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Abstract

It is claimed that numbers are represented spatially. Evidence for this claim comes from the
Spatial-Numerical Association of Response Codes (SNARC) effect. In the symbolic number
SNARC effect, faster responses are found for the left/right hand for numerical judgments when a
presented target number is smaller/larger than a referent. Yet little research has examined
whether a SNARC-like effect is evident for non-symbolic quantities. If a non-symbolic SNARC-
like effect can be demonstrated it would suggest that non-symbolic quantity is also represented
spatially. This is an important issue conceptually because it may inform claims about the
neurocognitive representation of symbolic number and non-symbolic quantity in the brain.

The limited research that has examined the non-symbolic SNARC-like effect has used stimuli
that could be translated into symbolic terms or has ignored the potential effects of individual
differences by collapsing data across magnitudes during analysis. These methodological issues
were addressed in the research reported in this thesis in which the results of five studies are
reported to determine whether a SNARC-like effect occurs for non-symbolic stimuli.

In Study 1 adults (n = 28) judged whether the quantity of a target array of dots was smaller or
larger than a referent array of dots using either their left or right hand to make judgments. The
referent was always 30-dots and judgment reaction times (RTs) to six different target arrays were
assessed (i.e., 15, 20, 25, 36, 45 or 60-dots). Participants also completed a visuo-spatial memory
(VSWM) and a math ability task. A non-symbolic SNARC-like effect was observed but no
relationship between this effect and VSWM or math ability was found.

The rationale of Study 2A was to reduce issues of discrimination and calibration found in Study 1
by reducing task difficult. Thereby increasing the chance of finding a non-symbolic SNARC-like
effect for all participants. To investigate the degree to which the non-symbolic SNARC-like
effect is affected by the ratio between the referent and target arrays, in Study 2A adults (n = 26)
compared target arrays that were either 15 or 60 dots with a referent array of 30 dots (i.e., ratios
of 0.5). They also completed VSWM and math tasks. A non-symbolic SNARC-like effect was
observed which was related to VSWM. Participants who showed a more pronounced non-
symbolic SNARC-like effect showed better VSWM performance.

Study 2B investigated if a more pronounced non-symbolic SNARC-like effect occurs for targets
closer in magnitude to the referent. The rationale was to see whether, as in the symbolic SNARC
effect, non-symbolic quantity stimuli that result in slower RTs tend to elicit a stronger SNARC-
like effect. The referent was 30 dots and the target arrays either 20 or 45 dots (ratios of 0.66).



Adults (n = 39) completed the non-symbolic judgment, VSWM, and math tasks. Compared to
Study 2A, a more pronounced non-symbolic SNARC-like effect was found.

The symbolic SNARC effect has been found for other response modalities (i.e. eyes, feet). Study
2C (n = 18, adults) aimed to determine if the non-symbolic SNARC-like effect transfers to
another response modalities (i.e. feet) and the degree to which responses are influenced by the
surface area of the dot stimuli, in Study 2C referent and target dot arrays had the same total
surface area. A non-symbolic SNARC-like effect was found in this study, which suggests that
total dot surface area was not the driver of the SNARC effect found in Experiments 1, 2A, 2B
and 2C.

The rationale for Study 3 was to specifically address individual differences in calibration and
discrimination for the non-symbolic SNARC-like effect found in Studies 1 and 2. Study 3 (n =
87) aimed to investigate the claim that individual differences in the Weber fraction may explain
non-symbolic SNARC-like effect judgments using an adaptive staircase to measure the Weber
fraction. This Weber threshold was then used calibrate the optimal ratio of referent-to-target for
each participant. In the non-symbolic quantity judgment task one of six referents (10, 20, 30, 40,
50 or 60 dots), each being paired with an ‘easy’ (twice threshold) and a ‘hard’ (at threshold) (n =
11 — 100 dots) target. However, findings did not support this claim as participants with low and
high-performance numerical acuity showed a similar non-symbolic SNARC-like effect.

The findings showed a consistent non-symbolic SNARC-like effect. The pattern of findings
suggests the non-symbolic SNARC-like effect is robust as it was shown across all five studies
and was resistant to manipulations of ratio, visual cues, and modality of response. Differences in
discrimination and calibration were found for numerical judgments suggesting there are
individual differences in the spatial representation of non-symbolic quantities. Moreover,
individual differences in the spatial representation of non-symbolic quantities may be related to
structural differences in the brain. This confirms the importance of the non-symbolic SNARC-
like effect for models of numerical cognition providing evidence that non-symbolic quantity is
represented spatially from smallest to largest, left to right akin to a symbolic mental number line.
This suggests that neurocognitive systems may represent symbolic number and non-symbolic
quantity in the brain in a similar manner. This finding has potential implications for education
and interventions for those with dyscalculia.
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Chapter 1: The Research Problem

There is considerable evidence to support the existence of a relationship between number
and space. One of the most robust behavioural examples of this relationship is the Spatial-
Numerical Association of Response Codes (SNARC) effect (Dehaene, Bossini, & Giraux, 1993).
In the SNARC effect, faster responses are found with the left hand for smaller numbers (i.e., 1 or
2) and with the right hand for larger numbers (i.e., 8 or 9). However, research on the SNARC
effect has been largely focused on symbolic number (i.e. Arabic numerals). It has been claimed
the symbolic SNARC effect shows support for the spatial representation of symbolic number in
the form of a mental number line (Dehaene et al., 1993), however the origin of the SNARC effect
is not known.

It is claimed that there are two distinct systems for processing non-symbolic quantities
(Butterworth, 2010; Dehaene 1997). One system represents small quantities, known as the
subitizing system, and another that represents larger quantities, known as the ANS range
(Feigenson, Dehaene & Spelke, 2004). Support for this claim is shown by different response
signatures for small and large non-symbolic quantities. In the subitizing range (i.e. ~ 1 to 4)
responses are quick and accurate (Trick & Pylyshyn, 1994). By contrast, ANS signatures are
imprecise (Whalen, Gallistel, & Gelman, 1999) because numerical judgments are based on
approximations (Gallistel & Gelman, 1992), and variance or noise increases linearly as a function
of non-symbolic quantity (Buckley & Gillman, 1974). That is, slower and less accurate responses
are often found when two to-be-compared magnitudes are closer than when they are further apart
(Moyer & Landauer, 1967). This suggests that response judgments are affected by the ratio of
referent to target (Dehaene, 1992).

It has been suggested that the ANS is the foundation of symbolic number representation
(Nieder & Dehaene, 2009) and that its efficacy may be important for math abilities (Halberda,
Mazzocco, & Feigenson, 2008; Piazza, 2010; Piazza et al., 2010). Yet surprisingly little is known
about the spatial representation of non-symbolic quantity; and previous research that has been
conducted has focused on analysing non-symbolic aspects of the ANS by measuring the Weber
fraction (Price, Palmer, Batista, & Ansari, 2012). It is suggested herein that a more
comprehensive understanding of the relationship between non-symbolic quantity and space is
required to gain better understanding of neuro-cognitive representation of quantity as a cognitive
basis for the representation of symbolic number.



Several methodological issues need to be addressed when examining the spatial
representation of non-symbolic quantity using a non-symbolic quantity judgment task. First,
previous research that has examined the non-symbolic SNARC-like effect has used stimuli
ranging from 1 to 10 which includes quantities in the subitizing (i.e., 1 — 4; Mandler & Shebo,
1982) and counting range (i.e., 5 — 10). This is problematic as quantities in the subitizing range
may be processed automatically, triggering spatial representation of symbolic number. While
quantities in the counting range are small enough to allow some participants to count the items

(i.e. a set size of 5 dots is converted to verbal symbolic ‘5”).

Second, analysis of the symbolic SNARC effect often consists of data collapsed across
‘smaller’” and ‘larger’ numerical magnitudes. Because of this ‘collapsing’, individual differences
in patterns of data for the SNARC effect are often not acknowledged (Beecham, Reeve, &
Wilson, 2009). This is problematic since there are known individual differences in acuity of non-
symbolic quantity judgments (Chew, Forte, & Reeve, 2016; Halberda & Feigenson, 2008). For
example, those with a smaller weber fraction tend to respond to difficult ratios with a high level
of accuracy and relatively fast RTs. But those with a larger Weber fraction may be unable to
respond above chance level for more difficult ratios.

In sum, tests of the non-symbolic SNARC-like effect involve more complex factors than
those used to study the symbolic SNARC effect. An appropriate methodological approach to
examine individual differences in the spatial representation of non-symbolic quantity may be
important to further knowledge of number-space interactions. Psychophysics methodology may
enable the nature of individual differences to be explored or gain further understanding in
variance of the non-symbolic SNARC-like effect.

The thesis has three aims. The first is to examine if non-symbolic quantities are represented
spatially as evidenced by a non-symbolic SNARC effect. The second is to examine the
relationship between the to-be-judged quantity ratios, low level visual cues, and modality of
response on the non-symbolic SNARC-like effect. The third is to examine possible reasons for
individual differences of the non-symbolic SNARC-like effect. The next chapter (Chapter 2)
critically reviews previous research to support the rationale for the research reported in this

thesis.



Chapter 2

The purpose of Chapter 2 is to present and defend the claims that form the basis of this
thesis. The first and main claim is that the spatial representation of non-symbolic quantities (the
magnitude’ representation of non-symbolic elements) can be explored using a SNARC-like
effect. The symbolic SNARC effect is argued as evidence for the spatial mapping of symbolic
number. However, the symbolic SNARC effect is experiential and is found only after formal
math education and to date no research has specified the origin of this effect. An inherent left-to-
right spatial preference in preverbal infants and animals may reflect a right hemisphere
dominance drawing attention to left side space, that may later be moderated by cultural artefacts
such as rulers, counting on fingers, and reading direction and hence influence the symbolic
SNARC effect. Insofar as this is the correct, it would be expected that non-symbolic quantities

are spatially represented as evidenced by the non-symbolic SNARC-like effect.

The second claim focuses on the representation of non-symbolic quantity. Many
researchers have proposed that two separate systems represent non-symbolic quantity: a precise
system for representing small quantity (e.g., 1 to 4~ items), often referred to as the subitizing
range; and an approximate number system (ANS) for non-symbolic quantity beyond the 1 to 4
item range (Dehaene, 1997; Inglis & Gilmore, 2014; Mandler & Shebo, 1982; Trick & Pylyshyn,
1994). The ANS extracts magnitude information, independent of visual cues, and is thought to
provide a foundation for mapping symbolic number onto non-symbolic quantity. This can be
better thought about as symbolic magnitude representation builds on non-symbolic quantity
representation. A competing account, sensory integration theory, suggests that visual cues are
impossible to remove completely from non-symbolic stimuli. In either case, it would be expected
that a non-symbolic SNARC-like effect could be identified. Insofar as the two claims can be
substantiated, it would allow the identification of characteristics of the non-symbolic SNARC-

like effect to gain better insight into the spatial representation of non-symbolic quantity.

Chapter 2 consists of five sections. The first section will critically examine the claim that
number and space are inherently linked. While there is considerable evidence for the relationship
between symbolic number and space (Dehaene et al., 1993; Fischer & Shaki, 2014; Hubbard,

! The terms ‘quantity’ and ‘magnitude’ are often used interchangeably. However, in this thesis *quantity’ is
only used in association with non-symbolic magnitudes.



Piazza, Pinel, & Dehaene, 2005), there is a lack of research focused on the relationship between
non-symbolic quantity and space. It will be argued that non-symbolic quantities are spatially
represented. The work of Dehaene et al. will be examined, as will current models of the SNARC

effect in order to expand current knowledge and models of the SNARC effect.

The second section of Chapter 2 will investigate non-symbolic quantity processing, the
ANS, and its potential link with math ability. There will be a review of estimation of non-
symbolic quantity, including a critique of assumptions that underlie estimation. It will be argued
that estimation is integral to examining non-symbolic quantity processing for large sets of items.
The importance of ratio and calibration for investigating the ANS will be discussed. Current
debates in the literature and models of the ANS will be critically reviewed to identify issues with
existing methodology and to provide suggestions of how these issues can be addressed in the

thesis.

Section 3 will critically review key theories and methodology of the symbolic and the non-
symbolic SNARC-like effect. It is argued that the symbolic SNARC effect is evidence for the
spatial representation of symbolic number. If this claim is correct, then the non-symbolic
SNARC-like effect could be considered evidence for the spatial representation of non-symbolic
quantity. Behavioural, neuropsychological, and neuroimaging evidence for the SNARC effect
will be reviewed to highlight methodological and theoretical issues in the literature and how these
issues will be addressed. A rationale will be provided for quantity comparison being a suitable

paradigm to examine the non-symbolic SNARC-like effect.

The fourth section of Chapter 2 will review research that has identified individual
differences in numerical cognition. It is argued that although different patterns in data exist, most
previous research in numerical cognition has not focussed on individual differences. It is argued
that examining individual differences can provide further insight into spatial-numerical
associations. Psychophysics methodology for investigating individual differences in the non-

symbolic SNARC-like effect will be proposed.

The final section of this Chapter will provide a summary of the argument and the planned
research agenda designed to address the issues already identified. It will be argued that greater
understanding of the relationship between non-symbolic quantity and space can be advanced by

the systematic manipulation of: ratio (i.e., changing the ratio of target to referent and thereby



difficulty of magnitude judgments); stimulus arrays (i.e., controlling for low-level visual cues
such as total surface area, dot size, density); effector of response (i.e., responding with feet
instead of hands); and task demands (i.e., using an adaptive staircase, target set sizes are chosen
based on each individual’s Weber fraction to find the optimal ratio to test the non-symbolic
SNARC-like effect).

To summarise, the main objective of this critical review is to identify issues in experimental
design for measurement of the ANS that have followed on from historical theories and
methodology but limit claims that can be made about the spatial representation of the ANS. The
aims of this chapter are threefold: First, to critically review evidence for the spatial representation
of number. Second, to review evidence for the claim that non-symbolic quantity representation
occurs in the ANS. Third, to provide a rationale for research questions that motivated the five

studies reported in Chapter 3, 4, and 5.

2.1  Numbers and Space

This section reviews evidence for the spatial representation of symbolic number and non-
symbolic quantity representation. Three points will be made. First, number and space are
inherently linked. Second, the symbolic SNARC effect is evidence for the spatial representation
of symbolic magnitude. Third, we know less about the link between non-symbolic quantity and

space than symbolic magnitude and space.

Throughout recorded history mathematicians and philosophers have highlighted the
importance of number and space (Fischer & Shaki, 2014; Hubbard et al., 2005). Indeed, it has
been suggested that the abstract representation of number is mapped onto (more concrete) neural
representations of everyday experience such as space (Dehaene, 1997). In contemporary
numerical cognition theory, number is thought to be represented by an implicit spatial
representation with smaller numbers on the left side and larger numbers on the right side (in so-
called Western cultures, at least) (Dehaene et al., 1993). This mapping of number in a left-to-right
manner may be influenced by reading direction (or finger counting habits; see Fischer,
Kaufmann, & Domahs, 2012). This spatial asymmetry has also been found for time, number, and
everyday events (Chatterjee, 2011; Goksun et al., 2013). It has been postulated that a generalised

magnitude system may exist in the parietal cortex for abstract concepts such as time, space, and



number (ATOM, Walsh, 2003; see also Bueti & Walsh, 2009) and that these differing concepts
may be coded abstractly.

An understanding of symbolic number and math is thought to be associated with the
relationship between number and space (de Hevia, Vallar, & Girelli, 2008). The ability to map
symbolic numbers onto space may be a factor in the successful development of numerical
competence (Crollen & Noél, 2017; Gunderson, Ramirez, Beilock, & Levine, 2012; Kurdek &
Sinclair, 2001; Lachance & Mazzocco, 2006; but see Cipora, Patro, & Nuerk, 2015), and the
spatial coding of number has had a key impact on models of numerical cognition (Dehaene,
1992; Dehaene, Piazza, Pinel, & Cohen, 2003).

Galton (1880a, 1880b) was the first to propose that there may be a unique relationship
between number and spatial locations. Galton’s two observational reports uncovered a common
phenomenon: numbers were often visualised at a particular location in space. However,
behavioural evidence supporting Galton’s proposal was not reported until Moyer and Landauer’s
(1967) ground-breaking research nearly a century later. In their study, Moyer and Landauer asked
participants to make a numerical judgment about which of two numbers was more (or less) than
the other. They found response times were quicker and fewer errors occurred as the numerical
distance between the two to-be-judged numbers increased. This ‘numerical distance effect’
supports Galton’s idea of individualised number-space constructs. More specifically Moyer and
Landauer hypothesise that numbers are represented spatially in the form of a horizontal ‘mental
number line” with smaller numbers on the left and larger numbers on the right of this line
(Dehaene, 1992; Moyer & Landauer 1967; Restle, 1970).

There is substantial empirical evidence that supports the mental number line hypothesis.
This evidence comes from behavioural studies in the normal population (Dehaene et al., 1993;
Fischer, Castel, Dodd, & Pratt, 2003; Moyer & Landauer, 1967; Restle, 1970, Schwarz & Keus,
2004); neuropsychological patients (Rossetti et al., 2004; Vuilleumier & Rafal, 1999; Zorzi,
Priftis, & Umilta, 2002, but see Doricchi, Guariglia, Gasparini, & Tomaiuolo, 2005); neural
disruption studies (transcranial magnetic stimulation) (Gébel, Calabria, Farne, & Rossetti, 2006);
and functional neuroimaging studies (Gevers, Ratinckx, De Baene, & Fias, 2006; Pesenti,
Thioux, Seron, & De Volder, 2000; Pinel, Dehaene, Riviére, & LeBihan, 2001). Taken together

this shows strong evidence for the link between symbolic number and space.



2.1.1 Number and Space in the Brain

The possible existence of a specific area for processing number in the brain was first raised
in the early 20th century. It was observed that brain damage to the left parietal area led to
problems with maths. In Gerstmann’s syndrome, lesions are often found on the left angular gyrus
(Gerstmann, 1940). Patients with this syndrome often experience issues with number processing
and calculation. In Gerstmann’s syndrome finger agnosia is common, along with spatial issues
such as left-right confusion. More recent studies of patients with lesions in the parietal cortex and
activation of areas in the intraparietal sulcus have shown evidence for a relationship between
number and space in the brain; specifically, in the horizontal segment of the intraparietal sulcus
hIPS, the posterior IPS pIPS, and the superior parietal lobule pSPL (Cipolotti, Butterworth, &
Denes, 1991; Zorzi et al., 2002). Hubbard, Piazza, Pinel, and Dehaene (2005) argue that number
and space are processed by the same area in the parietal cortex. This claim has been supported by
Harvey, Klein, Petridou, and Dumoulin (2013) who showed topographical representation in the
human parietal cortex of numerosity and generalised magnitudes of object size (see also Harvey,
Fracasso, Petridou, & Dumoulin 2015). These findings show that numbers and space are linked

in the brain and are represented in parietal lobes.
2.1.2 Neural Basis of Non-symbolic Number

In Dehaene and Cohen’s (1995) triple code model of number processing, non-symbolic
numerical quantity processing occurs through the analog magnitude representation route. From
an anatomical perspective, when a numeric stimulus is first presented it must be processed by the
visual system in the ventral visual pathway. This neural pathway leads to the left occipito-
temporal region. In a number comparison task, the parieto-occipito-temporal regions of both
hemispheres are involved. Evidence for Dehaene and Cohen’s model is provided in single case
studies with split brain patients, double dissolutions and neuroimaging studies, specifically fMRI,
EEG, and ERP studies (Dehaene, 2011; Dehaene & Cohen, 1995; Skagenholt, Traff, Vastfjall, &
Skagerlund, 2018).

