frontal gyrus (BA 10) 9, 69, 4 12 3.26 0.001
Lingual gyrus (BA 18) -9, -71, 52 100 2.99 0.001
Inferior parietal lobule (BA 40) -55, -41, 31 29 2.97 0.001
Left cerebellum (posterior lobe) -40, -71, -23 11 2.97 0.002
Superior frontal gyrus (BA 10) 34, 59, 7 46 2.93 0.002
Right cerebellum (posterior lobe) 39, -69, -23 16 2.77 0.003
Middle frontal gyrus (BA 46) 47, 41, 16 3 2.75 0.003
Middle frontal gyrus (BA 9) 47, 10, 34 23 2.69 0.004

Table shows 3 local maxima more than 8 mm apart. p <0.001. BA = Brodmann Area

Figure 11: A neural activation map of common activations across all tasks.
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6 Analysis and discussion

Over the course of the following sections, I will discuss and analyze exper-
imental results and provide a general analysis and discussion, which will
synthesize both my own experimental findings, findings of previous studies,
and theoretical positions in the field of numerical cognition.

6.1 Experimental analysis and discussion

This thesis is primarily designed to be a critical review of recent studies in
numerical cognition. The fMRI-based study should therefore rather be seen
as a single case study, whereas the results should be taken as indicative of a
general trend, and considered as additional data to moderately strengthen or
weaken existing research in the field. In all, the data presented in this thesis
primarily serve to guide analyses of previous research, acting as to balance
the scale of opposing theories––not in terms of rejecting or accepting certain
views, but rather to supply existing theories with a slightly larger array of
arguments and findings.

Overall, the results were well in line with my hypothesis and expected out-
comes. Consistent activations of areas surrounding the intraparietal sulcus
were found in all tasks, which could indicate that this area indeed is the
central locus of the generalized magnitude system, as proposed by Cohen
Kadosh and Walsh (2009), and Walsh (2003). As in previous research (e.g.
Cappelletti et al., 2011; Priftis et al., 2006), strong activations were addi-
tionally found in the dorsolateral prefrontal cortex, which seems to indicate
that executive functions such as working memory and attention (Robertson,
2013) were employed during all trials. Furthermore, the conjunction analysis
illustrates regular activations of common parietal and prefrontal areas across
all tasks, and closely resembles the empirical data on which Walsh (2003)
contended the generalized magnitude system’s fully shared mechanisms (cf.
Walsh, 2003, p. 485).

When considered in tandem with the previously presented study by Rusconi
et al. (2011)––where it was found that rTMS over the right inferior frontal
gyrus interfered with mental number line employment––I would argue that
the activations bordering on the right inferior frontal gyrus (as seen in a num-
ber of activations around Brodmann area 10; cf. table 4) indicate the need
for mental number or time line representations across all tasks. This activity
decreased slightly during the number discrimination task, which could indi-
cate that the mental number line employed during this type of task rather
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appropriates mechanisms in the angular gyrus, as proposed by Göbel, Walsh,
and Rushworth (2001). The data in table 3 and figure 10 suggests that this
may be the case, as activations near the angular gyrus (i.e. Brodmann area
31) were consistent during all trials.

Across all tasks, activations were found in the basal ganglia. This finding was
not originally hypothesized, as my focus was primarily directed at the com-
mon mechanisms of the parietal and prefrontal lobes. The areas associated
with the basal ganglia comprise the sensory-motor network (Purves, 2008),
and serve as a prerequisite for acting upon sensory input. This function is
essential in the ability for motor coordination and timing (Buonomano and
Laje, 2011), which makes its activation a natural part of the response re-
quirements in all tasks. Buonomano and Laje (2011) argue that ”the spatial
and temporal components of motor patterns can be inextricably linked” (p.
81), which I have taken to indicate that the findings of activations in the
basal ganglia should support ATOM’s (Walsh, 2003) notion of common and
fully shared mechanisms in the generalized magnitude system. Following
on these insights, it may also be the case that the activations around the
thalamus (specifically the posterior putamen and caudate nucleus) account
for motor execution and simulation (Gerardin et al., 2000). While I do not
believe that these effects extend to the simulations of mental number lines,
given the previously presented and discussed findings by Göbel, Walsh, and
Rushworth (2001), and Rusconi et al. (2011), there may be reason to be-
lieve that the employment of mental time lines demands activations of basal
ganglia and cerebellum. Recent studies by Bonato et al. (2012), Wittmann
(2009), Allman, Pelphrey, and Meck (2012), and Agrillo and Piffer (2012) all
suggest that the basal ganglia and cerebellum are vital in time perception
and interval timing, which I find to provide an explanation of the especially
strong activations of these areas found in the time discrimination task of this
study.