In summary, there is much evidence to support a relationship between numbers and space.
Behavioural, neuropsychological, and neuroimaging studies show strong evidence for the spatial
representation of symbolic number. One of the most popular paradigms used to explore this is the

Spatial-Numerical Association of Response Codes effect (SNARC effect) — smaller numbers



facilitate left-hand responses and larger numbers facilitate right-hand responses (Dehaene et al.,
1993). The SNARC effect will be reviewed in more detail in the next section.

2.1.3 Symbolic Number SNARC Effect

The purpose of this section is to review research investigating the symbolic SNARC effect.
It has been claimed that the symbolic SNARC effect is evidence for the spatial representation of
symbolic number (Dehaene, 1997; Dehaene et al., 1993; Gevers & Lammertyn, 2005). Insofar as
this is correct, the non-symbolic SNARC-like effect may be a good candidate for investigating
the spatial representation of non-symbolic quantity. To date, however, most research into the

SNARC effect has focused on symbolic number (i.e., Arabic numerals).

In the original SNARC paradigm (symbolic number judgment task, Dehaene, Dupoux &
Mehler, 1990), participants judged whether a presented number was smaller or larger than a fixed
reference number and indicated their judgment by pressing buttons on the left or right. In one
block of trials, ‘smaller’ responses were assigned to the left button and ‘larger’ responses to the
right, and for the other block of trials this assignment was reversed. The SNARC effect refers to
the finding that ‘smaller’ responses are made more quickly by the left versus the right hand, with
the converse effect for ‘larger’ responses. Dehaene, Bossini, and Giraux (1993) conducted a
further study to examine this phenomenon. Dehaene and colleagues used a parity judgment task
where presented numbers were classified as odd or even. Again, faster responses were found for
smaller numbers when with left hand responses and to larger numbers with the right hand. The
SNARC effect has been interpreted as evidence for an internal spatial representation of symbolic

numbers with smaller numbers on the left and larger numbers on the right.

The SNARC paradigm has been widely used in the field of numerical cognition. The
symbolic number SNARC effect has been replicated using different stimuli, including visual
number words, auditory number words (Nuerk, Wood, & Willmes, 2005), double-digit numbers
(Reynvoet & Brysbaert, 1999), and negative numbers (Shaki & Petrusic, 2005; however, see
Nuerk et al., 2004). The symbolic SNARC effect has been found in patients with visual hemi-
field neglect (Zorzi et al., 2012), participants who are visually impaired (Crollen, Dormal, Seron,
Lepore, & Collingnon, 2013), and in children (Berch, Foley, Hill, & Ryan, 1999).

A range of response measures have been used to examine the symbolic SNARC effect,

including pointing (Fischer, 2003), grasping (Andres, Davare, Pesenti, Olivier, & Seron, 2004),



eye-movements (Fischer, Warlop, Hill, & Fias, 2004), and foot pedal responses (Muller &
Schwarz, 2006), with consistent effects. The symbolic SNARC effect provides evidence that the
number-space relationship is automatically triggered, as number magnitude is orthogonal to the
parity judgment task (odd or even) (Dehaene et al., 1993, but c.f. Nathan, Shaki, Salti, & Algom,

2009 who argue that the relationship is between space and relative magnitude).

The SNARC effect has also been found with non-numerical stimuli but the results have
been less consistent. In one of the earliest studies, Dehaene et al. failed to find a SNARC effect
when letter stimuli were classified being at the beginning or the end of the alphabet (Experiment
4, Dehaene et al., 1993). Fischer (2003) also failed to find a SNARC effect for letters using a
pointing task. Stimuli consisted of the letters A, B, T, and U. Participants had to classify the
letters as a vowel or consonant. Although a SNARC effect was not found for letters using this
method, it was found for numbers. Nevertheless, a later study with more statistical power showed
a SNARC effect for both letters of the alphabet and months of the year (Gevers, Reynvoet &
Fias, 2003). Spatial mapping of other continuous quantity such as physical size (Ren, Nicholls,
Ma, & Chen, 2011), pitch (Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2006), and

luminance (Fumarola et al., 2014; Ren et al., 2011) have also been identified.

Overall, there appears to be strong evidence for the symbolic SNARC effect and the spatial
representation of symbolic number. However, some research on the symbolic SNARC effect has
challenged a direct relationship between number and space: number representation is not always
directly related to spatial representation (van Dijck, Abrahamse, Majerus, & Fias, 2013). If this
claim is correct, the symbolic SNARC effect may be less to do with a stable spatial
representation of number (Marghetis, Kanwal, & Bergen, 2013) and more do to with non-spatial
and flexible associations (Fischer, Mills, & Shaki, 2010; Gevers et al., 2010; Santens & Gevers,
2008). Although non-symbolic quantity processing is thought to be critical for numeracy and
strong links have been established between numerical magnitude and space, there has been a
dearth of research investigating the spatial representation of non-symbolic quantity. The symbolic
SNARC paradigm has proven to be a reliable and sensitive task for assessment of spatial
representation of symbolic number, and therefore a logical candidate for assessing whether non-

symbolic quantity is represented spatially.
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2.1.4 Non-symbolic SNARC-like Effect

The aim of this section is to critically review research on the non-symbolic SNARC-like
effect. This will identify issues in the literature that will be addressed in this thesis. Another aim
of this section is to examine if the non-symbolic SNARC-like effect provides evidence for the

spatial representation of non-symbolic number in the form of a left-to-right mental ‘number’ line.

To our knowledge only a few studies have been conducted on the non-symbolic SNARC-
like effect and various paradigms have been used such as parity judgment, magnitude judgments
with sequential or pairwise presentation of stimuli, and studies of the attentional SNARC using
target detection in both children and adults (Bulf, Cassia, & de Hevia, 2014; Ebersbach, Luwel,
& Verschaffel 2014; Lee, Chun, & Cho, 2016; Luccio, Fumarola, Tamburini, & Agostini, 2012;
Mitchell, Bull, & Cleland, 2012; Nuerk, et al., 2005; Patro & Haman, 2012; Patro & Shaki, 2016;
Zhou, Shen, Li, Li, & Cui, 2016). These studies will be critically reviewed below.

Lee et al. (2016) used a pairwise comparison task with symbolic and non-symbolic quantity
in adults to see if task instructions influenced the SNARC effect. The same stimuli were used but
the instructions varied. Lee et al. found a standard SNARC effect for the ‘choose smaller’
condition, and a reversed SNARC effect for the ‘choose larger’ condition, which was interpreted
as showing that the non-symbolic SNARC-like effect was influenced by task instructions. This
study shows that like the symbolic SNARC effect, the non-symbolic SNARC-like effect appears
to be flexible. However, Lee et al. used stimuli that spanned both the counting (6 — 10) and ANS
ranges (11 — 50) with a presentation time of 1000 ms. The use of smaller non-symbolic quantities
and longer presentation times may have enabled counting rather than short presentation times that

encourage estimation.

Patro and Shaki (2016) also used a pairwise comparison non-symbolic quantity judgment
task to investigate the spatial representation of non-symbolic quantity in Polish-speaking and
Hebrew-speaking adults These groups were chosen to compare as in the Polish language both
text and numbers are read from left to right but in Hebrew, text is read from right to left while
numbers are read from left to right. Stimuli consisted of 2 to 10 rectangles shown side by side.
Participants had to choose the smaller or larger set. A non-symbolic SNARC-like effect was
found, although the effect was smaller in Hebrew participants. This shows that like the symbolic

SNARC effect, reading direction may influence the non-symbolic SNARC-like effect.
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Nuerk et al. (2005) conducted a series of experiments using a parity judgment task with a
range of symbolic and non-symbolic stimuli — 0 to 9. These consisted of auditory number words
and visual stimuli consisting of dice dot patterns, Arabic numerals, and number words. Nuerk et
al. found a SNARC effect for all stimuli suggesting the SNARC effect is independent of format
and modality. However, participants had to perform a parity judgment task and classify familiar
dice patterns as odd or even. This may require converting non-symbolic quantity to a symbolic
number. Therefore, this task may have unintentionally activated the symbolic number system: the
SNARC-like effect for non-symbolic quantities may have been activated by a spatial
representation symbolic number, rather than represent a spatial mapping of non-symbolic
quantity. Moreover, the stimuli in Nuerk’s study spanned the subitizing and counting ranges. It is
known that there are differing behavioural RT signatures across these two ranges (Trick &
Pylyshyn, 1994).

Mitchell, Bull, & Cleland (2012) explored the non-symbolic SNARC-like effect in adults
using an implicit paradigm in which the non-symbolic quantity of stimuli was irrelevant to the
task. Arrays consisted of 1 to 9 circles or triangles. Participants made a colour judgment
(Experiment 1; Mitchell et al., 2012) or an orientation judgment (Experiment 2; Mitchell et al.,
2012) for dot arrays or triangles. A SNARC-like effect was found for orientation judgments only.
The authors interpreted this finding as evidence for shared parietal processing of number and
orientation judgments. However, it is important to note that stimuli used in this experiment
spanned both the subitizing and counting ranges that have differing behaviour signatures. Indeed,
in Mitchell et al.’s study a stronger SNARC effect was found in the subitizing range (1 — 4),
compared to larger numbers (5 — 9). The authors suggested that non-symbolic quantity
representation interferes with responses in the orientation task, but not for the whole range of
non-symbolic quantities. Although the focus of this study was not on the spatial representation of
non-symbolic quantity it has implications for future studies on the non-symbolic SNARC-like
effect. Care should be used when selecting the range of non-symbolic quantities in non-symbolic
SNARC-like paradigms.

Luccio, Fumarola, Tamburini, & Agostini (2012) used a detection paradigm to examine an
attentional SNARC effect and the spatial representation of non-symbolic quantity. In Luccio et
al.’s study, the subitizing and counting ranges were included to see if they were spatially

represented in a similar manner to symbolic number. Interestingly, Luccio et al. only found a
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SNARC from the counting range and beyond with faster responses found for the left hand with
the magnitudes from 7 and 11 and with the right hand with magnitudes from 15 — 23. Luccio et
al. claimed that in their study only magnitudes in the counting range seems to be represented
spatially. This result contrasts with Mitchell et al.’s (2012) study, who found a non-symbolic
SNARC-like effect for magnitudes in the subitizing rather than in the counting range.

Zhou, Shen, Li, Li, & Cui (2016) examined the spatial representation of non-symbolic
quantity purely in the ANS range in adults, avoiding the use of stimuli in the subitizing (1 —4) or
counting ranges (5 — 10). Stimuli consisted of the following dot arrays: 11, 14, 17, 20, 23, 26, and
29. In each trial, two of these arrays were displayed sequentially. Participants had to decide if
these arrays were the same or different. Zhou et al. found a SNARC-like effect for non-symbolic
quantity purely in the ANS range. However, in the analysis Zhou et al. collapsed data across
small and large non-symbolic quantities. Yet it is known that individual differences have been
found for the symbolic SNARC effect so it is likely that individual differences will be found for
the non-symbolic SNARC-like as well.

Other studies have demonstrated that continuous visual properties such as luminance may
be spatially represented. Using a luminance discrimination task in which participants had to judge
if a target was brighter or darker than a reference, Ren et al. (2011) showed a SNARC-like effect
for luminance: that is, research into the non-symbolic SNARC-like effect is further complicated
by the influence of low-level visual cues that are also represented spatially. Moreover, Fumarola
et al. (2014) found a SNARC-like effect for luminance (in a luminance comparison task where
participants judged the colours of stimuli for which luminance were irrelevant to the task). The
authors suggested that this spatial-luminance effect was automatic. These studies suggest de
Hevia and Spelke’s (2009) and Zhou et al.’s (2016) findings may have been affected by
participants using other visual cues to make judgments. Bulf et al. (2014) controlled for surface
area, but for not contour length or density, and it is possible the SNARC-like effect observed in
their study was affected by these variables. This shows some reasonable controls for low-level
visual cues should be in place when investigating the non-symbolic SNARC-like effect.

A non-symbolic SNARC-like effect has also been found in children. Patro and Haman
(2012) used a non-symbolic quantity judgment task in which pre-schoolers judged which of two

displays had larger non-symbolic quantity. Stimuli consisted rectangles ranging from of 2 to 10.



13

Patro and Haman found a non-symbolic SNARC-like effect. However, again stimuli spanned the
subitizing and counting ranges. Ebersbach, Luwel, & Verschaffel (2014) examined the spatial-
numerical associations in pre-schoolers using a magnitude judgment comparison task. The
reference consisted of 20 blue dots. In the ‘smaller’ condition, stimuli were 5 or 10 dots; in the
‘larger’ condition, stimuli were 40 or 80 dots. The total area of the dots was controlled.
Ebersbach et al. found a non-symbolic SNARC-like effect in 5- and 6-year-olds prior to the
beginning of formal schooling, and claimed their results provide evidence of an innate mapping
of number and space, independent of education experiences (e.g., the direction of writing scripts).
However, an issue with this claim is that children are exposed to many direction cues by
interacting with the world around them and their parents before they begin school, for instance,
parents often read to their children (Patro, Nuerk, & Cress, 2016).

Bulf, Cassia, and de Hevia (2014) used the attentional SNARC effect and an eye movement
paradigm to investigate the spatial representation of non-symbolic quantity in 8- and 9-month-old
preverbal infants. They used stimuli consisting of 2 or 9 dots for the numerosity condition and
rainbows of various sizes for the size condition. They found that the presentation of the smaller
dot stimuli (i.e., 2 dots) shifted attention to the left (this was indicated by direction of the infant’s
gaze) and to the right for larger stimuli (i.e., 9 dots). This shift of attention did not occur for the
size stimuli, which indicated a SNARC-like effect for non-symbolic quantities in infancy. The
authors argue this provides support for an innate mental number line, although they acknowledge

this claim should be tested in newborns to completely discount the effect of cultural influences.

As mentioned, another issue with previous non-symbolic SNARC-like studies is that they
mostly used non-symbolic stimuli ranging from 1 to 10. This includes stimuli in the subitizing
range (i.e., 1 — 4; Kaufman, Lord, Reese, & Volkmann, 1949) and non-symbolic quantities that
are in the counting range (i.e., 5 — 10). This is problematic since numbers in the subitizing range
maybe processed automatically, triggering spatial representations of symbolic number. Likewise,
numbers in the counting range (5 — 10) are small enough for some participants to count the
stimuli (i.e., a numerosity of 5 dots is converted to verbal symbolic ‘5”). Consequently, the

SNARC effect found may not be a genuine non-symbolic SNARC-like effect.

In sum, extant research provides mixed support for the spatial representation of non-

symbolic quantity. For instance, the non-symbolic quantities used in the studies generally include
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quantities in the subitizing and counting ranges that these simpler forms of non-symbolic stimuli
could be converted to symbolic numbers. Inconsistencies in non-symbolic SNARC-like research
methods suggest the findings should be treated with caution. In particular, the spatial
representation of larger non-symbolic quantity beyond the counting range remains to be
examined. While there is much evidence for a relationship between numbers and space, there is
still debate whether number-space mapping is innate or is shaped over time by cultural artefacts.
Moreover, to date there is little evidence to date for a non-symbolic SNARC-like effect so more

research is needed.

2.2 Accounts of the SNARC Effect

The section will critically review theories of the symbolic SNARC effect to examine the

relevance of these claims for the non-symbolic quantity SNARC-like effect.

Although there is strong evidence supporting the symbolic SNARC effect (Dehaene et al.,
1993; Fias, 2001; Fischer, 2001, 2003; Fias & Fischer, 2005; Gevers & Lammertyn, 2005;
Hubbard et al., 2005), the cognitive mechanisms underlying the symbolic SNARC effect are
poorly understood. Three explanations of the symbolic SNARC effect will be reviewed: (1) the
mental number line (Dehaene, 1992; Dehaene, 1993; Moyer & Landauer 1967; Restle, 1970); (2)
working memory (Fias, van Dijck, & Gevers, 2011); and (3) polarity correspondence principle

(Proctor & Cho, 2006). Limitations of these theories will be considered.
2.2.1 The Mental Number Line

In this section, the mental number line account of the symbolic SNARC effect will be
considered. It will be shown that there is strong evidence for this account. It will be argued that
further research on the non-symbolic SNARC-like effect is needed in order to examine the spatial
representation of non-symbolic quantity. Dehaene et al. (1993) were the first to claim that the
putative mental number line could account for the symbolic SNARC effect. As previously
mentioned, the mental number line describes the symbolic SNARC effect as a spatial congruity
between internal mental representation of number and external space with smaller numbers on the
left and larger numbers on the right. This suggests that numbers are represented in the brain in a
left-to-right orientation (Dehaene, et al., 2003), bilaterally in the intraparietal sulcus (Priftis,
Zorzi, Meneghello, Marenzi, & Umilta, 2006). This proposition later became part of Dehaene’s

influential neurocognitive triple code model of numerical cognition (Dehaene & Cohen, 1995)
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and has been the most popular account of the SNARC effect to date (Fischer & Shaki, 2014;
Wood, Willmes, Nuerk, & Fischer, 2008).

One explanation of the SNARC effect is that it occurs because of a close link between
where a number is situated on a left-to-right mental number line in representational space and the
position of the response (Gevers, Santens, Dhooge, Chen, Van den Bossche, Fias, & Verguts,
2010). The dominant mental number line account suggests that the SNARC effect occurs due to
the visuospatial coding of magnitude. However, more recently, this claim has been called into
question (Gevers et al. 2006; Proctor & Cho, 2006). Santens and Gevers (2008) argue that the
SNARC effect does not arise due to visuospatial coding but verbal coding such as ‘small’ and
‘left’ or ‘large’ and ‘right’. It is the similarity of dimensional overlap between these concepts that
is at play here. Moreover, the theory of the mental number line does not explain spatial-numerical

associations or SNARC effects for infants and animals.