The large number of trials could be argued to provide slightly stronger means
of statistical power, but nonetheless can not and should not be used to make
any strong claims. However, the close replication of results in previously re-
viewed studies (e.g. Rusconi et al., 2011; Cappelletti et al., 2011; Alexander
et al., 2005; Cohen Kadosh and Walsh, 2009; Priftis et al., 2006) indicates
that the experimental design appears to have been aptly suited to study the
mechanisms of the generalized magnitude system.

As a final note, I believe these results to be congruent with the assump-
tions of hypothesis (1). Due to the small number of participants and the
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exploratory nature of this study, I will, however, refrain from drawing any
preconceived notions on the matter and instead return to the question during
the general analysis and discussion, where previous studies will serve as more
credible sources of additional support.

6.2 General analysis and discussion

As it stands, one could very well infer that numerical cognition predomi-
nantly stems from nature, and that nurture seems to play a very small part
in our perception, judgment, and discrimination of space, time, and number.
However, the ontogenetic trajectories of man indicate that culture may offer
a means of transcending the fundamental capacities of a generalized magni-
tude system. I will begin this discussion by an attempt at elucidating the
ontogenetic rationale behind a generalized magnitude system, to investigate
whether culture significantly affects our means of numerical cognition during
the course of our lives. This discussion will predominantly reflect hypothe-
ses (2) and (3) (cf. section 2.4), where it is argued that the generalized
magnitude system operates independently of––but is considerably enhanced
by––language; and that a cultural need for higher acuity in the representation
of numbers presupposes the development of applicable linguistic expressions.
I will then argue for a generalized magnitude system that is fully shared
among dimensions, reflecting hypothesis (1) (cf. section 2.4), and why such
a notion could be reasonable to consider in both neuroscientific and cultural
terms.

6.2.1 Core cognition revisited

Previously (in section 2.1.3), I introduced Carey’s (2000) concept of core
cognition; ”innate representational primitives” (p. 113) that serve as cor-
nerstones for successively more advanced conceptual thought. Although the
inductive leap––taking place when appropriating a new concept into the ar-
ray of early models––remains unexplained, I find myself intrigued by the
idea and suggest that, to understand fundamental capacities such as those
supplied by the OTS and ANS, a deeper discussion of core cognition is con-
siderably warranted.

A similar case for core cognition was made by Byrne (2006), which has come
to be known as behavior parsing. Here, Byrne argues that studies of nonhu-
man primates and humans alike indicate that ”new behavioral [routines are]
always built up out of several, already familiar, simpler elements” (Ibid., p.
482). Like Carey, Byrne’s conception of behavior parsing seems to indicate
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that new modes of conceptual thought never are truly new; but iteratively
constructed on top of the smallest elements of core cognition. It is my be-
lief that Byrne’s segmentation system––which he contends as the ability to
”convert a continuous flow of observed movements into a string of recognized,
familiar actions” (Ibid., p. 484)––is in all respects equal to Carey’s notion of
core cognition.

At the heart of the matter, Byrne raises a particularly interesting point where
he considers the difference between verbalized, intentional thought and our
actual in situ interaction with the world: ”do these retrospective, verbal ac-
counts actually correspond to causal mental states that generate our behavior
when we are not explaining anything?” (Ibid., p. 499). I argue that the em-
pirical evidence of preverbal infants’ success in identifying valid arithmetic
(e.g. Wynn, 1992) supports the notion of initial, primitive representations of
number, where the core cognitive system acquires new knowledge by map-
ping experiences onto basic, initially non-verbal concepts.

To probe the early numerical conceptual understandings of young children,
Izard, Sann, Spelke, and Steri (2009) suggested that infants’ reactions to
visual-spatial displays coupled with auditory stimuli ”provides evidence for
abstract numerical representations at the start of postnatal experience” (p.
10382)––reaffirming similar findings by Wynn (1992; cf. section 2.1.2). Izard
et al. found that ”[n]ewborns looked consistently longer at the displays that
were congruent in number with the auditory sequences” (p. 10384, emphasis
mine), suggesting that the concept of numerosity could very well be part of
Carey’s notion of ”innate representational primitives” (p. 113). In my opin-
ion, such empirical evidence supports hypothesis (2), as an early concept of
numerosity thus appears to be innate and linguistically invariant.