Some critique the mental number line account as a posteriori explanation of the SNARC,
begging the question of how many number lines are needed to accommodate negative numbers,
fractions, and decimals, as well as natural numbers (Fischer & Shaki, 2014). Even key properties
ascribed to the SNARC such as being numerical, spatial, and based on a mental number line have
been called into question (Nufiez, 2011). Letters of the alphabet (Gevers et al., 2003), pitch
(spatial musical association of response codes; SMARC, Ruscioni et al., 2006), and near and far
responses independent of left or right movements (Santens & Gevers, 2008) have been shown to
be spatially represented. However, perhaps it should be questioned if this is an argument against
the SNARC, or whether there might be more spatial effects in cognition more generally, with one
author claiming that perhaps any form of magnitude may be represented spatially (spatial
quantity association of response codes; SQUARC, Walsh, 2003). As a unique representation of
number, the mental number line fails to account for flexible representations of number (i.e.,

circular representations in the form of a clock face; Bachtold, Baumdller, & Brugger, 1998).

The mental number line account provides strong evidence for the spatial representation of
number in long term memory and is the dominant account of the symbolic SNARC effect. Albeit,
to date there is little evidence for the spatial representation of non-symbolic quantity. The mental
number line theory may explain the spatial representation of non-symbolic quantity as shown by

a non-symbolic SNARC-like effect. Given the lack of research in this area, this claim is
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somewhat speculative. It is known that the mental number line alone cannot account for flexible
representations of number. The mental number line also fails to account for spatial-numeric
findings with infants and animals. In the next section, the working memory account of the
symbolic SNARC effect will be critically evaluated to determine whether it is a more compelling

explanation of the non-symbolic SNARC-like effect.
2.2.2 Working Memory

In this section, evidence for the working memory account of the symbolic SNARC effect
will be considered. It will be shown that findings are mixed. It will be argued further research on

the working memory account of the symbolic SNARC effect is needed.

A challenge to the mental number line account is the proposal that number-space
associations are generated in a temporary and flexible working memory, rather than reflecting an
enduring, stable relationship (van Dijck & Fias, 2011). This suggests that the symbolic SNARC
effect is an ordinal effect instead of a spatial one. A series of studies has provided support for this
account (De Belder, Abrahamse, Kerckhof, Fias, & van Dijck, 2015; Ginsburg, van Dijck,
Previtali, Fias, & Gevers, 2014; van Dijck, Abrahamse, Acar, Ketels, & Fias, 2014).

Herrera, Macizo and Semenza (2008) used a dual task paradigm to test the influence of
working memory on the SNARC effect. Participants had to remember either phonological (non-
words) or visuospatial information (Corsi Block Tapping Task) while they completed a
magnitude judgement task. In the condition where participants had to remember visuospatial
information, no SNARC effect was found. Further support for this was shown by Van Dijck,
Abrahamse, Acar, Ketels and Fias (Experiment 2, 2011) who designed an experiment to explore
if the symbolic SNARC effect could better be accounted for by the mental number line or
working memory theory. Participants memorised four sequential numbers before completing a
dot detection task. If the mental number line theory was behind the SNARC effect, a standard
response was expected. That is, a quicker response to left side targets after smaller numbers were
presented and a faster response to right side targets after larger numbers. Instead, numbers
triggered shifts of spatial attention relative to position in the working memory sequence. This
provided support for the working memory theory of the SNARC as relative position had more of
an influence than magnitude alone.

Moreover, a recent large scale online SNARC study with 604 participants by Gokaydin,
Brugger, and Loetscher (2018) showed further support for the working memory account of the
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symbolic SNARC effect. Findings of this study showed that congruency of trials influenced the
SNARC effect. That is response repetitions of incongruent trials (large-left, small-right) resulted
in an inversion of the SNARC effect. Taken together, these studies show that working memory
may play an important part in spatial numerical associations involved in the SNARC effect and
may be constructed on the spot to fit task demands.

The working memory account has also been challenged, with some studies failing to find
working memory as a factor (Hoffman, Pigat, & Schiltz, 2014) Hoffman, Pigat, and Schiltz
(2014) investigated whether the SNARC effect was related to age, inhibition capacity, working
memory, and response speed. Hoffman et al. found that a stronger SNARC effect was found in
those with decreased inhibition capacity who were older and had slower RTs. Neither verbal

short nor long term memory were related to the SNARC effect.

The working memory account claims that ordinal sequences held in short-term working
memory, rather than the spatial representation of number, explain the symbolic SNARC effect.
This suggests that number is not represented spatially. However, there is little evidence to support
the working memory account of the symbolic SNARC effect and not all studies that have tested
this theory have supported this claim. The next section will evaluate the polarity correspondence
account as a viable explanation of the non-symbolic SNARC-like effect.

2.2.3 Polarity Correspondence Account

In this section evidence for the polarity correspondence account is considered, and it will be
shown that the findings are mixed. It will be argued that limitations of the polarity
correspondence account do not allow an overarching explanation of the symbolic SNARC effect.
The polarity correspondence account has been proposed to explain the link between number and
space (Proctor & Cho, 2006). In tasks that require a binary classification, for example, two
alternate forced choice tasks, the stimulus and response options are coded as positive (+) polarity
or negative (—) polarity. If the polarities match for stimulus and response, then the choice of
response is quicker than if they differ. The coding of stimulus and response options of + and —
may reflect a general predisposition for binary coding of cognitive and affective domains (i.e., up
+ or down —, good + or bad —). Proctor and Cho (2006) claim it is this simple binary coding
concept that makes polarity correspondence an elegant account that may explain the SNARC
effect. However, one issue is that the SNARC effect is not an all-or-nothing effect but permits
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degrees (i.e., a strong or weak SNARC effect or a standard or reversed SNARC). The polarity
correspondence account cannot explain these individual differences in the SNARC effect.

Proctor and Cho (2006) argued that the SNARC effect can be explained by the polarity
correspondence account on par with the mental number line hypothesis. Polarity correspondence
differs from the mental number line account that instead of the SNARC being described as a
spatial stimulus-response compatibility effect it is likened to an orthogonal stimulus-response
compatibility effect. That is, the effect is not spatial — ‘large’ is coded as a positive polarity and
‘small’ as a negative polarity. Differences in reaction time for the SNARC effect for congruent
and incongruent responses can be explained in terms of the link between lateralised coded
responses with left responses as negative and right as positive. In the polarity correspondence
account, spatial correspondence for the SNARC effect occurs when these polarities match.
However, assignment of the polarity coding for stimulus and response is somewhat arbitrary and

it is not clear why a stimulus or response is coded + polarity or — polarity.

Nevertheless, stronger support for the polarity correspondence account is shown by a
computational model of the SNARC effect (Gevers, Verguts, Reynvoet, Caessens, & Fias, 2006).
The SNARC effect is explained by categorical coding. Digits are coded in categories such as

‘large’ or ‘small’ on a graded continuum.

Further support for the polarity correspondence account of the SNARC effect was shown
by Bae, Choi, Cho, and Proctor (2009), who used a transfer paradigm to examine the SNARC
effect. Participants practised either a magnitude judgment or stimulus-response compatibility task
with parallel or orthogonal responses before completing a parity judgment task. They found that
for the small-left/large-right magnitude mapping the SNARC was enhanced. For the orthogonal
task with small-right/large-left mapping a reversed SNARC was found. In the horizontal
condition, a larger SNARC was found for the up-right/down-left mapping than the up-left/down-
right mapping. The authors suggested that these findings are consistent with the polarity

correspondence principle.

One criticism of polarity correspondence as an overarching explanation of the SNARC
effect is that it fails to address the influence of reading direction on the lateralised mapping of
number to space. Another difficulty with polarity correspondence is that it does not account for

instances where space and number interact for one hand only (Fischer & Shaki, 2014). Like the
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working memory account of the SNARC effect, polarity correspondence fails to explain
differences in RTs for numerical stimuli closer or further from the referent. RTs tend to be faster
for easier trials or magnitudes that are further away from the referent (i.e., a referent of 30 dots
and a test of 60 dots). RTs tend to be slower for those closer to the referent in magnitude (i.e., a
referent of 30 dots and a test of 25 dots). These findings show that the magnitude of the stimulus
— not polarity alone — affects RTs (Fischer & Shaki, 2014). Further, in contrast to the mental
number line account of the SNARC effect, polarity correspondence does not explain why
mapping of dominant stimulus properties onto a non-dominant response interferes with a
response (Landy, Jones, & Hummel, 2008). Furthermore, it fails to account for why certain
binary dimensions have a dominant association (i.e., which properties or environmental
influences increase the value of a dimension; Landy et al., 2008). Although Proctor and Cho
(2006) assert that the polarity correspondence account is a viable alternate to explain the
symbolic SNARC effect, and the account has been growing in popularity, it may be seen more
appropriately as a different form of measurement theory. In short, it seems to be a somewhat
atheoretical model that does not add anything further to explain the symbolic SNARC effect.
Thus, the polarity correspondence account does not seem to be a viable explanation of the non-
symbolic SNARC-like effect.

Overall, there are some limitations to the polarity correspondence account as an
overarching explanation of the symbolic SNARC effect. These limitations include the influence
of reading direction and left-to-right spatial mapping of symbolic number, an inability to account
for the distance effect where targets that are closer in non-symbolic quantity to the reference are
responded to more slowly and less accurately. Taken together, this suggests that the polarity
correspondence account would not be a good candidate to explain the non-symbolic SNARC-like

effect because it does not contain a spatial component.
2.2.4 Summary

Research suggests the mental number line is evidence for the spatial representation of
symbolic number (Dehaene et al., 1993). Parity judgment and non-symbolic quantity judgment
tasks are believed to tap into the mental number line through the symbolic SNARC effect;
however, it is less clear if this is also the case for a non-symbolic SNARC-like effect. The

working memory (Fias, van Dijck, & Gevers, 2011) and polarity correspondence (Proctor & Cho,
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2006) accounts have less empirical evidence to support them. It is argued that non-symbolic
quantity are spatially represented as evidenced by a non-symbolic SNARC-like effect. If this is
the case it will provide evidence for the mental number line theory of the non-symbolic SNARC-
like effect. Neither polarity correspondence nor the working memory account of the SNARC
effect include a spatial basis. In the following section the difference between symbolic magnitude
and non-symbolic quantity will be examined. This is important because most of the research on
the SNARC effect has been conducted with symbolic number stimuli and there may be key

differences between the symbolic and non-symbolic SNARC-like effect.

2.3 Non-symbolic Quantity Processing

Numerical competence includes a broad spectrum of abilities. It is useful to decompose
these into more basic foundational skills, such as the ability to correctly identify a number and to
distinguish which of two numbers is larger (Dehaene, 1992). As noted, much research has been
devoted to understanding the mechanisms that underlie foundational competencies (Piazza,
2010). Nevertheless, the cognitive and neural mechanisms underlying number processes,
particularly non-symbolic quantity, are still poorly understood. In the following section the
relationship between symbolic and non-symbolic quantity processing and the approximate
number system (ANS), and links with math ability, the visual properties of non-symbolic

number, and magnitude judgment abilities will be reviewed.
2.3.1 Symbolic Number Processing

Symbolic number processing refers to our ability to identify, compare, and manipulate
symbolic numbers (typically Arabic numerals, ‘1°, ‘2’ etc. but also number words presented
visually or spoken). Symbolic number processing is thought to be important because it allows a
precise representation of number and enables objects to be counted, ranked in order, and
identified (Nieder, 2005). The invention of symbolic number only dates back a few thousand
years (Ifrah, 2000) and is acquired through cultural experiences such as formal education (Ansari,
2008). Thus, it is unlikely that new brain areas have evolved specifically for processing symbolic
number (Dehaene, 2005). Instead, it is more likely that existing brain structures enable symbolic
number processing (Gould & Vrba, 1982). Symbolic number processing appears to recruit brain
structures dedicated to non-symbolic quantity processing (Dehaene & Cohen, 2007).
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2.3.2 Approximate Number System

The purpose of this section is to review evidence for the approximate number system as a
core number system for processing and representing of non-symbolic quantity. It is claimed that
non-symbolic quantity representation is divided into two separate systems — the subitizing system
(for exact representation of up to 4~ objects) and an approximate system for larger quantity
(Dehaene, 1997), the latter being the focus of this chapter. A signature of the ANS is its
imprecision, larger quantity being represented less accurately than smaller quantity. (Barth,
Kanwisher, & Spelke, 2003; Feigenson et al., 2004; Pica, Lemer, lzard, & Dehaene, 2004).

Non-symbolic quantity processing underlies our ability to tell which of two sets of stimuli
contains the more elements without counting them (Price, Holloway, Résanen, Verserinen, &
Ansari, 2007). Unlike symbolic number processing, non-symbolic quantity processing seems to
be innate, present in both preverbal infants (Xu & Spelke, 2000) and non-human species
(Brannon & Terrace, 2000; Meck & Church, 1983; McComb, Packer, & Pusey, 1994;
Pepperberg, 2006). However, this system is restricted to approximate representations and basic
arithmetic operations (Nieder & Dehaene, 2009).

Research on the ability to judge how many items are in a display was first conducted by
Jevons (1871), and subsequently by Barlow (1978) who examined efficiency identifying items in
dot patterns. The paradigm involved detecting target items embedded in random dots. The value
of d” was computed for each individual to explain accuracy as a function of signal to noise ratio.
Barlow found that the most accurate discrimination occurred at 2/3 of the signal to noise ratio, a
finding that was interpreted as showing that humans have a limit on the capacity to discriminate
non-symbolic quantity.

Number sense was first defined by Dantzig (1954) as the ability to detect if an object has
been added or removed from a small group of items without witnessing this directly. However, a
key issue with this definition is that researchers differ widely in their use of the term (Gersten,
Jordan, & Flojo, 2005). Indeed, across disciplines such as education and mathematical cognition,
the term number sense has different meanings (Gersten et al., 2005). Berch (2005) compiled a
broad list of numerical concepts from the literature that have been defined as number sense. He
noted number sense referred to numerical concepts ranging from having an awareness or

intuition, skill, and knowledge, to a conceptual structure or mental number line for these
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numerical concepts. By contrast, Dehaene (1997) argued there should only be one definition of
number sense—the analog representation of quantity. The approximate number system supports
other cognitive systems during development and education (Dehaene, 1997). However, some
researchers disagree with Dehaene’s definition of number sense, asserting that it prejudges the

nature of number (see, e.g., Butterworth, Gallistel, & Vallortigara, 2018).

While the ANS is supported by psychophysics and Weber fraction data (Montemayor &
Winther, 2016), some aspects of the concept are unclear. While Dehaene (1997) defined the ANS
and number sense as different concepts, recent authors have used these terms interchangeably
(Sella, Tressoldi, Lucangelli, & Zorzi, 2016; Sziics & Meyers, 2017). A recent review of the
ANS literature suggests the meaning of key terms have shifted over time, with consequent

implications for how key concepts should best be tested (Sziics & Meyers, 2017).

In sum, there is evidence for the ANS being involved in the processing and representation
of large non-symbolic quantity. However, its exact role in the acquisition of numerical
knowledge is still unclear. The different definitions of the ANS raises the question of exactly
what researchers who examine the ANS are testing. Further understanding of the role of the ANS
and its relation to mapping of symbolic number will enable better design of educational

interventions to address issues in this area.
2.3.3 ANS as a Foundation for Symbolic Number

In this section the claim that the ANS underpins symbolic number representation will be
evaluated. It will be argued that there is some evidence for this claim, but that research in this
area has shown mixed results. Limitations of research in this area will be discussed. As noted
above, Dehaene (2001) proposed the ANS underpins mapping of symbolic number and therefore
mathematical ability. Evidence for mapping symbolic onto non-symbolic quantity comes from
similar behavioural RT signatures such as the size and distance effect (Moyer & Landauer, 1967;
Restle, 1970), and neuroimaging studies showing shared activation of brain areas for symbolic
and non-symbolic tasks (Piazza, 2010; Piazza, Pinel, Le Bihan, & Dehaene, 2007; Venkatraman,
Ansari, & Chee, 2005).

Non-symbolic quantity representation is claimed to be foundational to more complex
mathematic abilities such as calculation. Historically, problems with arithmetic have been

attributed to issues with higher-level mathematical processes such as addition or subtraction. As
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such, interventions focused on improving these higher-level processes. However, recent research
has challenged this claim. Basic mathematical processes may act as a foundation for more
complex mathematical processes (Butterworth, 2005; Dehaene, 1997; Gallistel & Gelman, 2000).
Notably, it has been suggested the ability to tell how many items are in a set may be linked to
later achievement in math (Halberda et al., 2008; Piazza et al., 2010; Starr, Libertus, & Brannon,
2013). Education and culture may increase precision of the ANS (Piazza, Pica, lzard, Spelke, &
Dehaene, 2013). However, ANS precision is also somewhat malleable and can change depending
on individuals’ ability to make easy or difficult judgments (Odic, Hock, & Halberda, 2014).

An alternate claim is that aptitude with symbolic number — rather than precision of ANS
acuity — improves math ability (Gobel, Watson, Lervag, & Hulme, 2014; Sziics, Nobes, Devine,
Gabriel, & Gebuis, 2013). However, in earlier stages of development ANS acuity may play a
more important role, and some studies have found a relationship between symbolic and non-
symbolic representation systems in younger children but not in adults (Fazio, Bailey, Thompson,
& Siegler, 2010; Gilmore, Attridge, De Smedt, & Inglis, 2014).

A common claim is that the ANS acuity scaffolds the symbolic number system (Halberda
et al., 2008; Piazza et al., 2010). Most previous research focuses on a variable-centred approach
for analysis, but a person-centred approach may provide further insight into whether non-
symbolic quantity processing scaffolds symbolic number processing. Person-centred approaches
enable individual differences in development to be examined (Dowker, 2008; Reeve, Gray,
Butterworth, & Paul, 2018). A recent longitudinal study by Chew, Forte, and Reeve (2019)
examined non-symbolic quantity and symbolic number comparison in children aged 5 — 6-years
over a one-year period. Latent class modelling was used to examine stability/change in four
different non-symbolic-symbolic RT and accuracy profile patterns that had different relationships
to cognitive and general abilities and were identified in a previous study by Chew et al. (2016).
Results of the study showed than most profiles changed over time, suggesting a continued
trajectory of normal, delayed, or deficit in development. This raises the possibility that disparities
in previous studies may be due to individual differences in developmental pathways. That is,
perhaps in some children non-symbolic quantity processing scaffolds symbolic magnitude
processing; however, other children show better symbolic magnitude processing ability that is not

related to non-symbolic quantity processing ability.
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Overall, the claim that non-symbolic quantity is foundational for symbolic number
understanding remains unresolved. Some researchers provide support for this claim while others
refute it, arguing instead that symbolic number competence is more important for math ability.
However, once more there is some inconsistency in research in this area. Some researchers
suggest these inconsistent results may be due to individual differences in developmental patterns.
These results highlight the need for further research in this area.

2.3.4 Non-symbolic Quantity Judgment Ability as a Measure of the ANS

In this section, the claim that non-symbolic quantity judgment tasks enable a way to test
magnitude representation of the ANS will be evaluated. The additional claim that performance in
non-symbolic quantity judgment tasks has been linked to math performance will also be
examined. Non-symbolic quantity judgment tasks in the form of dot array comparison are
claimed to be a measure of the ANS (Dehaene, 2007). In a dot comparison task, two sets of dots
are presented either one after the other or simultaneously. Participants decide if a second set of
dots presented contains more or less dots than the first set and respond quickly and accurately.
Performance is affected by changes in the ratio between the sets of dots. Smaller ratios
(numerosities closer in magnitude) are more difficult to discriminate. People with better non-

symbolic quantity acuity tend to respond with greater speed and accuracy (Halberda et al., 2008).
2.3.5 Symbolic Number Judgment and Mathematics Ability

In this section the claim that quantity judgment abilities are linked to math ability will be
evaluated. Performance of symbolic number comparison tasks has been linked to math
performance in children (Bugden & Ansari, 2011; Durand, Hulme, Larkin, & Snowling, 2005;
Mundy & Gilmore, 2009). Although some studies have failed to find this link (Lonnemann,
Linkersdorfer, Hasselhorn, & Lindberg, 2011; Sasanguie, De Smedt, Defever, & Reynvoet,

2012), overall there is reasonable evidence to support this claim.
2.3.6  Non-symbolic Quantity Judgment and Mathematics Ability

In this section evidence will be reviewed to examine the claim that non-symbolic quantity
judgment is linked to math ability. Although a link has been found between non-symbolic task
performance and math ability in children (Bonny & Lourenco, 2013; Libertus, Feigenson, &
Halberda, 2013; Mundy & Gilmore, 2009) and adults (Chen & Li, 2014; Libertus, Odic, &
Halberda, 2012; Lyons & Beilock 2011), other studies fail to show a relationship between non-
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symbolic task performance and math ability (Holloway & Ansari, 2009; Price et al., 2012;
Soltesz, Sziics, & Sziics, 2010; see De Smedt, Noél, Gilmore, & Ansari, 2013 for a review).

These inconsistent finding may reflect differences in measures and tasks.

Lyons, Price, Vaessen, Blomert, and Ansari (2014) conducted a large-scale study (N =
1391) on children in Grades 1-to-6 to investigate which numerical predictors lead to improved
math performance. Results showed that children’s ability to judge relative magnitude of symbolic
number was the strongest predictor of math performance in Grade 6, whereas the ability to judge
the relative magnitude of approximate non-symbolic quantities was not a predictor of math
performance in any grade. However, findings reveal a different picture: there are individual
differences in whether symbolic or non-symbolic tasks relate to math ability (Chew et al., 2016).

To investigate possible reasons for inconsistent findings, Chen and Li (2014) conducted a
meta-analysis of non-symbolic number acuity and math performance. They found a small but
significant correlation in both cross-sectional and longitudinal data. Chen and Li also conducted a

power analysis of previous studies and found most were under-powered.

Overall, there is less support for the claim that non-symbolic quantity processing influences
math ability rather than symbolic number processing. However, a more likely possibility is that
there is not a direct effect. Instead, the effect may occur through other mediating factors, and

requires closer investigation.
2.3.7 Issues with Non-symbolic Quantity Research

In this section research on the ANS will be reviewed to highlight limitations of much non-
symbolic quantity research. It will be argued that investigating non-symbolic quantity in the ANS
is more complex than researching symbolic number. It is claimed non-symbolic quantity
judgment tasks reliably measure acuity of the ANS (De Smedt et al., 2013). However, there are
several known issues within non-symbolic quantity research concerning construct validity and

ANS measurements.

Smets, Gebuis, Defever, and Reynvoet (2014) administered three different versions of a
non-symbolic comparison tasks: change detection, same-different, and standard dot comparison
tasks. Acuity measures of accuracy and w for the three tasks were not significantly correlated.
Smets et al. argued the lack of validity across ANS tasks may be because they are measuring

different aspects of the ANS. Clayton, Gilmore, and Inglis (2015) agreed that ANS research may
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have built on incorrect assumptions about previous work. Clayton et al. (2015) suggested that
study design differences may be responsible for different experimental outcomes for non-
symbolic tasks. Non-symbolic tasks differ in visual parameters such as presentation and size of
dot arrays, length of array display time, and which performance measures are used (i.e.,
mean/median RTs, accuracy, Weber fraction, distance effects: Clayton et al. 2015—see also
Dietrich, Huber, & Nuerk, 2015, who made similar points.).

Szkudlarek and Brannon (2017) also argued that ANS measures tend to have low
reliability, adding to the difficulty of making claims based on research examining ANS acuity
and math performance. Some researchers have challenged the utility of investigating the
relationship between the ANS and math performance due to known issues of measurement of the
ANS. Therefore, it is not clear if the construct of the ANS is being adequately measured (Clayton
etal., 2015; Smets et al., 2014). In Clayton et al.’s (2015) study, the same participants were
administered two commonly-used sets of ANS stimuli. These stimuli differed in the way
researchers had attempted to control for visual confounds. However, no correlation was found

between the stimulus set of the two conditions.

Interestingly, DeWind, Adams, Platt, and Brannon (2016) re-analysed Clayton et al.’s
(2015) study data using a mathematical stimulus space model that modified the existing
logarithmic model of the ANS to incorporate the influence of low-level visual cues on numerical
judgments. In DeWind et al.’s model, numerical judgments incorporated the number, size, and
spacing of dot stimuli in an array. This enabled DeWind et al. to examine to what degree the
Weber fraction contributed to magnitude judgments compared to low-level cues for each
individual. De Wind et al. found that low-level cues influenced decisions, but magnitude was the
main driver of judgments for most participants. Thus, even when other non-numerical visual cues

can be used to discriminate non-symbolic quantity in the ANS, number takes precedence.

Given these design differences, direct comparison between studies is problematic,
highlighting the need for novel models to address these issues. Most research on non-symbolic
quantity research assumes that it is possible to measure the construct of the ANS. Yet
inconsistent results are often found. Perhaps other confounds are influencing research in this area.

This proposition will be examined in the next section.
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2.3.8 Visual Properties of Non-symbolic Quantity

In this section issues that raise questions about the findings of non-symbolic quantity
research will be discussed. The influence of visual properties of non-symbolic quantity stimuli in
judgment tasks may undermine the extent of claims about the spatial representation of non-
symbolic quantity. Instead, low-level visual properties of stimuli can influence magnitude
judgments. De Hevia and Spelke (2009) used a line bisection task to investigate the spatial
representation of non-symbolic quantity. In this paradigm, horizontal lines were presented with a
dot array at each end that were irrelevant to the task. However, the magnitude of the dot arrays
produced a spatial bias towards larger non-symbolic quantity in pre-schoolers, young school
children and adults. The authors claimed that the findings supported the spatial representation of
non-symbolic quantities in the form of a mental number line: a questionable assertion as the bias

was left to right.

De Hevia and Spelke’s (2009) study was later criticised by Gebuis and Gevers (2011) who
attempted to replicate their results. Gebuis and Gevers claimed that area subtended by the stimuli,
not non-symbolic quantity, influenced the results reported in de Hevia and Spelke’s study. When
Gebuis and Gevers controlled for area subtended by the dots they found a bias towards the
numerically smaller magnitude. This finding shows that low-level visual cues can influence the
outcome of studies using non-symbolic stimuli, limiting claims that can made about the spatial

representation of non-symbolic quantity.

Sensory integration (Gebuis, Cohen Kadosh, & Gevers, 2016, 2017; Gevers, Cohen
Kadosh, & Gebuis, 2016) may explain some of the inconsistencies in non-symbolic magnitude
research associated with differences in the visual properties of stimuli. As already noted, it is
claimed that the ANS extracts the magnitude of numerosities independent of visual cues
(Dehaene, 1997). In contrast, the sensory integration model proposes visual cues are impossible
to remove completely from non-symbolic stimuli and may contribute to an understanding of
number (Gebuis et al., 2016). Non-symbolic quantity stimuli are inherently visual in nature, and
magnitude cannot increase without varying at least one visual cue. Nevertheless, many
researchers have attempted to control for visual properties of non-symbolic stimuli (Dehaene,

2005; Gebuis & Reynvoet, 2011; Halberda et al., 2008) with varying degrees of success.
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Burr and colleagues have conducted several studies examining non-symbolic quantity
judgments using psychophysics methods (Anobile, Castaldi, Turi, Tunelli, & Burr, 2016;
Anobile, Cicchini, & Burr, 2014; Burr, Anobile, & Arrighi, 2017; Burr, 2017; Burr & Ross,
2008; Burr, Cicchini, & Anobile, 2017; Cicchini, Anobile & Burr, 2016; Ross & Burr, 2010).
These studies examined the effects of non-numerical visual cues on numerosity judgments;
specifically, texture, density, luminance, and physical size. Burr and colleagues challenged the
claim that these visual attributes are prioritised above number. Instead, they found that when
multiple visual cues are available, magnitude is prioritised for discrimination in making
approximate judgments (Burr et al., 2017). That is, non-symbolic quantities seem to be sensed by
vision, not texture alone (Burr & Ross, 2008). However, when density increases and displays
become too crowded, stimuli can no longer be discriminated, hence, the shift from the perception
of magnitude to texture (Burr et al., 2017). Burr and colleagues’ studies demonstrated that in non-
symbolic quantity judgments, magnitude seems to take precedence over low-level visual cues.
This is important for non-symbolic quantity judgment tasks using stimuli in the ANS range.
Although some researchers have questioned the possibility of measuring the construct of the

ANS, it seems that this is possible when testing for a non-symbolic SNARC-like effect.

In sum, research has shown that low-level visual cues can influence magnitude judgments
with non-symbolic stimuli. However, it is largely agreed that despite these issues it is possible to

measure the ANS.
2.3.9 Summary

In summary, non-symbolic quantity is intrinsic to the ANS. The ANS is an approximate
system thought to represent non-symbolic quantity on the mental number line. Number sense, or
approximate representations, have been associated with the activation of the area of the parietal
cortex that has been linked to spatial processing (Spelke & Dehaene, 1999). This makes non-
symbolic quantities in the ANS range a good candidate for investigating the spatial representation
of non-symbolic quantity in the form of a non-symbolic SNARC-like effect. However, there are
complexities to measuring the ANS. There is an assumption that we have the capacity to extract
magnitudes from dot arrays separately from visual cues of the stimuli. Yet (unlike paradigms that
uniformly use symbolic number stimuli for number comparison tasks) there is no standardized

method used to generate non-symbolic quantity stimuli. To counter this issue, visual aspects of
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the stimuli such as density and dot size are often varied so that they are not always informative of

magnitude.

While most research has focused on symbolic number, non-symbolic quantity judgment
tasks are claimed to measure the ANS. Accuracy in non-symbolic tasks has been linked to ability
in mathematics. However, this is still contentious — issues of construct validity, test-retest
reliability, and measurement, the influence of visual properties on numerosity processing, and
lack of a consistent study design allowing studies to be compared still persist. More importantly,
perhaps, researchers have not yet been able to establish the nature of the core constructs of the
ANS they purportedly examine. Another issue — the use of inappropriate statistical models to
examine properties of the ANS — will be addressed in the next section.

2.4 Individual Differences

The aim of section 2.4 is to review research that has examined individual differences in
symbolic and non-symbolic SNARC-like effects, the ANS, and how these factors may be related
to math ability. Although research on the symbolic SNARC effect has been extensive, the focus
has been on the general cognitive mechanisms involved, rather than the impact of individual
differences in these mechanisms and how they affect performance (Cipora et al. 2015). In this
section, it will be argued that it is important to focus on individual differences because group
level analyses may mask important differences in effects. The symbolic SNARC effect is often
analysed using group measure data in which data is collapsed across small and large number
stimuli (Dehaene et al. 1993). RT data for Arabic numerals 1, 2, and 3 are collapsed into a
category of ‘small’ and RT data for symbolic stimuli 7, 8, and 9 are collapsed into a category of
‘large’. These two categories are then entered into an ANOVA and analysed at the group level.
However, large variability and individual differences in speed and accuracy in magnitude and
parity judgment symbolic SNARC tasks are common (Cipora, & Nuerk, 2013). It is suggested
psychophysics methods may be a potential tool to identify individual differences in response

effects. This methodology will be used in the thesis.

An important matter when examining the SNARC effect for non-symbolic stimuli in the
ANS range is that, compared to the SNARC effect for symbolic stimuli, task difficulty must be
considered. When making magnitude judgments with non-symbolic stimuli there is greater

variability in response due to individual differences in the Weber fraction; that is, task difficulty
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varies based on an individual’s ability to discriminate non-symbolic quantity. It is claimed that
individuals with stronger mapping of the ANS and a smaller Weber fraction tend to show faster
mean RTs and increased accuracy (Halberda et al., 2008). Compared to data for the symbolic
SNARC effect, it is expected that data for the non-symbolic SNARC-like effect will show a

broader range of RT and accuracy responses.

Overall, data analysis for the non-symbolic SNARC-like effect has been largely based on
analyses designed to test the symbolic SNARC effect that do not take into account individual
differences in acuity of non-symbolic quantity abilities. The use of group level analyses does not
allow intricacies in data for the non-symbolic SNARC-like effect to be examined. A different
analytic approach is necessary when examining the non-symbolic SNARC-like effect for non-

symbolic quantity. This issue will be addressed in the thesis.
2.4.1 What is Math Ability and How Does it Relate to Individual Differences?

In this section individual differences will be discussed within the context of math ability. It
will be argued that individual differences in the spatial representation of non-symbolic quantity
are likely to be found. If so, it would be expected that individual differences will be detectable in
the non-symbolic SNARC-like effect. Individuals differ in strategies used to complete math tasks
(Dowker, 2005; Vanbinst, Ghesquiere, & De Smedt, 2012), as well as speed and accuracy of
performance (Ratcliff, Thompson, & McKoon, 2015). Indeed, Dowker (2005; Dowker & Sigley,
2010) proposes math ability consists of different ‘abilities’ or components that interact.
Individuals may show strengths and weaknesses in different math components. Greater variation
in math ability is evident in children during development. A child may be good at addition and
poor at subtraction. Adults also show individual differences in math ability, albeit to a lesser
degree. Psychology, neuroscience, and education literatures support the claim that math ability
consists of different components and the importance of understanding patterns of the strengths
and weakness of these components in order to design specific interventions that target these

weaknesses (Dowker, 2005).

Lefevre, Wells, and Sowinski (2015) highlight the cognitive processes involved in
arithmetic and propose four sources of individual difference. First, numerical knowledge involves
specific cognitive processes (e.g., discriminating non-symbolic quantities, and subitizing).

Second, attentional resources such as working memory or central executive must be engaged to
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solve arithmetic problems. Third, linguistic knowledge is necessary to learn number words, for
counting, numerical rules, and structures. Finally, strategy choice must be learnt as well as rules
about when to use specific strategies (Lefevre et al., 2015). These claims highlight a broad range

of areas in which individual differences in performance can occur.

Given the wide range of cognitive processes involved in arithmetic, it is not surprising that
individual differences in performance are common. Yet the mechanisms behind these individual
differences are still poorly understood. It is important to examine these specific mechanisms but
also to investigate interactions between these areas as there may be causal factors or correlations
between these components. One such example is the spatial representation of non-symbolic
quantity and how the interaction between number and space (i.e., the mental number line) may
influence math performance. More research is needed on individual differences in the spatial

representation of non-symbolic number.
2.4.2 What Factors Influence Individual Differences in Math Ability?

In this section, research on what factors may influence individual differences in non-
symbolic quantity processing, representation, and math ability will be reviewed. It will be argued
that although there is no single specific factor that influences math ability: instead, a complex set

of factors may interact.

Genetic, cognitive, and behavioural factors have been shown to be associated with
individual differences in math ability. Dehaene (1997) claimed that humans are born with an
innate capacity to process non-symbolic quantity. Butterworth (1999) proposed that individuals
are born with a number module that enables non-symbolic quantity to be processed. Adams
(2007) supported the claim that genetics influences math ability and proposed that neuro-
cognitive and behavioural factors affect ANS acuity, specifically math education. It is worth
noting that indigenous cultures without formal schooling tend to show poorer ANS acuity
(Gordon, 2004; Pica et al., 2004). Adams’ study suggests that although math ability may have a
genetic basis, math education seems to have a greater influence on performance. However, there
may be many other reasons for these differences. Reeve, Reynolds, Humberstone, and
Butterworth (2012) argued that core numerical competences are related to math ability rather than
general cognitive abilities. Core numerical competences of enumeration and numerical

comparison were examined using cluster analysis within task and across age group. Both dot
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enumeration and numerical comparison at 6 years of age were stable predictors of math ability at
6, 9.5 and 10 years. However, neither general processing speed nor non-verbal reasoning
predicted group membership. Reeve et al. claimed that dot enumeration and number comparison
do not reflect general cognitive abilities. Instead, individual differences are related to number

specific competencies (Reeve et al., 2012).

Overall, genetic, cognitive and behavioural factors along with formal educational and core
number abilities contribute to individual differences in math ability. Individual differences in
ANS performance are particularly relevant to testing the non-symbolic SNARC-like effect with

non-symbolic quantities within the ANS range and will be discussed in the next section.
2.4.3 Individual Differences in the ANS

In this section the question whether individual differences are found in the ANS will be
addressed. The claim that individual differences in the ANS are linked to math performance will
be evaluated. Evidence regarding the putative link between the ANS and math performance is
mixed. It will be argued that several factors may influence individual differences in ANS and
math performance. As already discussed, large individual differences are found for ANS
performance. Studies by Halberda and colleagues have found a correlation between individual
differences in the ANS and symbolic math ability (Chen & Li, 2014; Halberda & Feigenson,
2008; Halberda et al., 2008). Schneider et al. (2016) agreed with the claim made by Halberda and
colleagues that there seems to be a link between math ability and ANS acuity. However, the exact

mechanisms behind this relationship are not fully understood.

In summary, there are individual differences in the relationship between the ANS and math
ability. Younger children tend to show a stronger link between the ANS and math performance.
A possible reason for changing relationships between ANS acuity and symbolic math
performance as children get older may be related to the nature of number tasks undertaken also
changing. A problem with ANS tasks is that they show low reliability. Moreover, there are
known measurement issues of the ANS that call into question whether the ANS construct is being
properly measured. There are also individual differences in the strategies used in quantity
judgment tasks (i.e., number itself, or low-level visual cues). To date, training studies of the ANS
that show improvement in symbolic math are unclear about the causal direction of this

relationship, although it is likely that other factors mediate the relationship between ANS acuity
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and symbolic math performance. Therefore, further research in this area is needed. Perhaps
individual differences in the spatial representation of numerical magnitudes as shown by the
SNARC effect may provide further insight in this area.