It is important to note that Carey considers core cognition to be the first of
two distinct (but not mutually exclusive) cognitive states, where the second
is acquired throughout adolescence in conjunction with language; giving rise
to the ”explicit representational system that represents the positive integers
[and] the verbal numeral list embedded in a count routine” (Carey, 2000,
p. 118). I believe this to be in line with hypothesis (2), seeing as this view
endorses a developing capacity for numerical cognition, enhanced by the me-
diating effects of language. A common practice in the literature of numerical
cognition is to refer to this second system as a crystallization, where, at ap-
proximately three years of age, ”Western children exhibit an abrupt change
in number processing as they suddenly realize that each count word refers
to a precise quantity” (Pica et al., 2004). What Piaget (1952) observed

50



in the behavior of young children was then not necessarily, in my view, a
lack of arithmetical concepts. The object conservation task that set out to
strengthen this notion was rather more successful in identifying that young
children lack linguistic means of conceptualizing numbers above the subitiz-
ing range as exact cardinalities.

Across most languages, if not all, a peculiar common trend appears: gram-
matical inflections are only bestowed upon the first three numbers (Dehaene,
2011). This means that only numbers 1, 2, and 3 are available for both
counting and denominations of singularity, duality, and plurality; but be-
yond this limit, one can not explicitly refer to, for example, a fourness.
Although modern English generally lacks inflections other than singularity
and plurality, languages where gender is inflected (e.g. German) show these
tendencies more clearly (Ibid.): singularity can be described as ein (male) or
eine (female), and duality can be described as zween (male) or zwo (female).
These linguistic remnants argue for a crude understanding of cardinality, and
I strongly suspect that the constructions reflect early understandings of the
intuitive subitizing range, where everything ranging above two- or threeness
was considered to simply be ”many” (Le Corre and Carey, 2007). As lin-
guistically mediated systems of mathematical notation began to take form,
numbers were employed to extend the capacity of exact representation, again
supporting the notion of linguistic enhancement of numerical cognition.

The developmental trajectory that ultimately allows young children to rec-
ognize the exact cardinality of large numbers is curiously absent in cultures
lacking words for numbers outside the subitizing range. Recall the study by
Dehaene et al. (2008; cf. section 2.2.3), where participants of the Munduruku
tribe were asked to map numbers along a horizontal line. While Western par-
ticipants placed numbers in a linear fashion, the Munduruku were seen to
compress mappings logarithmically, grouping higher numbers more closely
together––as if they lacked the means to infer that the distance between 6
and 7 is equal to that of 1 and 2. On these grounds, I find it reasonable to
believe that an explicit understanding of cardinality stems from a linguisti-
cally grounded realization, where it is inferred that each successive number
in a verbal count list corresponds to the previous number, n, with the added
distance of 1 (e.g. Dehaene, 2011; Le Corre and Carey, 2007). The realiza-
tion of such a concept could be key in the understanding of a linear distance
between a number and its successor, which furthermore allows humans to
mathematically reason about larger numbers. This, in turn, allows the pos-
sibility of conceptualizing numbers along a linear, spatial continuum, where
their value is explicitly comparable to other numerosities. While it is fully

51



possible to represent large numbers in an approximative sense, I contend that
our linguistic capacities have cleverly sidestepped this barrier to reason about
large cardinal numbers without fully being able to imagine how a collection
of, for example, thirty- six objects actually looks.

In an attempt to resolve the inherent mysteries of number concept acqui-
sition, Dehaene (1992) proposed a triple code model, arguing that number is
simultaneously represented in three distinct layers: an auditory verbal code,
where ”an analogue of a word sequence (e.g., /six//hundred/) is mentally ma-
nipulated” (p. 30); a visual arabic code, where ”numbers are manipulated in
arabic for spatially extended representational medium” (Ibid.); and an analog
magnitude code, where ”numerical quantities are represeated as inherently
variable distributions of activation over an oriented analogical number line
obeying Weber-Fechner’s law” (Ibid.). However, whereas Carey (2000) con-
tends that the semantic understanding of number is necessarily contingent
on language, Dehaene (1992) argues that the analog magnitude code ”is
the main, and perhaps the only, ’semantic’ representation of numbers” (p.
35). As such, it appears as if Dehaene contends task-specific activations of
language where applicable, but that these representations do not shape un-
derstandings of exact cardinality.

Essentially, this view could be taken to suggest that a single magnitude
code, in line with ATOM (Walsh, 2003), simultaneously evokes auditory, vi-
sual, and analog magnitude representations using the same common metric;
where linguistic ability constitutes an additional tool for representing the
analog magnitude code. I suggest that such a notion would endorse the idea
of partly shared mechanisms in the generalized magnitude system––in oppo-
sition to hypothesis (1)––as it could be argued that linguistic deficits only
inhibit linguistically mediated representations of number, while the analogi-
cal number line representation remains intact. As such, I acknowledge that
the claim of fully shared mechanisms may turn out to be unsustainable, al-
though the notion of a common magnitude code still appears fully reasonable.