2.4.4 Individual Differences in the Symbolic SNARC Effect

In this section, theories regarding mechanisms behind individual differences in the
symbolic SNARC effect will be reviewed together with studies that have found individual
differences in the symbolic SNARC effect. It will be argued that most studies of the symbolic
SNARC effect have not focused on individual differences. To date, few studies have examined
individual differences in the SNARC effect and as previously noted, mechanisms underlying the
symbolic SNARC effect are not fully understood, in particular, the degree to which these

mechanisms influence the symbolic SNARC effect at the level of the individual.

Wood, Willmes, Nuerk, & Fischer (2008) conducted a meta-analysis of the symbolic
SNARC effect and found that the strength of the SNARC effect and spatial representation of
number can differ across participants. One of the strongest lines of evidence for individual
differences of the symbolic SNARC effect is that not everyone shows a SNARC effect. Beecham,
Reeve, and Wilson (2009) found that about a third of participants failed to show a symbolic
SNARC effect for both an implicit number task (respond to parity) and an explicit number task
(respond to magnitude). Beecham et al. posited three theories as to why these individuals failed
to show a SNARC effect: (1) this group do not have a spatial representation of number; (2) the
spatial representation of number in these participants does not influence RT in SNARC tasks
(i.e., the shape of the representation does not easy map onto key responses); or (3) spatial
representation in these individuals may change according to task demands. Beecham et al.
suggested level of experience in math may underlie individual differences in the symbolic

SNARC effect and including a specific math task may enable a way to further examine this.

Several studies have examined whether math performance explains individual differences
in the size of the symbolic SNARC effect. The first study to suggest this link was by Dehaene et
al. (1993), who compared individual differences in the SNARC effect for a group of science
(mathematically skilled) students compared to a group of literature students (mathematically
unskilled). However, Cipora and Nuerk (2013) argued that on closer inspection of Dehaene et

al.’s results, a graph showed that the mathematically unskilled group showed a slightly larger
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SNARC effect. As no statistically significant effect was reported, the results are only descriptive.
Cipora and Nuerk (2013) note that a study by Fischer and Rottmann (2005) replicating Dehaene
et al.’s study identified a smaller SNARC effect for the mathematically skilled group. However,

the difference did not reach statistical significance.

Cipora and Nuerk (2013) proposed several reasons why previous studies (Dehaene et al.,
1993; Fischer & Rottmann, 2005) did not show a consistent relationship: a lack of statistical
power due to small sample size, insufficient repetitions for each stimulus, and math ability was
inferred from participants’ fields of study rather than by measuring individual math ability using
a specific math task. Cipora and Nuerk conducted a study to further investigate the claim that
mathematically skilled participants show individual differences and therefore group level
differences in the SNARC effect compared to less mathematically skilled counterparts. Even
though the study included a larger sample size, more repetitions per stimuli, and a math measure,
a significant difference was not found for mathematically skilled versus unskilled participants.
Nevertheless, Cipora and Nuerk did identify individual differences in the symbolic SNARC
effect, with 70% of participants showing a standard SNARC effect in a parity judgment task.
Cipora and Nuerk suggest that reasons for individual differences in the symbolic SNARC effect
might be related to culture, stimuli used, group skill level, SNARC procedures, or task design. In
other words, although there is consistent evidence for individual differences in the symbolic

SNARC effect, the reasons why this occurs is less certain.

Hoffman, Mussolin, Martin, Schiltz, & Lappe (2014) also compared individual differences
in the symbolic SNARC effect. Hoffman et al. compared the SNARC effect in a math expert
group (science, math and engineering students), control group (literature, law and linguistics) and
a math difficulties group that consisted of literature, linguistics and law students who reported
issues with math but no specific learning disability. Hoffman et al. found that 100% of students in
the math difficulties group showed a standard SNARC effect, followed by 89% of those in the
control group and 74% of those in the math expert group. The difference between groups was
significant. Hoffman et al. argued that individuals with a higher level of math proficiency may
have more direct access to numerical representation. This finding demonstrates that there are
inconsistent results in the literature regarding math as the underlying factor for individual
differences in the symbolic SNARC effect. However, it is not known if a relationship exists

between the non-symbolic SNARC-like effect and math ability, or if such a relationship exists,
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whether it explains individual differences in the non-symbolic SNARC-like effect. These
questions are central to this thesis.

Cipora, Patro, and Nuerk (2015) reported six factors that may influence the symbolic
SNARC effect. These are: (1) influence of culture, reading and writing direction (Dehaene et al.,
1993; Zebian, 2005); (2) spatial demands of the task (i.e., imaging numbers on a clock face,
Béchtold et al., 1998); (3) finger counting direction (Fischer, 2008); (4) working memory (i.e.,
the ordering of numbers held in working memory while doing a symbolic SNARC task; van
Dijck & Fias, 2011); (5) the use of words that relate to spatial codes (i.e., respond left if there are
more or right if there are less items or vice-versa; Proctor & Cho, 2006); and (6) attentional
factors (i.e., a centrally presented number shifting attention to the right or left visual field
depending on magnitude). Cipora et al. argued that it is not clear to what degree these factors in
isolation or in what combination influence the symbolic SNARC effect; however, they
acknowledge the relationship between numerical magnitude and space has been well established.
However, another aspect to consider may be how these factors influence an individual’s symbolic
SNARC effect. Sex and age of participants can also influence the symbolic SNARC effect. Older
participants with slower RTs generally show a stronger SNARC effect (Hoffmann et al., 2014;
Wood et al., 2008), and males tend to show a stronger SNARC effect than females (Bull,
Cleland, & Mitchell, 2013).

Another important aspect to consider when examining individual differences in the
symbolic SNARC effect is individual differences in response signatures. Cipora and Wood
(2017) acknowledged there can be great variability in accuracy and speed of participants for
SNARC tasks. Some participants respond in a similar manner throughout a trial block, while
others respond less consistently. As a measure of consistency of response, Cipora and Wood used
the standard deviation of response sdR. Four different sdR values — 75, 150, 225, and 300 ms. —
were modelled with Monte Carlo simulations using a lognormal distribution. A smaller sdR
represented consistent responding whereas a larger sdR represented less consistent responding.
One of the key findings of the study was that intra-individual variability in response latency
influenced the ability to detect a symbolic SNARC effect. Specifically, the greater the variability
in participant reaction time responding, the more difficult it is to detect a symbolic SNARC
effect. So, apart from individual differences in SNARC slopes, a range of variability factors
affects outcomes. Moreover, Cipora and Wood found that Monte Carlo simulations used in the
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study suggest that using a minimum of 20 participants and at least 20 trials per condition would
increase the statistical power 95%. This study shows that experimental design is important to

maximise the chance of finding a SNARC effect.

One of the most consistent and robust influences on the size of the SNARC effect is
experimental design, which in turn influences reaction time. Several studies have shown,
experiments that elicit slower RTs result in a stronger SNARC effect (Cipora & Nuerk, 2013;

Gevers et al., 2006; see Wood et al., 2008, for a meta-analysis).

Viarouge, Hubbard, and McCandliss (2014) examined individual differences in cognitive
mechanisms underlying the symbolic SNARC effect over two time-points, two weeks apart.
Viarouge et al. examined correlations between number-space associations (measured by the
SNARC effect), numerical precision (measured by the distance effect), and visuo-spatial ability
(measured by two mental rotation tasks). Multiple regression analysis showed that individual
differences in the size of symbolic SNARC effect were significantly related to both visuo-spatial
ability (mental rotation) and numerical precision (the distance effect). As the SNARC effect
remained relatively stable over time, Viarouge et al. argued that the SNARC effect is related to
long-term spatial coding strategies, suggesting that individual differences in the symbolic
SNARC effect may be linked to individual differences in the long-term spatial representation of

symbolic number (i.e., the mental number line).

Overall, most research on the symbolic SNARC effect has not addressed individual
differences. Studies that have examined individual differences in the SNARC effect have
identified individual differences in whether a SNARC effect is found and the direction of the
effect. Mechanisms underlying these individual differences and the spatial representation of
symbolic number are poorly understood. There is a dearth of research focused on individual
differences in the non-symbolic SNARC-like effect: clearly, research is required. It is likely that
large individual differences in the non-symbolic SNARC-like effect will be detected because of

individual differences in the Weber fraction.
2.4.5 Neuroimaging Evidence for Individual Differences in the SNARC Effect

In this section individual differences in the symbolic SNARC effect will be reviewed with a
focus on neuroimaging studies. It will be argued that advances in neuroimaging technology has

enabled a better understanding of individual differences in the symbolic SNARC effect. Recent
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neuroimaging evidence provides further insight into individual differences and the symbolic
SNARC effect. Cutini, Scarpa, Scatturin, Dell’acqua, and Zorzi (2012) used functional near-
infrared spectroscopy (fNIRS) to examine brain regions activated during a SNARC task. fNIRS
is like fMRI but has better temporal accuracy and is less susceptible to movement artefacts. The
bilateral intraparietal sulcus (a known region related to magnitude representation) and left angular
gyrus (related to verbal number processing) were functionally activated during a SNARC task.

Intraparietal sulcus activation was modulated by numerical distance.

Krause, Lindemann, Toni, and Bekkering (2014) conducted a similar study that
investigated individual differences in brain structure and the symbolic SNARC effect using MRI.
Thirty-three clinically normal adults were tested for the SNARC effect using two different uni-
manual paradigms and a parity judgment task. In the first task, response buttons were spatially
coded (i.e., there were separate left and right responses with the same hand). The right pointer
finger was used for left responses and the third finger for right responses. In the second task only
one response button was used with the right thumb; participants were told soft presses were for
left responses and hard for right. The force with which the button was pressed was measured.
Krause et al. found individual differences in the link between numbers and space. Increased grey
matter brain volume around the right pre-cuneus were related to the spatial SNARC. Individual
differences in the link between numbers and force were related to increased volume of the
angular gyrus. The authors argued their findings provide evidence for multiple mapping of
symbolic number in different brain areas. Taken together, the studies by Viarouge et al. (2014),
Cutini et al. (2012), and Krause et al. (2014) show behavioural and neuroimaging evidence for

individual differences in the spatial representation of symbolic number.

Overall, studies that have examined individual differences in the symbolic SNARC effect
using neuroimaging techniques suggest that there are individual differences in the structure of the
brain. These structural differences may be related to individual differences in the spatial

representation of symbolic number. However, more research is needed in this area.
2.4.6 Individual Differences in the SNARC effect and Issues with Analysis

In this section individual differences in the SNARC effect will be discussed in relation to
issues with statistical analysis. It will be argued that some analytical procedures commonly used

in SNARC studies do not enable individual differences to be examined. Another key issue when
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examining individual differences of the SNARC effect is analytic methodology. Fischer (2006)
argues that individual-oriented analysis can inform reliability and validity of the SNARC effect,
yet individual differences are often not reported. Instead, in the SNARC literature, data is
typically reported as being collapsed across conditions. Symbolic SNARC studies commonly use
ANOVA analysis where the SNARC effect is examined at the group level (Fischer & Rottman,
2005; Keus, Jenks, & Schwarz, 2005; Schwarz & Miiller, 2006) or linear regression (Fias,
Brysbaert, Geypens, & dYdewalle, 1996). With ANOVA analysis of the symbolic SNARC
effect, data is often collapsed for small (i.e., 1, 2, 3) and large (i.e., 7, 8, 9) conditions so
individual differences in the SNARC effect are not easily identifiable. Linear regression analysis
of the SNARC effect also involves collapsing data across participants to see if the overall slope
when tested with a t-test is negative, indicating a group level SNARC effect. Wood, Nuerk, &
Willmes (2006) use a correlational analysis called Smallest Space Analysis to examine the effect
of individual differences in strategy for the SNARC effect. Wood et al. found reliability in mean
RT analyses of the SNARC effect but the SSA showed the SNARC effect was not consistent
across participants. In other words, there were individual differences in the symbolic SNARC

effect. However, this method has not been popular in the SNARC literature.

In summary, individual differences in the symbolic SNARC effect are commonly found.
Many factors, both experimental and individual, seem to influence individual differences in the
symbolic SNARC effect. These factors include study design, task demands, number of trials per
stimuli, slope size, and an individual’s RTs. Older participants with slower RTs tend to show a
stronger SNARC effect. Type of statistical analysis can also influence if a SNARC effect is found
at the individual or group level. Behavioural and neuroimaging evidence seem to support
individual differences in the symbolic SNARC effect and therefore individual differences in the

spatial representation of symbolic number.
2.4.7 Individual Differences and the Approximate Number System

Given the emerging literature on individual differences in the symbolic SNARC effect, it is
important to understand how individual differences may potentially influence a non-symbolic
SNARC-like effect in the ANS range. Individuals differ in their ability to successfully

discriminate which of two briefly-presented sets of dots contains the larger number of dots



39

(Halberda et al., 2008); however, there has been relatively little research on individual differences
and the ANS. Research on individual differences of the ANS will be critically reviewed below.

As mentioned above, the ANS enables us to represent and manipulate quantity (Dehaene,
1997). Gilmore, Attridge, De Smedt, & Inglis (2014) suggested that when we see a set of items,
an approximate representation of this quantity is created by the ANS.

Individual differences in ANS precision are seen across development, as indicated by a
smaller Weber fraction (i.e., being able to distinguish sets that are closer in non-symbolic
quantity) as children grow older. Studies on preverbal infants have shown infants can
discriminate a ratio of 1:2 (i.e., 4 vs 8 dots) but not 3:4 (i.e., 8 vs 12 dots; Xu & Spelke, 2000).
Adults can discriminate a ratio of 7:8. To calculate the Weber fraction, the difference of the two
numbers is calculated, then divided by the smaller number (e.g., 8-7 / 7 = 0.14; see Halberda,
2008). Six-month-olds show a Weber fraction of approximately 1.0, infants at 9-months show a
Weber fraction of approximately 0.5 (Xu, 2003), and adults typically show an approximate
Weber fraction of 0.14 (Halberda, 2008). These studies show that precision of the ANS improves
by adulthood.

It is suggested that individual differences in the ANS occur throughout the lifespan.
Halberda, Ly, Wilmer, Naiman, and Germine (2012) conducted a large-scale study that focused
on number sense across the lifespan. Halberda et al. assessed performance of an internet sample
of 10,000 people, ranging from 11 years to 85 years of age, on the Panamath ANS test. They
found ANS precision improves during school age years, perhaps reflecting formal education,
peaks at about age 30, and starts to decline thereafter. This suggests individual differences in
precision of the ANS may be related to age.

One issue with Halberda et al.’s (2012) study is that no measure of math was used; instead,
math ability was self-reported. This limitation was addressed in a second study (see Supporting
Information, Halberda et al., 2012) that replicated the first one with a sample of 3000 people,
where SAT scores were also collected. Only the math component of the SAT scores correlated
with ANS precision. Large individual differences were noted in the ANS in this study, with one
in eight adults showing a poorer Weber fraction and RT than a typical 11-year-old. Halberda et
al. suggested individual differences in ANS precision may be related to factors other than age.

Halberda et al. suggested interventions targeting the ANS may be useful for people of all ages
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who show poor ANS precision and math performance. This study shows that, although average
Weber fractions were calculated for each age range, about 12% of adults showed poor precision
of the ANS. This shows that age alone does not explain individual differences in precision of the
ANS.

The ANS seems to serve a different function during development. The most supported
interpretation of the ANS in development is its role in scaffolding the acquisition of symbolic
numbers (Feigenson, Dehaene, & Spelke, 2004). It is claimed that symbolic numbers are mapped
onto non-symbolic quantity representations (Ansari, 2008; Butterworth, 2010; Holloway &
Ansari, 2009; Mundy & Gilmore, 2009; Piazza, 2010). In adults, the ANS is claimed to be used
for estimation (Barth et al., 2003; Dehaene, 1992; Dehaene & Cohen, 1995).

Evidence for this claim comes from the fact that in children a correlation is found between
symbolic and non-symbolic comparison ANS tasks and approximate addition of dot arrays
(Gilmore et al., 2014). However, in adults ANS tasks are not correlated with symbolic number
tasks or with each other (Gebuis & van der Smagt, 2011), even when the same symbolic and non-
symbolic quantity stimuli are used (Maloney, Risko, Preston, Ansari, & Fugelsang, 2010). In
neuroimaging studies with children, frontal lobe activation progresses to fronto-parietal activation
as brain areas become more specialised for number processing (Kaufmann, Kucian, & von Aster,
2014). In adults, non-symbolic tasks activate the left IPS, while symbolic tasks activate the right
IPS, a finding that supports the claim that the ANS seems to serve a different function in adults

than in children.

Issues with ANS precision have previously been linked to poor math ability, although not
consistently. An intergenerational link has been found with similar ANS acuity between parent
and child (Braham & Libertus, 2017), suggesting some genetic basis to math ability. Children
with dyscalculia (math impairment where cognition is otherwise normal) show poor ANS acuity
(Mazzocco, Feigenson, & Halberda, 2011; Piazza et al., 2010). Low SES has also been linked to
lower precision of the ANS, with low SES children tending to show poorer ANS acuity and
performance at math, perhaps due to lower levels of parental/child engagement with number
games and opportunity to learn number words; in other words, these children seem to have less
opportunity to practise mapping number representation (Fuhs & McNeil, 2013). However, there

are other theories regarding differences in ANS acuity.
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One key theory is that education seems to influence individual differences in acuity of the
ANS. Evidence for this claim is provided by a study by Piazza, Pica, 1zard, Spelke, and Dehaene
(2013). Piazza et al. were able to separate the effects of education and age on ANS acuity by
testing ANS acuity in both children and adults in an indigenous group in the Amazon — the
Munduruct. The Mundurucu are unique as they have a limited vocabulary to describe number
and differing levels of access to math education. Piazza et al. found Munduruct adults without
access to education showed similar Weber fractions (w = 0.31) to a group of Italian children with
dyscalculia (w = 0.35) whom Piazza et al. (2010) tested using the same paradigm. Piazza et al.
(2013) argue that dyscalculia may be in part due to poor numerical acquisition during formal
education. Greater precision of the ANS was shown in Munduruct who had accessed formal
schooling where numerical concepts of counting and arithmetic were taught, suggesting that

education in numeracy increases ANS precision.

Overall, there appears to be individual differences in ANS acuity for adults and children.
Some factors that seem to influence precision of the ANS are age, SES, and formal number
education. If a non-symbolic SNARC-like effect exists, it is important to examine individual
differences of the ANS to begin to understand the mechanisms underlying the non-symbolic
SNARC-like effect.

2.4.8 Summary

Our understanding of the symbolic SNARC effect and the spatial representation of
symbolic number has been furthered by research employing different paradigms, stimuli and
measures. However, surprisingly little research has examined, let alone accounted for, individual
differences in the SNARC effect and/or shown a non-symbolic quantity SNARC-like effect using

stimuli in the ANS range, hence the research reported in this thesis.

2.5  Summary of Argument and Claims, and Research Agenda

2.5.1 Summary of the Literature Review

Overall, the aim of this thesis is to examine the relationship between number and space. Of
specific interest to this thesis is the claim that spatial numerical associations support the mapping
of numbers, often conceptualized as a left-to-right mental number line. The link between number

and space has been well supported by empirical evidence. It is further claimed the symbolic
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SNARC effect is evidence for the spatial representation of symbolic number. However, research
on the symbolic SNARC does not specify the origin of this effect, in particular, how this spatial
representation of symbolic number occurs. In Chapter 2, it has been argued that while much
research has examined the spatial representation of symbolic number, there is a dearth of research
on the spatial representation of non-symbolic quantity. This is surprising given that the claim that
non-symbolic quantity representation supports symbolic number acquisition (Dehaene, 2001;
Nieder & Dehaene, 2009; Pica et al., 2004). Insofar as this claim is correct a non-symbolic
SNARC-like effect would provide evidence for non-symbolic quantity representation as a

foundation for symbolic number representation.

In Chapter 2 it is argued that researchers who have used a non-symbolic quantity judgment
task have focused on outcomes that are not specifically spatial in nature, such as automaticity of
processing (Mitchell et al., 2011) or shared format modality (Nuerk et al., 2005). Research that
has been conducted on the non-symbolic SNARC-like effect has largely utilized stimuli that can
easily be converted to symbolic number.

The second claim that is central to this thesis focuses specifically on the representation of
non-symbolic quantity. In Chapter 2 it is argued two separate systems represent non-symbolic
quantity: a precise system for representing small quantity (e.g., 1 to 4~ items), often referred to as
the subitizing range; and an approximate number system (ANS) for non-symbolic quantities

beyond the 1 to 4 item range.

Previous findings claimed to support the non-symbolic SNARC-like effect and the claim
that non-symbolic quantity are represented spatially have been undermined by methodological
issues. These issues are as follows: First, the use of non-symbolic numerical stimuli that overlap
the subitizing and ANS ranges. This is problematic because the subitizing and ANS ranges are
separate systems with differing RT signatures. Processing of magnitudes in the subitizing range is
precise, quick, and accurate whereas processing of magnitudes in the ANS range is slower and
based on approximations. Therefore, it is argued that non-symbolic numerical stimuli that span
the subitizing and ANS ranges should be examined separately. This issue will be addressed by

only including stimuli in the ANS range.

Second, in previous research there are often measurement issues of the ANS including a

lack of standardised stimuli and the influence of visual cues such as luminance, dot size, density
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and total area. This is problematic because some of these visual cues (i.e., luminance and dot
size) have also been shown to be spatially represented. Therefore, it is difficult to attribute
previous finding in non-symbolic SNARC-like studies to the spatial representation of non-
symbolic quantity alone. This issue will be addressed by attempting to control for luminance, dot

size, and surface area.

Third, to date, much research examining the symbolic SNARC effect has used group level
analysis such as ANOVA and linear regression thereby collapsing RT data across participants.
These statistical methods do not consider potential individual differences of the symbolic
SNARC effect and the spatial representation of number. Nevertheless, research suggests that
adults may show different patterns in the SNARC effect, but the significance of this is yet to be
understood. The issues with symbolic SNARC statistical methods are particularly relevant when
examining individual differences of the non-symbolic SNARC-like, as the same analytic methods
are generally used. Indeed, these issues may be more relevant for the non-symbolic SNARC-like
effect as there is likely more variance in non-symbolic quantity processing due to individual

differences in the Weber fraction.

To address this issue an adaptive staircase will be used, which allows a calibration of
individual differences in the Weber fraction. Examining the Weber fraction as well as the non-
symbolic SNARC-like effect for each individual allows for diverse representation of non-
symbolic quantity (i.e., individual patterns of ANS ability and spatial representation). This
methodology can complement group level analysis by providing novel insights into cognitive
processes that may underpin heterogeneity in the spatial representation of non-symbolic quantity
and potentially math performance. Insofar as the non-symbolic SNARC-like effect or Weber
fraction are associated with math performance, regardless of patterns of performance, it may
suggest that a shared mechanism underlies differences in math performance (thereby supporting a
group-level analysis approach). However, if different cognitive markers are related to differences
in math performance this would suggest heterogeneity and therefore support the existence of

individual differences in cognitive processes that underlie math performance.
2.5.2 Research Agenda

The research agenda taken from the summary of arguments and issues above has three key

objectives. First, to determine whether non-symbolic quantity in the ANS range is indeed
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represented spatially in the form of a non-symbolic SNARC-like effect. Second, if a non-
symbolic SNARC-like effect is found, to determine if the pattern of data exhibits a similar Hand
by Magnitude interaction effect (i.e. is the shape of the interaction effect of the non-symbolic
SNARC-like effect visually similar to that of a typical symbolic SNARC effect?). The third and
final aim is to examine whether individual differences occur in the propensity for showing a non-
symbolic SNARC-like effect as they do with the symbolic SNARC effect.

The next chapter (Chapter 3) presents a published empirical study that examines the non-
symbolic SNARC-like effect. Chapter 4 presents three studies that fine tune characteristics of the
non-symbolic SNARC-like effect. Study 2A aims to address issues of discrimination found in
Study 1 by employing only two target stimuli with an ‘casy’ referent-to-target ratio’ of 0.5 based
on the Weber fraction. Study 2B examines if a more pronounced SNARC-like effect will be
found with stimuli that elicit longer processing times. In Study 2B two target stimuli with a
‘easy-ish’ referent-to-target ratio of 0.66 were employed with the potential cueing effect of
overall luminance/contrast will be controlled by using an equal number of black and white dots.
Study 2C examines if the non-symbolic SNARC-like effect is independent of response modality
while controlling for the potential cueing effect of total surface area. Chapter 5 presents a study
that investigates individual differences in non-symbolic quantity acuity and the non-symbolic
SNARC-like effect. An adaptive staircase will be used to measure the Weber fraction for each
individual to calibrate the ratio of referent-to-target for the Non-symbolic quantity judgment task
while total surface area, density and display darkness will be controlled using different sized dots

in each array and scaling factors. Chapter 6 will discuss findings and implications of the research.
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Chapter 3: Study 1

The first study examined two predictions about the spatial representation of non-symbolic
quantities using a non-symbolic quantity judgment task to examine the characteristics of the non-
symbolic SNARC-like effect.

3.1  Non-symbolic SNARC-like Effect for Non-symbolic Quantities

The first prediction was that a non-symbolic SNARC-like effect would be observed for
numerical magnitudes in the ANS range. This prediction was based on findings from the
symbolic SNARC task. Specifically, it was predicted smaller non-symbolic quantities would be
associated with the left side of space and larger non-symbolic quantities with the right side of
space. Specifically, it was expected that faster responses should be observed for the left hand to
smaller quantities and the right hand for larger quantities. A hand by quantity interaction was also
expected. Insofar as these findings emerged it was argued that it would provide evidence for the
spatial representation of non-symbolic quantities purely in the ANS range.

The second prediction concerns the influence of ratio on non-symbolic quantity judgments
for stimuli in the ANS range using a within subject design with multiple ratios. Similar to work
examining magnitude discrimination using the Weber fraction, it was expected the largest ratio
(0.5) would be the easiest to judge. Insofar as this was the case, it was predicted that faster RTs
and better accuracy would be found for target arrays of dots further away in numerical magnitude
from the referent. Conversely, if ratio was unrelated to the non-symbolic SNARC-like effect, no
difference in RTs and accuracy would be observed. Similar to the symbolic SNARC effect
findings, it was expected that not all participants would exhibit a non-symbolic SNARC-like
effect. It was predicted that participants who failed to show a non-symbolic SNARC-like effect
would exhibit poorer visuo-spatial working memory and poorer math performance, compared to
participants who showed a non-symbolic SNARC-like effect.

3.2 Nemeh, Humberstone, Yates, and Reeve (2018)

The research in this chapter has been published in PLOS One titled ‘Non-symbolic
magnitudes are represented spatially: Evidence from a non-symbolic SNARC task.” Study 1 will
be presented in its published format.
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Abstract

A core proposition in numerical cognition is numbers are represented spatially. Evidence for
this proposition comes from the “spatial numerical association of response codes” effect
(SNARC) in which faster responses are made by the left/right hand judging whether one of a
pair of Arabic digits is smaller/larger than the other. Less is known if a similar SNARC effect
exists for non-symbolic magnitudes; and research that has been conducted used stimuli
which could be translated into symbolic terms. To overcome this limitation, we employed a
referent-to-target judgment paradigm in which a referent dot array (n= 30 dots) was follow
by a second array of dots (e.g., n= 45 or 15 dots)—participants judged if the second array
contained fewer or more dots than the referent array. Dot arrays with fewer dots were judged
more quickly with the left hand compared to the right hand (i.e., a SNARC effect). Not all par-
ticipants demonstrated a SNARC effect, however. Neither visuospatial working memory nor
math ability was associated with the presence/absence of a non-symbolic SNARC effect.
Implications of the non-symbolic SNARC effect for accounts of numerical cognition are
discussed.

Introduction

The brain appears to associate numbers with spatial locations: smaller numbers are associated
with the left side of space and larger numbers with the right side. The “spatial-numerical asso-
ciation of response codes” (SNARC) illustrates this association: The speed of magnitude judge-
ment differs as a function of the hand used to make the judgement [1]. It has been suggested
the SNARC effect activates a cognitive representation of number and occurs because of the
association between the spatial code of the side of response and the magnitude of the number
[2-5]. With smaller numbers (e.g., 1 or 2), judgments are faster using the left hand, and with
larger numbers (e.g., 8 or 9), judgments are faster using the right hand. The SNARC effect is
found for visual number words, auditory number words [6], double-digit numbers [7], and
negative numbers [8].
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The SNARC effect has also been found in non-numerical domains such as letters of the
alphabet [9], object size [10-11], pitch height [12-13], loss and gain words [14], and emotional
valence [15] (see Macnamara, Keage & Loetscher, for a review [16]). Given non-symbolic mag-
nitude representation may be a more basic form of quantity representation (evident in human
infants and animals), which may support symbolic representation, it is important to determine
if a SNARC effect exists for non-symbolic quantity information.

The parietal area of the brain appears to represent number in an abstract notation form
(i.e., activated by “3”, “three”, or three objects [17]), which suggests smaller and larger non-
symbolic magnitudes (e.g., dot patterns with a smaller or larger numbers of dots) might be
associated with spatial locations. Numerosity appears to be mapped topographically in the
parietal cortex [18]. The parietal area is also involved in spatial processing [19-22]. Indeed,
some findings have been interpreted as showing a spatial-numerical association for non-sym-
bolic quantities using SNARC or SNARC-like paradigms [6, 23-25]. However, caution should
be exercised since these findings could be interpreted in other ways.

It is possible that symbolic number representations are activated by non-symbolic stimuli,
which implies sub-vocally counting cannot always be discounted. Non-symbolic magnitudes
occasionally span the subitizing and approximate number system ranges, which activate differ-
ent neuro-cognitive systems [26]. The approximate number system—the ANS—allows repre-
sentations of large approximate non-symbolic magnitudes, whereas the subitizing range
focuses on small precise magnitudes (e.g., “1”’-“4”) (see Feigenson, Dehaene & Spelke [27]).
Evidence for this possibility has been found by Mitchell et al., [23] who showed a SNARC-like
effect in a task for which non-symbolic magnitude stimuli were irrelevant to the task at hand.
Participants judged the colour of dots (Experiment 1) or the orientation of triangles which
were displayed as upright or inverted (Experiment 2). They found a stronger SNARC-like
effect in the putative subitizing range (1-4), compared to larger numerosities (6-9) for the ori-
entation judgement only.

In a recent study, Zhou et al. [25] used a same/different matching task to investigate the spa-
tial representation of non-symbolic magnitude, size and density, to determine if non-symbolic
magnitude is spatially represented, as evidenced by a non-symbolic SNARC effect. In the non-
symbolic magnitude and density matching task, two dot arrays were presented sequentially.
The first dot array was presented for 200 ms, followed by a blank screen for 1300 ms, followed
by the second dot array that remained until a response was made (arrays comprised 11, 14, 17,
20, 23, 26 and 29 dots). In the area matching task, stimuli comprised pentagons differing in
size. Findings revealed faster right-hand responses to large non-symbolic magnitudes; how-
ever, no difference was found for left hand responses. The authors suggest this was due to the
right-hand responses reducing the RT difference between small left and small right data. Nei-
ther size nor density affected responses. The authors claimed their findings are consistent with
anon-symbolic SNARC effect.

While Zhou et al. [25] overcome potential interpretive limitations of earlier non-symbolic
work by excluding quantities in the subitizing range, and by examining the potential influence
of visual cues of area and density, the authors employed an independent group design in
which each condition was completed by different participants. One potential issue is the design
ignores possible individual differences in density and area judgements. Moreover, like other
researchers, Zhou et al. collapsed data across different magnitudes (i.e. ‘small’ consisted of 11,
14 and 17 dots, while ‘large” consisted of 23, 26 and 29 dots). Collapsing across data for non-
symbolic stimuli may be problematic since there are known individual differences in magni-
tude processing abilities (see Chew, Forte & Reeve, [28]).

Some cognitive indices (e.g., working memory) are thought to affect the symbolic SNARC
effect [29]. Differences in VSWM in children have been linked to poorer math accuracy [30]
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and the absence of a symbolic SNARC effect in those with comorbid VSWM disability and
dyscalculia [31]. It is of interest whether there is a link between a non-symbolic SNARC effect
and VSWM.

Not everyone exhibits a symbolic SNARC effect [32-38]. In symbolic SNARC research,
data is commonly collapsed over ‘small” and ‘large” arrays (i.e. 1, 2 and 3 might be deemed
small and 7, 8, and 9 large), which may mask individual differences [32]. Moreover, we know
little of factors associated with the presence/absence of a SNARC effect. Some studies have
shown VSWM is related to non-symbolic magnitude processing [39] and other studies have
found a relationship between math ability and symbolic SNARC effects [34, 36]; the relation-
ship between non-symbolic number acuity and math ability is less consistent [40]. Given these
findings, it is possible the presence/absence of a non-symbolic effect is related to VSWM and/
or math abilities.

The current study

To overcome possible methodological limitations in research that has attempted to identify a
non-symbolic SNARC effect, and to determine whether non-symbolic SNARC effects are associ-
ated with visuo-spatial working memory and/or math ability, we employed a referent-to-target
judgment paradigm, in which stimuli were in the ANS range. Participants were presented a refer-
ent dot array for 300 ms followed by a second dot array and judged whether the second array con-
tained fewer or more dots than the referent array. The target judgment arrays (15, 20, 25, 36, 45
and 60 dots) were selected so the ratio between the smallest array (n = 15 dots) and the referent
array (n = 30 dots) was the same as the ratio between the largest arrays (n = 60 dots) and the refer-
ent array. Similarly, the ratio between arrays containing 20 and 30 dots was the same as arrays
containing between 30 and 45 dots, and the ratio between 25 and 30 dots was the same as between
30 and 36 dots. The rationale for the design is, all things being equal, difficulty discriminating two
non-symbolic magnitudes reflects the ratio between them (discriminating 9 from 10 dots is as dif-
ficult as discriminating 90 from 100 dots; see Mazzocco, Feigenson & Halberda [41]).

The set sizes selected were based on ratios that putatively reflect similar levels of difficulty
for pairs of stimuli (i.e., 15 and 60 dots = a ratio of 0.5, 20 and 45 dots = a ratio of 0.66, and 25
and 36 dots = a ratio of 0.83). Most research that has examined the symbolic SNARC effect has
focused on distance effects. However, the meaning of “distance” using non-symbolic SNARC
stimuli is less obvious. By focusing on ratio, we were able to investigate the effects of the rela-
tionship between ratio difficulties and non-symbolic SNARC effects. Like findings from mag-
nitude discrimination studies using the Weber fraction measure, we expected the 0.5 ratio
would be easiest to discriminate. We expected participants to respond more quickly to targets
more distant from the referent array than targets closer to the referent array. Based on findings
from symbolic SNARC research, we hypothesize smaller non-symbolic magnitudes would be
associated with the left side of space and larger non-symbolic magnitudes with the right side of
space, which, in turn, would be reflected in faster responses made with the left hand for smaller
numerical magnitudes and for larger numerical magnitudes using the right hand. We also
expected a hand by magnitude interaction. As working hypothesis, we expected the absence of
a non-symbolic SNARC effect would be associated with poor VSWM and/or math ability. We
used stimuli in the ANS range to avoid the use of sub-vocal strategies.

Method
Participants

Twenty-eight undergraduate psychology students participated for course credit. Participants
(10 males, 18 females) were between 17 and 36 years (M = 20.32 years, SD = 3.9) and, as
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measured by the Edinburgh Handedness Inventory questionnaire (Oldfield), were strongly
right handed. While the sample comprised students from a range of cultural backgrounds, all
spoke English fluently. All participants had normal or corrected-to-normal vision. The study
was conducted in compliance with the approval and requirements of the author’s University’s
Human Ethics Committee, University of Melbourne (# 1237507.2). All participants provided
written, informed consent.

Materials and procedure

All participants completed a non-symbolic magnitude judgement, Corsi Blocks Forwards
(VSWM), WRAT-4 Math Computational Subtest (Mathematics ability), and the Edinburgh
Handedness Inventory (Handedness) tasks. The non-symbolic magnitude judgement task was
presented on a 20” computer screen using E-Prime software (version 2.0), with a viewing dis-
tance of approximately 50cm at ~ 8 degrees’ visual angle. Dot arrays were generated using
Microsoft Paint software.

Corsi Blocks-VSWM. The Corsi Blocks VSWM test was administered following Kessels,
van Zandvoort, Postma, Kappelle, and de Haan’s [42] method. The examiner began by a tap-
ping a two-block sequence. The participant tapped the same sequence back. Sequences gradu-
ally increased in the number of blocks tapped and task ended when the participant failed to
correctly copy a sequence twice in a row. Block span was calculated as the longest block
sequence repeated correctly.

Wide Range Achievement Test -4th Edition (WRAT-4)—math ability. WRAT-4, Math
Computational Subtest-(Wilkinson & Robinson, [43]) comprises 40-items and assesses the
capacity for basic mathematic skills though counting, identifying numbers, carrying out basic
written math problems such as addition, subtraction, division, multiplication, fractions, deci-
mals and algebra.