When contrasted with studies of dyscalculia, a ”congenital and specific learn-
ing disability affecting the understanding of numerical concepts and arith-
metical information in the context of normal intelligence” (Cappelletti et al.,
2011b, p. 1), there is some reason to doubt the validity of Dehaene’s (1992)
triple code model as a substitute to core cognition. Whereas Carey (2000)
argues for linguistic mediation in the acquisition of new concepts––granting
children the ability to infer that a cardinal number matches a value in the
approximate number system––I take the notion of Dehaene’s (1992) separate
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systems as indicative of a concurrent development of three distinct systems,
where language and number remain separated but available for simultaneous
activation if a task requires such capabilities. As Carey makes no claim of
separation between a language and number sense, it stands to reason that
linguistic deficits would predict effects similar or comparable to dyscalculia,
which, given the presently shallow understanding of the matter, seems to
be the case. Noël and Rouselle (2011) argue that ”the existence of num-
ber words referring to exact numerosities could in turn shape the perceived
boundaries between numerosities at the non-symbolic level” (p. 3), backed
by a developmental trajectory in dyscalculic children which seems to suggest
that deficits in ANS acuity stem mainly from linguistic underdevelopment,
rather than the converse (Ibid.). I take this to suggest that language ad-
vances numerical cognition to explicitly represent number, which would be
impossible if the analog magnitude code was the sole semantic source of nu-
merical understanding.

This is, of course, a strong position and has for instance been contested
by Feigenson, Libertus, and Halberda (2013), who argue that individual dif-
ferences in ANS acuity are observable in early infancy, before the acquisition
of linguistic numerical concepts. On this account, it may be the case that
”more precise approximate number representations might make some individ-
uals better at math” (p. 3)––not only linguistic capabilities and experience.
In light of such findings, Dehaene (1992) may be correct in contending that
the analog magnitude code is the main semantic representation of numbers.

Although some empirical evidence supports the triple code model (e.g. Schmit-
horst and Brown, 2004), I argue that deficits in the ability of spoken language
should not necessarily be taken to suggest that all semantic conceptions of
number have become fully eradicated, to the extent where the analog mental
number code is solely responsible for numerical cognition. Individuals suffer-
ing from linguistic impairments, such as aphasia, may very well still be able
to access core cognitive, linguistically mediated concepts irrespective of their
ability to express these concepts verbally. Such a notion could be reinforced
with a study by Jefferies, Bateman, and Lambon Ralph (2005), who argue
that the verbal production of number words may be separate from an under-
lying, semantic understanding of number words. It was shown that a patient
with semantic dementia ”became impaired at producing Arabic numerals in
response to both spoken number words and dot pictures; however, she re-
mained able to match these symbols to dot arrays, place them in the correct
sequence and judge their relative magnitude” (p. 902). Thus, there should
be reason to doubt that numerical cognition is split into several systems, as
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the underlying representations of number––in aphasic patients as well––are
probably still linguistically grounded in nature.

A final argument for the strong coupling of language and number is the
repeatedly observed co-morbidity of dyscalculia and dyslexia (Mammarella
et al., 2013), which could indicate that the deficits of language cause future
deficits in numerical cognition. If the idea of language as key in the devel-
opment of exact numerical representations (Noël and Rouselle, 2011; Carey,
2000) were proven to be true, I would argue that Dehaene’s triple code model
(1992) is unsustainable, as language is required to mediate the transfer from
approximate to exact representations of numbers above the subitizing range
(Noël and Rouselle, 2011); not constitute an additional tool for representa-
tion. Thus, the hypothesis (1) of fully shared mechanisms in the generalized
magnitude system may very well still be in play.

6.2.2 Verbally mediated numerical cognition

The difference between verbally mediated and non-verbal numerical cognition
is perhaps best manifested by comparative studies of human and non-human
animals. A fairly recent study by Rugani, Regolin, and Vallortigara (2008)
studied basic numerosity discrimination in newborn chicks, who were habit-
uated to screens consiting of one to six black circles or squares, in various
configurations, painted on top of a plastic paperboard. The chicks were in-
centivized, with breadcrumbs, to exclusively peck at a stimulus containing a
certain number of squares or circles. It was found that the chicks successfully
discriminated between ”sets of one versus two and two versus three elements”
(p. 397), and were equally successful in selecting the correct numerosity re-
gardless of shape. However, when testing for stimuli outside the subitizing
range (i.e. three to five circles or squares), it was found that ”the ability
of chicks to use numerical representations to discriminate between the two
sets of stimuli undergoes an abrupt breakdown” (p. 398), and the authors
reasoned that the chicks resorted to discrimination of surface area––rather
than cardinal number––in these conditions.