Edinburgh Handedness Inventory (Oldfield, [44])—Handedness. This 10-item ques-
tionnaire indexes hand preference. Responses range from strong (++) through to less strong
(+) and indifferent (+/-).

Non-symbolic magnitude judgement task. Firstly, a blank screen was shown, followed
by a grey circle in the centre of the screen for 500 ms. On each trial, participants were pre-
sented with two dot displays in sequence (first the referent stimulus for 300ms, followed by the
target until response) (see Fig 1 below for the trials sequence). These presentation times were
chosen after pilot work showed participants could not enumerate the dots in this time. That is
response times indicated they were not enumerating. The first dot display (the referent stimu-
lus) always contained a fixed number of dots (black dots). The second dot display (the target

%ntil response

Test numerosity
until response

Blankcircle

Reference
numerosity AO ms
Blank %DO ms

circle
500 ms

Fig 1. Diagram of procedure.

https:/doi.org/10.1371/journal.pone.0203019.g001
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stimulus) contained variable numbers of dots (15, 20, 25, 36, 45, or 60 dots). Participants judge
whether the second arrays of dots (the target stimulus) contained fewer or more dots than the
referent.

Participants responded by pressing either a left or a right response button, as appropriate.
Each participant completed two blocks of 96 trials (192 trials in total). Hand of response was
counterbalanced. In Block 1, participants were asked to press the left button if the target stimu-
lus contained less dots and the right button if the target contained more dots. For Block 2, the
instructions for the button response were reversed so that a left button press indicated a more
response for the target stimulus and a right button press indicated a less response for the target
stimulus. Participants were asked to switch their hand of response for the second half of the
experiment.

Prior to each block of trials, participants completed 20 practice trials. In the practice session,
accuracy was shown as a percentage on the screen. Participants with an accuracy of less than
75 percent were required to conduct the practice session again. Participants were given a short
break at the halfway point, prior to switching response hand. After the magnitude judgment
task, participants completed the WRAT math and VSWM tasks.

Analytic approach

Data analysis in symbolic SNARC studies commonly use ANOVA [2, 6, 45, 46] or linear
regression [47] techniques. In ANOVAs a SNARC effect is defined as the interaction between
hand and magnitude [1]. The SNARC effect is not contingent on the hand used during motor
response selection (Dehaene et al., Exp. 6, [1]), is independent of effector used [48, 49], and
appears to be amodal [6]. The SNARC effect has also been defined as the difference between
congruent and incongruent response conditions and spatial mapping [50-52]. While ANO-
VAs test if a SNARC effect is present, and is useful for group-level analysis, it does not identify
individual differences in RT latencies or accuracy. One way of overcoming this issue is to
examine difference in right-hand RTs and left-hand RTs in a linear regression, in which a
SNARC effect is defined as a negative slope.

To test for the presence of a non-symbolic SNARC-like interaction effect, we conducted a
2 x Response Key Position (left or right-side response box) x 2 Direction of the Magnitude/
Referent Relationship (smaller or larger than the 30-dot referent array) x 3 Ratios (0.5, 0.66,
0.83) ANOVA with Bonferroni post-hoc contrasts. (It should be noted that we assessed the
data distribution characteristics and found the RT distributions to be normal in form, as a con-
sequence of which we did not transform the data, and the findings reported herein are based
on the untransformed RT data.) We also examined the influence of the three different ratios
(0.5, 0.66 and 0.83) on the non-symbolic SNARC-like effect in separate 2 x Response Key Posi-
tion (left or right-side response box) x 2 Direction of the Magnitude/Referent Relationship
(smaller or larger than the 30-dot referent array) ANOV As. Incorrect trials were excluded
from analysis, as were trials where response times (RTs) of 200ms or less (often considered to
be anticipatory responses) and trials which exceeded 1000ms (1000ms was chosen since it was
more than 3SDs above the mean RT).

For each participant, twelve median reaction times (RTs) were derived for left and right-
hand responses to each of the target stimuli (15, 20, 25, 36, 45 and 60 dots). There were four
experimental conditions: (1) left-hand response to target stimuli with smaller non-symbolic
magnitude (e.g., a referent containing 30 dots and a target containing 15, 20 or 25 dots); (2)
left-hand response to target stimuli with larger non-symbolic magnitude (e.g. a reference con-
taining 30 dots and a target containing 36, 45, or 60 dots; and (3) right-hand response to target
stimuli with smaller non-symbolic magnitude; and (4) right-hand response to target stimuli
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Table 1. Medians and SE’s of RTs and means and SD’s of accuracy as a function of magnitude.

Left Hand Right Hand
Ratio Dot Magnitude Target to Referent RTs (ms) Accuracy RTSs (ms) Accuracy

Mdn SE M SD Mdn SE M SD
0.5 15 0.5 x Ref 497.50 17.49 0.99 0.03 518.75 17.76 0.99 0.02
0.66 20 1/1.5 x Ref 578.00 17.71 0.95 0.07 559.00 18.20 0.97 0.04
0.83 25 1/1.2 x Ref 641.25 21.85 0.80 0.20 664.50 20.57 0.78 0.20
0.83 36 1.2 x Ref 555.75 23.08 0.93 0.09 522.75 18.24 0.92 0.11
0.66 45 1.5 x Ref 521.25 21.04 0.97 0.05 461.25 17.13 0.97 0.04
0.5 60 2 x Ref 494.00 51.04 1.00 0.01 442.25 15.67 0.99 0.02

https://doi.org/10.1371/journal.pone.0203019.t001

with larger non-symbolic magnitude. Three median RTs from the four experimental condi-
tions were analysed using an ANOVA.

To examine individual differences in the direction of a non-symbolic SNARC-like effect we
followed Fias, Brysbaert, Geypens, and d,Ydewalle ‘s [47] analytic method. The difference
between right and left RTs (dRTs) were entered into a linear regression analysis in which the
natural logarithm of the non-symbolic magnitude was the independent variable. The linear
equation y = ax + b was used to calculate the slope for each individual. § slope coefficients
were analysed using a t-test to determine whether slopes were significantly different from 0.

A negative slope indicates a standard SNARC effect (i.e., small non-symbolic magnitudes
associated with the left-hand side), and a positive slope would indicate a reverse SNARC effect
(small non-symbolic magnitudes associated with the right-hand side).

We also examined the relationship between VSWM, math ability and the non-symbolic
SNARC-effect to determine whether these factors were associated with performance on the
non-symbolic SNARC task.

Results

The median RTs and accuracy for Magnitude x Hand judgments are shown in Table 1.
Table 1 reveals that, as the targets get closer in magnitude to the referent, responses appear to
slow and are less accurate.

SNARC effect for non-symbolic numerical magnitudes

Initial analysis showed no error rate interaction between magnitude and hand (F (1, 27) = .95,
P = .34, = .03) (i.e., no evidence of a speed-accuracy trade off: the mean error rate was
7.37%). We conducted a repeated-measures ANOVA to determine whether a SNARC-like
effect was evident for non-symbolic numerical magnitudes. In this analysis we used the Green-
house-Geisser correction of the data since Mauchley’s test was significant 3 (2) = 15.00, p <
.05, which suggests the assumption of sphericity had been violated. The analysis comprised a

2 x Response Key Position (left or right-side response box) x 2 Direction of the Magnitude/
Referent Relationship (smaller or larger than the 30-dot referent array) x 3 Ratio (0.5, 0.66,
0.83) ANOVA. The analysis revealed that Hand was not significant (F(1, 27) = 3.15, p =.09).
However, Magnitude was significant (F(1,27) = 89.31, p < .0001, 1% = .77) as was Ratio (F(1.39,
37.54) = 94.25, p < .0001, n2 =.78). This finding suggested there was a difference in responses
for small and large magnitudes and for differing ratios. We also found a significant interaction
between Hand and Magnitude (F(1,27) = 6.29, p = .018, n2 =.19), which supports the existence
of a non-symbolic SNARC-like effect. The Magnitude x Ratio interaction was also significant
(F(1.60, 43.05) = 17.20, p < .0001, 1)* = .39). However, neither the Hand x Ratio (F(1.65, 44.54)
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=1.58, p = .22) nor the three-way interaction for Hand x Magnitude x Ratio were significant
(F(1.86,50.17) = 48, p = 61).

Since the main effect for ratio was significant, we compared differences in accuracy and RT
for the three ratios. The analysis showed that targets further in magnitude from the referent
were judged more quickly and more accurately. Bonferroni post-hoc contrasts revealed that
targets furthest in magnitude from the referent (a ratio of 0.5) were responded to significantly
faster (36 ms faster) than the next ratio closer to the referent (a ratio of 0.66) and 102 ms faster
than the ratio closest to the reference (a ratio of 0.83). (all contrasts p < .05). This suggests that
examining the three ratios separately would be more informative about the nature of the non-
symbolic SNARC effect.

Ratio and the SNARC Effect

Three separate 2 x 2 ANOVAs were conducted to assess the relationship between response
hand (left hand vs right hand) and non-symbolic magnitude RTs for the three ratios (0.5, 0.66
and 0.83 respectively).

The analysis of the 0.5 ratio showed a Magnitude effect (F(1,27) = 40.26, p = < .0001, n* =
.60; and 60 dots were responded to faster than 15 dots. While no effects was found for Hand (F
(1,27) = 1.85, p = . 19), the interaction between Magnitude and Hand was significant (F(1, 27)
=6.141 p =.010, * = .19). This provided support for a non-symbolic SNARC-like effect for
the 0.5 ratio. Simple effects analysis showed left hand responses showed no difference for small
or large numerosities (F(1,27) = 1.46, p = 0.24), whereas participants responded faster using
their right hand (a 38 ms advantage for right hand responses) to larger compared to smaller
numerosities (F(1,27) = 9.52, p = 0.01, * = 0.26).

The analysis of the 0.66 ratio showed a Magnitude effect (F(1, 27) = 49.44, p < .0001, W=
.65), and a Hand effect (F(1,27) = 8.58, p= .01, T]Z = .24 —the right hand was faster than the left
hand), and an interaction between Magnitude and Hand (F(1,27) = 7.84, p = .01, > = .23).
Although, for the 0.66 ratio, the left hand was not faster than the right for smaller numerosities.

The 0.83 ratio analysis showed a Magnitude effect (F(1, 27) = 56.54, p < .0001, nz =.68), no
effect of Hand (F(1, 27) = .12, p =. 73), but a marginally significant interaction between Mag-
nitude and Hand (F(1, 27) = .2.96, p = .10 (two-tailed) or .05 (one-tailed), 7 =.10).

Following the analytic convention used in symbolic SNARC studies, we collapsed data
across small (15, 20, 25) and large (36, 45, 60) magnitudes. Results still showed support for a
SNARC-like effect. Hand was not significant (F(1, 27) = 3.17, p = .09). However, Magnitude (F
(1,27) = 89.12, p < .0001, 1% =.77) and the Hand x Magnitude Interaction were significant (F
(1,27) =630 p =.02,1° = .19).

See Fig 2 below for the Hand by Magnitude interaction effect for the three separate ratios
(0.5, 0.66 and 0.83). Fig 2 shows the form of the non-symbolic SNARC-like effect differs for
each ratio but is similar to the symbolic SNARC effect for the 0.5 and 0.66 ratios.

SNARC, VSWM and Math Abilities

The WRAT standardised score ranged from 87 to 143 with a mean of 113.14. This showed for
the sample above average mathematics ability according to WRAT norms. For the Corsi
Blocks task, visuospatial span ranged from 5 to 9 with a mean of 6.54. The average test norm
for Corsi span is 6. Correlation coefficients for the WRAT, Corsi span, and regression slope
are reported in Table 2 below. Table 2 shows that there were no significant correlations with
either VSWM (Corsi span task) or math ability (WRAT) and the reaction time task (slope).
To investigate the relationship between VSWM and math ability and the non-symbolic
SNARC-like effect, we conducted a 2 x Response Key Position (left or right-side response
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Fig 2. Median RTs comparing 15 vs 60, 20 vs 45 and 25 vs 36 dots to the 30 dot referent as a function of left vs right
hand (error bars = standard error).

https://doi.org/10.1371/journal.pone.0203019.9002

box) x 2 Direction of the Magnitude/Referent Relationship (smaller or larger than the 30-dot
referent array) x 3 Ratio (0.5, 0.66, and 0.83) repeated measures ANCOVA. The math measure
(WRAT standardised score) and VSWM measures (Corsi) were entered as covariates. The
interaction effect between Hand and Magnitude was significant (F(1,27) = 8.08, p=. 01, W=
23) suggesting math and VSWM were not significant predictors of the non-symbolic SNARC
effect. As the earlier analysis showed that only the 0.5 ratio showed a non-symbolic SNARC
effect, we ran a 2 x Response Key Position (left or right-side response box) x 2 Direction of the
Magnitude/Referent Relationship (smaller or larger than the 30-dot referent array) repeated
measures ANCOVA for this ratio. The math (WRAT standardised score) and VSWM mea-
sures (Corsi) were entered as covariates. The original interaction effect for Hand by Magnitude
remained significant (F(1,27) = 6.14, p =.020, W =.19). This suggested that for the 0.5 ratio
both math and VSWM measures were not significant predictors of the non-symbolic SNARC
effect.

Standard and reverse SNARC effects

Inspection of participants’ performances showed that a small number of individuals (n = 8)
exhibited a reverse non-symbolic SNARC effect, with an average regression slope B value of
66.44, indicating a positive slope which significantly differed from 0, (£(7) = 4.17, p = .004).
Participants who exhibited a standard SNARC effect (# = 19), had an average regression slope
B value of -114.33. This indicated a negative slope which significantly differed from 0, (#(18) =
5.39, p < .0001). One participant had a regression slope of .00, indicating a flat line and no
SNARC effect.

An independent samples t-test confirmed a large difference in B’s -180.77 ms for those indi-
viduals who exhibited a standard SNARC compared to a reverse SNARC effect. This difference
between subgroups was significant (#(24.22) = 6.81, p < .0001).

Table 2. Correlations between VSWM, math measures and p slope.

‘ WRAT ‘ Corsi Span ‘ B Slope
WRAT E \ \
Corsi Span 0.09 ‘ - ‘
B Slope 0.05 ‘ 0.07 ‘

Note: N =28, WRAT = Wide Range Achievement Test

https:/doi.org/10.1371/journal.pone.0203019.1002
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Standard SNARC/Reverse SNARC, VSWM and math ability

We compared the VSWM and WRAT math measures for individuals who exhibited a standard
or a reverse SNARC effect. These analyses revealed no differences in either VSWM or math
between the two groups. For the math task, an independent samples t-test showed participants
in the standard SNARC subgroup (M = 114.89, SD = 12.73) scored 5.52 points higher on the
‘WRAT on average than those in the reverse SNARC subgroup (M = 109.38, SD = 18.72). How-
ever, this difference was not significant (£(25) = .89, p = .38). For the VSWM task, an indepen-
dent samples t-test showed little difference (£(25) = .06, p = .96) between participants in the
standard SNARC subgroup (M = 6.47, SD = 1.22) and those in the reverse SNARC subgroup
(M=6.5,SD=093).

Discussion

This study investigated whether a non-symbolic SNARC effect is evident in large magnitude
dot arrays in a referent-to-target judgement paradigm. Three findings are worth noting. First,
findings show non-symbolic magnitude is represented spatially, as evidenced by a non-sym-
bolic SNARC effect. Presentation of smaller non-symbolic magnitudes (i.e., 15, 20, and 25)
facilitated faster responses using the left hand, and larger non-symbolic magnitudes (i.e., 36,
45 and 60) facilitated faster responses using the right hand, demonstrating non-symbolic mag-
nitude RTs is modulated by response hand. This finding confirmed those of Zhou et al. [25]
showing a non-symbolic SNARC effect. In other words, a non-symbolic SNARC effect is evi-
dent in the so-called ANS range. A distance effect was also evident: participants were quicker
responding to targets further away from the referent dot arrays. For dot arrays closer in magni-
tude to the referent, responses slowed.

Second, the form of the interaction in the non-symbolic SNARC effect showed a similar
pattern to the symbolic SNARC effect (i.e., an interaction effect for non-symbolic magnitude
and hand). The difference between left-hand and right-hand RT responses to larger stimuli
was more pronounced than left and right-hand responses to smaller stimuli.

Third, only 64% of participants showed a SNARC effect. This finding is similar to those
found in symbolic SNARC research, which show just over half of participants exhibited a
SNARC effect [32-38]. Indeed, atypical differences in ANS processing abilities more generally
are common [53-55].

Given the pattern of findings is similar to symbolic SNARC studies, what factor distin-
guishes individuals who exhibit a SNARC effect from those who do not? Does the failure to
exhibit a SNARC effect, for example, indicate a deficit in number space representation that, in
turn, affects numerical processing abilities? There are three aspects to this question (partici-
pants assessed herein showed variation in RTs and SNARC slope direction—see the Supple-
mentary Materials section): to what degree are differences in SNARC abilities related to
differences in (1) number-space representation, (2) stimuli parameters, and (3) cognitive and/
or number specific abilities. Answers to these questions may help clarify understanding of
number-space relationships and the functional value of SNARC data more specifically.

The issue of how best to conceptualize number-space relationships has been raised by Lei-
bovich, Katzin, Harel and Henik [56] who claim a sense of magnitude is the basis of math
understanding. Specifically, they argue continuous magnitudes, such as size, area and density,
are processed quicker and more accurately than number itself. In fact, they argue it is impossi-
ble to separate numerosity from continuous magnitudes in non-symbolic magnitude judg-
ment tasks. Leibovich et al.’s claims are disputed, however. Burr [57], for example, provides
evidence showing number strongly influences both area and density, and suggests number is a
more fundamental attribute than continuous magnitudes. Similarly, Beran and Parrish [58]
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argued that although numerical and continuous magnitudes co-vary, continuous magnitudes
alone do not influence responses. Indeed, Zhou et al., [25] showed a non-symbolic SNARC
effect for non-symbolic numerical magnitudes, but not for continuous magnitudes (i.e., for
area and density). These findings suggest it is unlikely a sense of magnitude alone is responsi-
ble for differences in non-symbolic SNARC abilities.

ANS theory (Dehaene, [59]) suggests the magnitude of numerosities is extracted indepen-
dent of visual cues. In contrast, sensory integration theory (Gebuis, Kadosh & Gevers, [60])
proposes visual cues may affect magnitude judgment processes. Indeed, Leibovich et al., [56]
argue that magnitude processing is affected by visual cues such as density, luminance and sur-
face area. Since we did not control for low level visual cues, we are unable to draw conclusions
about the role of these visual cues in the current study.