These results imply that, when habituated to a certain number of objects in
the subitizing range, chicks seem able to correctly identify familiar numerosi-
ties regardless of visual configuration, in accordance with similar findings in
human infants (e.g. Wynn, 1992). As is the case in human infants, and hu-
man cultures lacking numerical expressions, chicks’ understanding of cardinal
numbers appears to be limited to the subitizing range, although this barrier
is eventually overcome by most human children. It therefore, in my opinion,
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once more stands to reason that the human ontogenetic shift that takes place
at approximately 3-4 years is strongly mediated by language. This view is
shared by Dehaene (2011), who argues that ”we [now] know that the tran-
sition is not automatic and somehow triggered by the human brain. It is a
cultural invention” (p. 260).

Being a cultural invention, the language that allows the furthering of nu-
merical cognition must, in my opinion and according to hypothesis (3), arise
from a cultural need. While cultures such as the Munduruku probably traded
goods based on subjective value (as evidenced by their lack of numerical ex-
pressions; Butterworth et al., 2011), thereby making the concept of large
cardinal numbers obsolete; cultures that do exchange goods for monetary
equivalents have developed cardinal numbers to aid the process. A case in
point is the Anindilyakwa tribe, studied by Butterworth et al. (2011; cf.
section 2.4), who possess expressions for numbers such as three, five, ten,
fifteen, and twenty. As previously demonstrated, the expanded numerical
lexicon of this tribe was suggested to be a result of interactions with Indone-
sian traders, who introduced these words to efficiently conduct business.

On the view of Sperber’s (2006) social cognitive causal chains––linked cog-
nitive processes that ”extend across individuals and have a social character”
(p. 435)––it is reasonable to describe the acquisition of new numerical words
as a form of cultural evolution, distributing ”throughout [a] group similar
mental representations or public productions” (p. 437). Like its biological
counterpart, cultural evolution selects practices by virtue of their utility and
appropriateness for the current state of the culture. It could thus be argued
that the sudden rise in numerical terms within the Anindilyakwa represented
a period where the larger numerical vocabulary was usable, but as the In-
donesian traders moved on to other areas, the cultural need for numerical
expressions stagnated. This applies to the limited vocabulary of the Warlpiri
as well, who seem sufficiently able to communicate relevant numerical mat-
ters. Thus, the application of numerical cognition may depend on cultural
relevance, whereas the absence of such relevance limits the full potential of
our biological predisposition by inhibiting the creation of new lexical terms.

6.2.3 The generalized magnitude system

A great deal of studies regarding our conceptualization of numerical cogni-
tion use number as an example. However, I would argue that there is ample
sense in also considering our natural sense of geometry; one that is constantly
employed by agents situated in the world, and a prerequisite for the inter-
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action in it. This view is shared by Spelke (2011), who offers the notion of
four core cognitive systems, at the very least, being ”sources of our numerical
and geometrical intuitions” (p. 288). Essentially, these four systems can be
referred to as the already familiar Approximate Number System (ANS), the
Object Tracking System (OTS; however not explicitly referred to as such by
Spelke), a system for environmental 3D-navigation, and a system for object
recognition (Ibid.).

A study by de Hevia and Spelke (2010) offers insight into the initial na-
ture of spatial and numerical concepts. The authors examined 8-month old
infant participants, who were first habituated to arrays of 4, 8, 16, 32, and 64
dots. During the experiment, one such array was simultaneously presented
with a vertical line, which could either be of a length that was proportional
to the array of dots, or more or less incongruent along a spectrum. Given
that the generalized magnitude system is considered to represent number and
space with equal analog codes––basing judgments on the same core concept,
as it were––it was argued that the participants ”should detect the direction
of magnitude change in both numerical and spatial dimensions and gener-
alize habituation from sequences with increasing numbers to sequences with
increasing lengths, or from sequences with decreasing numbers to sequences
with decreasing lengths” (p. 654). It was found that the congruent condi-
tions, with equivalent ratios of line length and numerosity of dots, elicited
higher interest from the participants, suggesting that infants are able to
”transfer the discrimination of an ordered series of numerosities to the dis-
crimination of an ordered series of line lengths” (p. 653); which is to say
that the same core cognitive concepts possibly apply regardless of whether
a perceived stimulus is of a numerical or spatial nature, giving credence to
Spelke’s (2011) notion of innate numerical and spatial concepts.

On these grounds, de Hevia and Spelke (2010) argue that ”the human brain is
predisposed to treat number and space as related” (p. 659), which I consider
to be a strong argument for my hypothesis (1; cf. section 2.4) stating that
the generalized magnitude system for space, number, and––although tenta-
tively at this stage––time is fully shared among dimensions. I consider this
to be a rational argument, seeing as both lines and numerical arrays seem to
share the same representational code in the brain, regardless of the apparent
qualitative and subjective differences we visually perceive when subjected to
such stimuli. Bueti and Walsh (2009) express the same argument more elo-
quently when saying that there is ”no reason why the brain should respect
these common sense, text book divisions” (p. 1831). Thus, I would argue
that the ongoing debate of the generalized magnitude system’s fully or partly
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shared nature is somewhat flawed by the fact that a range of arguments, to
me, seem almost too focused on the qualitative differences of space, time,
and number––not on the neural mechanisms and processes that precede and
give rise to the very same qualitative perceptions in the first place. While
these subjective differences of numerical and spatial stimuli are no less real
than our perception of them, I think it is important to refrain from confusing
such properties from the key matter at hand: the analog representation of
magnitude that employs a common concept of ”’more than’ or ’less than’”
(Walsh, 2003, p. 484) and how perceptions of space, time, and number relate
to referential values, such as those presented in various discrimination tasks.

A recent review by Allman, Pelphrey, and Meck (2012) provides overwhelm-
ing evidence for a joint developmental trajectory of time and number. While
this could be argued to be the result of a third, as of yet unknown variable
(e.g. Yates, 2012), I believe that the joint development of a time and number
sense––endowed with exactly similar Weberian ratios––suggests the existence
of a common neural code. I contend this view based on the fact that Allman
et al. consistently observe that infants’ sense of time, number, and space
”quite quickly develops (over a few months) to encompass ’more difficult’ 2:3
ratio sensitivities” (p. 16), which could indicate that either the acuity of the
generalized magnitude system increases consistently––due to a common mag-
nitude code and common mechanisms––or, yet again, that a third, unknown
variable mediates the transition from smaller to higher discriminability ratios.

It has been suggested that this third variable is an increase in working mem-
ory capacity over development (Yates, 2012), which would endorse the notion
of partly shared mechanisms in the generalized magnitude system. I would
argue that––even if this is the case––such an explanation is not necessarily
at odds with ATOM, as the dorsolateral prefrontal cortex, a key cortical
area in working memory, has been observed to also be a key area in spatial
(e.g. Priftis et al., 2006) and temporal (e.g. Cappelletti et al., 2011) process-
ing. Furthermore, I feel that it is once again necessary to acknowledge that
ATOM argues for a ”magnitude system not a single magnitude area” (Bueti
and Walsh, 2009, p. 1836), and the probable notion of several disparate,
mediating components should thus, in my opinion, not necessarily be taken
as to suggest that the generalized magnitude system is prone to asymmetries
(cf. Cappelletti et al., 2011) or partly shared mechanisms. After all, it is the
emergent property of all implicated neural modules that gives rise to in situ
interaction with the surrounding environment, and I can not help but reason
that asymmetries of space, time, and number would severely limit even the
most basic bodily movements.
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As a case in point, consider the advanced spatial, temporal, and numeri-
cal operations of the common pianist. In order to play the correct notes,
she must numerically discriminate a subset of the 88 keys. In order to play
the next chord, she must spatially discriminate the areas of the keyboard to
find the correct pitch. In order to play at a certain tempo, she must pos-
sess an understanding of the appropriate resting periods between notes and
move her hands to the subsequent location on the keyboard; at the right
time, to the correct number of keys, and at the right position. Interestingly,
a recent study by Agrillo and Piffer (2012) examined the spatial, numeri-
cal, and temporal capacities of musicians, who commonly acquire a highly
developed sense of rhythm and can, as a result, be regarded as ”experts”
(p. 2328) in the temporal domain. The authors hypothesized that this in-
crease in temporal understanding would give rise to similar effects on the
domains of number and space as well, in line with Walsh’s (2003) ”idea of
a common general mechanism to process these magnitudes” (Ibid.). It was,
indeed, found that musicians performed with consistently higher acuity on all
tasks, which in my opinion strongly endorses ATOM’s (Walsh, 2003) notion
of a fully shared generalized magnitude system. Although this empirical data
does not offer definitive proof, I argue that a common code for magnitude is
at the very least sound from a heuristic point of view, as it stands to reason
that a common code and common neural mechanisms places a far smaller toll
on mental capacity, than a number of disparate mechanisms that converge
during action.

6.2.4 The rationale behind fully shared representations

For final consideration regarding the relationships of space, number, and
time, I will turn to two studies that convincingly suggest the existence of
a common cortical metric and, in turn, could motivate the employment of
common cortical mechanisms.

Burr, Ross, Binda, and Concetta Morrone (2011) apply a novel approach
in the investigation of space, time, and number, where it is argued that
”changes in the metric of the three perceptual attributes should co-vary” (p.
176), and if they indeed do, these three dimensions could be argued to share
a common cortical metric. I consider this approach to be novel due to their
chosen area of interest: saccadic eye movements, taking place when visually
scanning a scene. The authors argue that, in order to ”orient ourselves and
navigate through the environment” (Ibid.), a joint understanding of space,
time, and number is vital; as is the remapping of this information onto the
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direction of the saccade. In my understanding, the lack of such remapping
would result in an inability of fully perceiving a visual scene, which would
considerably limit in situ interaction with the world. On this view, the au-
thors suggest that the perceived spatial, numerical, and temporal elements
are compressed to half their actual value, in order to maintain stability over
the course of a saccade. Over the course of about 50 ms, the visual infor-
mation is claimed to compress maximally, and then decompress to its actual
value as the saccade comes to an end.

While the activation patterns of spatially (Duhamel, Colby, and Goldberg,
1992) and temporally (Leon and Shadlen, 2003) sensitive neurons in the in-
traparietal region have previously been shown to ”shift in the direction of
the saccade” (Burr et al., 2011, p. 178) and compress, the authors set out
to examine the properties of the intraparietal neurons considered to activate
during perceptions of number. Nine participants were asked to observe a vi-
sually presented array of dots, where a saccadic target (a black dot) appeared
either to the right or left of center. It was shown that, just as the saccade
began to take place, ”perceived numerosity is nearly halved” (p. 182)––giv-
ing credence to the claim that remapping during saccadic eye movements
indeed does compress numerical elements in the same fashion as spatial and
temporal elements.

The key argument of the authors’ thesis is that ”[d]iscarding the unlikely
possibility of pure chance, the similar time-courses point to the existence of
common mechanisms––probably resident in the parietal cortex––which mod-
ulate the metrics of space, time, and number”. Thus, I believe that the
empirical evidence presented by Burr et al. strongly argues for a common
cortical code and common mechanisms for space, time, and number; what
else would be the sense in compressing precisely these three dimensions dur-
ing a saccadic movement? ”Rarely in biology do independent and unrelated
measurements follow so closely the same dynamics” (Ibid., p. 182), the au-
thors argue, and I am fully inclined to agree.

For final consideration, recall the more A-more B-reasoning of young chil-
dren (Stavy and Tirosh, 2000), presented in section 2.2.5. It was found that
young children tend to perceive a larger train to be faster, although given all
the necessary information to infer that the unevenly sized trains traveled the
same distance and at the same rate. These intuitive rules are, in my opinion,
strongly indicative of the inter-relationship of space, time, and number––and
the mere fact that this reasoning is so intuitive can furthermore be taken to
suggest that these dimensions fully share the same neural magnitude code
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and mechanisms.

6.2.5 Further implications of research in numerical cognition

Studies of numerical cognition serve to build an understanding of the neu-
rological underpinnings that enable our spatial, temporal, and numerical
cognitive processes. This knowledge is, however, also valuable to consider
from a societal point of view, where individuals suffering from numerical
deficits––such as dyscalculia––may be afforded significant help once both cul-
tural and neurological aspects of numerical cognition have been sufficiently
researched. A study by Parsons and Bynner (2006) investigated the effects of
deficits in literacy and numeracy, where it was found that ”[p]oor numeracy
skills make it difficult to function effectively in all areas of modern life” (p. 7)
and that––while both types of deficits impact life negatively––numeracy was
seen to further pose ”particular problems for employability” (p. 35). Such
findings are, in my view, highly indicative of the need for further research in
the field of numerical cognition, to provide educational and everyday tools
for today’s disadvantaged individuals.

The development of tools for individuals suffering from dyscalculia has thus
far had some success. Notably, a board game tailored to preschool-aged chil-
dren––The Great Race––has been observed to significantly improve numerical
cognition (Siegler and Ramani, 2011), where concepts such as ”the distance
that the child has moved the token; the number of discrete moves the child
has made; the number of number names the child has spoken; the number of
number names the child has heard; and the amount of time since the game
began” (p. 346) are regularly exercised. Siegler and Ramani (2011) found
that this type of learning context ”led to dramatic improvements in the low-
income preschoolers’ number line estimates” (Ibid.), which I would argue to
strongly motivate further research of numerical magnitude representations.

7 Conclusion

I believe that the discussion of core cognition has served to indicate that,
while basic numerical cognition seems linguistically invariant, the advance-
ment of ANS acuity is strongly contingent on language. This stance is best
evidenced by my attempt at a critical discussion of Dehaene’s triple code
model (1992), as the developmental trajectory of dyscalculic children seems
to indicate that deficits in linguistic ability predict deficits in numerical cogni-
tion. Thus, there is reason to believe that concepts are iteratively constructed
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on top of the pre-verbal intuition of the subitizing range, where language
grants one the possibility of inferring that the following number in a verbal
count list is located at a distance of exactly ”one more” (n+1). When given
the appropriate linguistic tools––numerical expressions ranging above 3––the
mapping of numerosity along a spatial continuum becomes linear in nature,
indicative of the successful realization that the distance between numbers
such as 1 and 2 or 6 and 7 is exactly the same. This linear representation
has not been found in cultures without large numerical lexicons, suggesting
that language is key in the advancement of numerical cognition. I believe
that this conclusion strongly supports hypothesis (2) (cf. section 2.4), while
acknowledging that future research along the path taken by Feigenson, Lib-
ertus, and Halberda (2013)––who argue that infants’ ANS acuity ”predicts
growth in mathematical ability” (p. 3)––may critically alter my view on the
linguistic foundation of advanced numerical cognition.

Furthermore, the disparity of numerical expressions in the worlds’ languages
suggests that a cultural need for exact representations of large numbers is
essential for advanced numerical cognition. I argue that this stance has been
most strongly encouraged by the Anindiyakwas’ brief influx of large numeri-
cal terms, which lost their cultural value as the need for trading with foreign
visitors declined. Thus, I find it reasonable to consider cultural practices as
a necessary precursor to the development of language that, in turn, advances
numerical cognition; in line with hypothesis (3) (cf. section 2.4). This is
additionally endorsed by the remnants of early lunar calendars (cf. section
2.2.6), which suggests that both a statistical inference of the days in a lunar
cycle and a cultural need for such knowledge gave way to representational
systems, depicting the number of days on a spatial timeline.

Where compelling evidence, such as that of saccadic compression, presented
by Burr et al. (2011), contests the dissociations and notions of partly shared
representational mechanisms found by Cappelletti et al. (2011), the current
lack of empirical data and the novelty of the research area prohibits me from
contending one side over the other. While the fMRI-based study presented in
this thesis seems to favor the notion of fully shared mechanisms, with results
closely replicating those of previous studies with similar conclusions (e.g.
Agrillo and Piffer, 2012; Bonato et al., 2012; Bueti and Walsh, 2009; Walsh,
2003), I leave this question––and hypothesis (1) (cf. section 2.4)––open for
future research, with these intuitions as arguments for further consideration.
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7.1 Questions for further research

During the completion of this thesis, I have encountered a number of ques-
tions in the field of numerical cognition which I believe warrant further re-
search and discussion.

• What is the nature of the causal relationship between language and
ANS acuity? Are Noël and Rouselle (2011), and Carey (2000) correct
in arguing that linguistic development precedes the ability of exact
enumeration, or will future research cement Dehaene’s (1992) idea of
the analog magnitude code’s semantic representation of number?

• Is the generalized magnitude system fully or partly shared among di-
mensions and mechanisms? How should future studies be designed to
further investigate this question?

• How are numerical concepts acquired and built upon core cognition
(e.g. Carey, 2000)? Is the idea of core cognition––and especially the
notion of core numerical concepts––viable?

• Is the intraparietal sulcus the locus of the generalized magnitude sys-
tem?

• Why are some young children only able to grasp spatial conceptions of
number when perceiving the task as helpful to researchers (e.g. Mc-
Garrigle and Donaldson, 1974)?

• To which degree are the basal ganglia responsible for the production of
mental time lines?

• Following on the findings of response-stage effects of TiNARC (Kiesel
and Vierck, 2009), is it viable that multiple, separate mechanisms of
the generalized magnitude system converge exclusively in the response
stage? How does this affect ATOM (Walsh, 2003) and the notions of
partly shared mechanisms (e.g. Cappelletti et al., 2011)?
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9 Appendix

Figure 12: A screen informing participants that the next trial block is about
to commence

Figure 13: A resting screen, shown between trial blocks
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Figure 14: The response cue

Figure 15: Example of a reference stimulus in the line discrimination task

Figure 16: Example of a target stimulus in the line discrimination task
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Figure 17: Example of a reference stimulus in the numerosity discrimination
task

Figure 18: Example of a target stimulus in the numerosity discrimination
task

Figure 19: The target stimulus used for time discrimination tasks
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Figure 20: The reference stimulus used for time discrimination tasks
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