Individual differences in SNARC responses may be related to differences in how non-sym-
bolic number is encoded and numerical decisions made. Odic [61] argues that non-symbolic
numerical magnitude is encoded with the aid of low level congruent visual cues. For example,
if density is manipulated it may influence perception of number because of shared visual cues;
that is, numeric and non-numeric cues compete for decision components such as working
memory. Odic’s arguments are similar to those of Gebuis and Reynvoet [62] who suggest
visual cues may affect non-symbolic magnitude abilities. Gebuis et al., [60] argue for a sensory
integration theory in which the importance of visual cues is weighted and these weights affect
magnitude judgements [63]. Insofar as the impact of visual cues can be demonstrated, they
might explain reasons for individual differences in non-symbolic SNARC judgments.

Insofar SNARC abilities are related to magnitude representations more generally, research
has found links with magnitude representation, cognitive and math abilities. A study by
Cornu, Hornung, Schiltz and Martin [64] discovered spatial skills partially mediated the rela-
tionship between number line estimation and arithmetic in kindergarteners. Also, a model
with control variables (i.e. age, gender), domain-general skills (i.e. verbal short-term memory
and verbal intelligence), domain-specific skills (i.e. counting knowledge, Arabic number
knowledge and quantitative knowledge) and spatial skills (i.e. spatial perception, visuo-motor
integration and spatial visualisation) was a better predictor of number line estimation and
arithmetic four months later than a similar model without spatial skills [64]. Lourenco, Aulet,
Avyzenberg, Cheung and Holmes [65], found individual differences in the associations between
number, area and duration at 9 months of age predicted similar associations at 3.5 years. This
finding shows stable individual differences in number magnitude representations over time.
Arguably, non-symbolic numerical magnitude abilities represent a way of acquiring the mean-
ing of Arabic numbers symbols.

A large-scale longitudinal study by Tosto et al.,, [66] examined individual differences in
number sense, its relation to math performance, and other general cognitive measures such as
VSWM (Corsi), RTs (speed and accuracy), non-verbal intelligence (Raven’s progressive matri-
ces), vocabulary (Mill Hill Vocabulary) and reading comprehension. The aim of the study was
to examine which measures were important, at what time during development, how strong the
relationship was and to what degree these measures were moderated by other cognitive mea-
sures. To do this, Tosto et al. tested the estimation ability of 4,984 16-year-old students using
number sense measures (i.e. a dot comparison and number line task). This data was compared
to cognitive and achievement data from the same students at ages 7, 9, 10, 12 and 14. Results of
the study showed dot comparison and number line tasks correlated with mathematics perfor-
mance at age 16. However, the strength of the association between dot comparison, number
line tasks and earlier math performance varied considerably across development and was
moderated by differing cognitive abilities [66]. This shows both domain-general (quantitative)
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and domain-specific (working memory, spatial) skills are related to magnitude representation
and development of math.

Individual differences in the symbolic SNARC effect and number-space mapping may be
related to structural differences in the brain. For example, Krause, Lindemann, Toni and Bek-
kering [67] showed participants with a stronger SNARC effect had increased grey matter in
the parietal area of the right precuneus, Amalric and Dehaene [68] showed bilateral activation
of brain areas related to numbers and space, but little activation of language areas in expert
mathematicians carrying out high level math reasoning. Amalric and Dehaene suggest this
finding supports the claim that number-space mapping in early development is related to
math achievement. A recent literature review by Myers, Carey and Szucs [69] on the neural
correlates of spatial processing and WM in gifted children and adults showed these abilities
contributed to being gifted at math.

Indeed, adults with developmental dyscalculia have shown deficits mapping number onto
physical space [70]. Some children with visuo-spatial deficits and developmental dyscalculia
show a reversed symbolic SNARC effect (suggesting a right-to-left mental number-line) and
poorer math performance, compared to matched controls who show a standard SNARC effect
[31].

Training in spatial associations improves acuity and math performance [71]. As far as we
can ascertain, no studies have investigated the impact of magnitude representation training on
changes in SNARC abilities. To more thoroughly investigate the significance of individual dif-
ferences in SNARC and associated abilities, different analytic methods may be helpful. For
example, Chew, Forte and Reeve [28] conducted a latent class analysis of symbolic and non-
symbolic magnitude judgments, which revealed distinct and different patterns of judgments
associated with math abilities.

Conclusion

The findings confirm a non-symbolic SNARC effect which, in turn, supports the claim that
non-symbolic magnitude information is represented mentally in a left-to-right spatial manner.
‘While the focus of the present study was non-symbolic representation, caution should be exer-
cised in drawing parallels between factors that affect differences in non-symbolic and symbolic
SNARC effects. It might be not only easier to differentiate 60 and 66 presented as Arabic sym-
bols, compared to presented as dot arrays, but it seems likely different factors might affect the
speed of judgments in the two representations [28]. Future researchers would do well to iden-
tify those factors that affect individual differences for both symbolic and non-symbolic
SNARC judgments.
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3.3

Supplementary Information: Individual Participants’ dRTs

The regression slope for each participant was examined separately. Figure 3 shows dRTs

plotted for each participant who met the 50% correct accuracy threshold for any given non-
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symbolic quantity. Large individual differences can be seen by the slope of the regression lines.

Some participants’ regression lines slope downward indicating a negative slope value and a

standard SNARC-like effect or upward indicating a positive slope value and a reversed SNARC.

A flat line with a slope value of 0 indicates no SNARC-like effect.

Numerosity(In{Numerosity)

Numerosity(ln{Numerosity)

Numerosity(In{Numercaity)

Numerosity(in(Numerosity)

Figure 3. Individual differences of the non-symbolic SNARC-like effect for participants
depicting observed data and the regression line, reflecting response time differences for right and
left hand as a function of non-symbolic quantity.
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Note. The x-axis value for each dot point represents the natural logarithm of the non-symbolic quantity (i.e. 2.70 =
In(15), 3.00= In(20), 3.22 = In(25), 3.58 = In(36), 3.81= In(45), 4.09 = In(60). When the gradient of the regression
line slopes downward this indicates a non-symbolic SNARC-like effect; an upwards gradient indicates a reversed
non-symbolic SNARC-like effect.
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Chapter 4: Studies 2A, 2B, and 2C

Chapter 4 will present three studies that examine the relationship between ratio of stimuli,
continuous magnitudes, modality of response, and their contributions to the non-symbolic
SNARC-like effect. In Chapter 3 the non-symbolic SNARC-like effect was examined using a
non-symbolic quantity judgment task. The rationale for using a non-symbolic quantity judgment
task was presented in Chapter 2. A brief justification for the first experiment will be given,
followed by the aims then details of the study.

Study 1, reported in the last chapter, was designed to examine if non-symbolic quantities
were represented spatially, from left-to right side space. The findings from the first study provide
some support for the claim that non-symbolic quantities are represented spatially as evidenced by
a non-symbolic SNARC-like effect. Furthermore, this was shown for non-symbolic quantities
purely in the ANS range. However, Experiment 1 consisted of stimuli with three differing ratios
of referent-to-target 0.5 (15 and 60 dots), 0.66 (20 and 45 dots) and 0.83 (25 and 36 dots) so
difficulty of numerical judgments varied. The level of difficulty of the numerical judgment
increased the closer the target was in numerical distance from the referent. For example, targets
that were numerically closer to the referent were the most difficult to judge. Indeed, we found for
the 0.83 ratio there seemed to be a calibration issue with some participants unable to respond
above chance level (50%). Therefore, several participants were removed from further analysis.
For data that remained, wide variance was found for both RT and accuracy. Findings from Study
1 raise the question if a SNARC effect would be found for more participants when reducing
difficulty of the task. Compared to the symbolic SNARC, there are several methodological issues
when testing for the non-symbolic SNARC which have been described in Chapter 2 but will be
reiterated below as they form the rationale for the current study.

4.1  Current Evidence for a Non-symbolic SNARC-like Effect

The first issue is, compared to the many studies showing support for a symbolic SNARC
effect, to date, few studies report a non-symbolic SNARC-like effect (Bulf et al., 2014; Eberbach,
et al., 2014; Mitchell et al., 2012; Nuerk et al., 2005; Patro & Haman, 2012; Zhou et al., 2016).
The non-symbolic SNARC-like effect has not been a strong research focus; and it is unclear why
this is the case. However, Mitchell et al., (2012) suggest there may be a publication bias for
significant results. Few studies have found a significant non-symbolic SNARC-like effect. There
are even less studies that test for a non-symbolic SNARC-like effect and report a null result. For
instance, to our knowledge, only two recent papers by Cleland and colleagues (Cleland & Bull,
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2018; Cleland, Corsico, White, & Bull, in press) have failed to show a non-symbolic SNARC-
like effect for numerical magnitudes using implicit judgments. Cleland and Bull (2018) used a
colour judgment task for both symbolic (Arabic digits from 1 — 9 which were blue or green) and
non-symbolic stimuli (arrays consisting of 1 - 9 circles which were black, blue or green). A
SNARC effect was found for symbolic number but not for non-symbolic stimuli (even when
stimuli in the subitizing range were examined separately). Cleland and Bull (2018) argue perhaps
non-symbolic quantity representations for implicit judgments do not activate a direct route to a
verbal label such as ‘more’ or ‘less’. A verbal label may be necessary for triggering a SNARC
effect and an easy route to a verbal label is often found for symbolic SNARC studies (Cleland &
Bull, 2018).

Cleland and colleagues (Cleland et al., in press) examined a SNARC effect for non-
symbolic stimuli across a series of experiments using implicit judgments. Stimuli consisted of 1 —
9 black triangles. Participants had to make an orientation judgment and low-level visual cues
were manipulated. In Experiments 1 and 2, total surface area was held constant but in Experiment
3, total surface area varied and increased in lockstep with numerical magnitude.

In Experiment 1 four different variants of each array were presented to each participant. In
Experiment 2 each participant was assigned one of four stimuli to control for low level visual
cues (i.e., each participant was presented with only one version of an array). This methodology
may have increased variance among participants as they were not viewing the same stimuli.
Another potential issue with Cleland and colleagues’ (in press) study design was that hand
response were counterbalanced across participants. That is, half of the participants responded
with their left hand to an upright triangle and right for an inverse triangle. The other half
responded with their right hand to an upright triangle and their left hand to an inverse triangle.
Inverted shapes may have had longer response times. Experiment 2 was an attempt to replicate
Mitchell et al.’s (2012) study, where a non-symbolic SNARC-like effect was found for
orientation judgments. However, no SNARC-like effect was found for any of the experiments
reported in Cleland et al.’s paper, even when the subitizing range was examined separately
Therefore, the non-symbolic SNARC-like effect from Mitchell et al., (2012) was not replicated.
Taken together, the studies by Cleland and Bull (2018) and Cleland et al. suggest the non-
symbolic SNARC-like effect for non-symbolic quantities may be less robust than the symbolic
SNARC effect — at least for implicit judgments. In Study 1 (Chapter 3) explicit non-symbolic
quantities and verbal labels were used in a non-symbolic quantity judgment task. Perhaps this is
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the reason why a non-symbolic SNARC-like effect was found. The current study will use this
same methodology to test for a non-symbolic quantity SNARC-like effect.

4.2  SNARC Studies Were Designed for Symbolic Number

The second issue is that the SNARC effect, and paradigms used to identify this behavioural
effect, were initially designed for symbolic number. As previously discussed in Chapter 2, there
is much evidence to suggest a relationship between number and space. However, most of this
evidence is based on the interaction between symbolic number and space. Claims about the
mental number line and symbolic SNARC are largely based on symbolic stimuli. Several issues
remain when designing studies to examine the non-symbolic SNARC-like effect for non-
symbolic quantities.

For instance, the most common paradigm used to examine the symbolic SNARC effect is
the parity judgment task (judging if a presented stimulus is odd or even). However, parity
judgment relies on exact processing of number and numerical magnitudes in the ANS range are
not precise. Therefore, parity judgment tasks arguably are not suited for non-symbolic quantity
judgment studies. There are however a few exceptions such as when stimuli presented are in the
subitizing range (which can be processed quickly and precisely) or a participant is allowed
enough time to enumerate the dots. Another paradigm used to test the symbolic SNARC effect is
magnitude comparison. This is suitable to test for a non-symbolic SNARC-like effect and will be
used in the current study.

A third issue is that while research has examined non-symbolic quantity judgment abilities
(using Weber fraction and the numerical distance measures), the focus has been on acuity rather
than the spatial representation of non-symbolic quantities per se. ANS acuity measures such as
the Weber fraction ignore reaction time (RT) measures and as such may be affected by a speed
accuracy trade off (Park & Starns 2015). The symbolic SNARC effect is determined by using RT
measures (mean or median). Accuracy is also considered (speed accuracy trade-off and inverse
efficiency RT/accuracy). Both RTs and accuracy will be measured in the current study.

Finally, there are issues of measurement when using non-symbolic quantities particularly in
the ANS range. Some questions that arise are, how do you assign numbers to the stimuli and
what is the theoretical basis of assigning numbers? What number of dots should be chosen for
comparative arrays? There is little previous research regarding these factors.
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In Study 1, if the ratio of referent-to-target was too difficult, participants were unable to
meet accuracy thresholds and perform above chance level. In the current study this issue was
addressed by using an easy to discriminate ratio of 0.5 (15 and 60 dots). This ratio elicited a non-
symbolic SNARC-like effect in Study 1.

4.3  Study 2A

In the current study there are two research questions of interest: Are non-symbolic
quantities represented spatially and what effect will reducing variance of the target stimuli have
on the non-symbolic SNARC-like effect? The most robust finding in number-space interactions
is the symbolic SNARC effect (see Gevers & Lammertyn, 2005 for a review) suggesting
symbolic number is spatially represented. However, there is still little empirical evidence for non-
symbolic quantities (i.e., dot clouds). The aim of Study 2A is to determine whether there is a left-
to-right spatial representation of magnitude (for numbers of dots that cannot be exactly
enumerated). This will be tested using a SNARC paradigm in the form of non-symbolic quantity
judgment tasks.

The rationale for the design of the current study was to reduce task difficulty and maximise
the chance of finding a SNARC effect for all participants’ variance of stimuli. In the current
study, the 0.5 ratio was chosen as this ratio had previously elicited a non-symbolic SNARC-like
effect. Indeed, in Study 1 the largest SNARC effect was found for the easiest ratio to process
(0.5- 15 and 60 dots) according to the Weber fraction. In the current study, target stimuli
remained the same (dot arrays of 15 and 60 dots) and the referent consisted of a dot array
containing 30 dots.

Based on previous findings of the symbolic SNARC effect and Study 1, it was predicted
that if spatial-numerical associations extend to non-symbolic quantities, then: Faster responses
are predicted for ‘congruent’ stimulus-response pairings (i.e. when ‘lesser’ responses are assigned
to the left hand, and ‘more’ responses to the right hand) compared to ‘incongruent’ pairings
(lesser/right and more/left). For example, left hand responses to 15 dot arrays should be faster
than right hand responses to 15 dot arrays. Similarly, right hand responses to 60 dot arrays should
be faster than left hand responses to 60 dot arrays. It is expected that a magnitude by response
side interaction should be found.

In Study 1 reported in Chapter 3, neither VSWM nor math ability predicted the non-
symbolic SNARC-like effect. Although slight differences were found for the standard and reverse
SNARC group for VSWM and math ability, these differences failed to reach significance. In the
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current study, a more sensitive measure of VSWM - the Corsi block tapping task (backwards
span) (Corsi, 1972; Kessels, van Zandvoort, Postma, Kappelle, & de Haan, 2000) was included.
Again, we predicted the absence of a SNARC-like effect may be related to poorer VSWM and
math ability.

4.3.1 Method
4.3.1.1 Participants

Twenty-six undergraduate students participated for course credit. All met an accuracy
threshold of 50% (performing less than at chance). A criterion set in Study 1 for inclusion for
further analysis. All participants (13 males, 13 females) were aged between 18 and 46 (M =
20.85, SD = 5.50) and were strongly right-handed according to the Edinburgh Handedness
Inventory questionnaire (Oldfield, 1971; see Appendix A). All participants gave written,
informed consent before participating in the study. The study was conducted in accordance with
the Declaration of Helsinki and was approved by the Human Research Ethics Committee at the
Melbourne School of Psychological Sciences (# 1237507.2). Note, that for all studies in the
thesis, the sample sizes were based on participants that were available for recruitment from the
first-year psychology student pool. A study by Cipora and Wood, (2017) showed that 20
participants and 20 trials per stimuli are sufficient to detect a SNARC effect. A repeated-
measures design was used to increase power. Also, G*Power (Faul, Erdfelder, Lang, & Buchner,
2007) was used to check if a study had sufficient power.

4.3.1.2 Materials, procedure and analytic method

Materials, procedure and analytic method were identical to Study 1 except: (1) the Corsi
backward span task (Corsi, 1972; Kessels et al., 2000) was added; (2) only two target stimuli
were used (15 and 60 dots); and (3) right minus left-hand RT difference was calculated. The
rationale for adding right-left RT difference was because there were only two target stimuli;
hence, only two data points were included in the analysis. Unless explicitly stated all ANOVA
and t-test results are reported two-tailed. For more in-depth discussion regarding the materials,
procedure, and analytic method please refer to Study 1 (Chapter 3).

4.3.2 Results

The median RTs and accuracy for Quantity x Hand judgments are shown in Table 4.1
below. The overall mean RT for the experiment was 411 milliseconds.
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Table 4.1
Medians and SE’s of RTs and Means and SD’s of Accuracy in Study 2A

Left Hand Right Hand

Number  Test to

of Dots  Referent RTs (ms) Accuracy

Mdn SE M SD Mdn SE M SD

15 0.5xRef 41792 13.40 0.99 0.01 426.33 16.21 0.99 0.02

60 2xRef 406.83 16.02 0.99 0.02 391.33 1234 099 0.01

4.3.2.1 SNARC-like effect for non-symbolic quantities

Initial analysis showed no significant error rate interaction between quantity and hand
(F(1,25) = .02, p =.90, n? = .00) (i.e., no evidence of a speed-accuracy trade off: The mean error
rate was 1.06%). We conducted a repeated-measures ANOVA to determine whether a SNARC-
like effect was evident for non-symbolic quantities. The analysis comprised a 2 x Response Key
Position (left- or right-side response box) x 2 Direction of the Quantity/Referent Relationship
(smaller or larger than the 30-dot referent array). The analysis revealed that Hand was not
significant (F (1, 25) = .00, p =.98). However, Quantity was significant (F (1, 25) = 13.74, p <
.01, n2 = .36). Faster responses were found for larger quantities. We also found a significant
interaction between Hand and Quantity (F (1, 25) = 3.96, p = .03 (one-tailed), n? = .14), which
supports the existence of a non-symbolic SNARC-like effect. See figure 4.1 below for the Hand
by Quantity interaction effect. Figure 4.1 below shows the form of the non-symbolic SNARC-
like effect is similar to the symbolic SNARC effect.
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Figure 4.1. Median RTs in Study 2A comparing 15 vs 60 dots to the 30-dot referent as a function
of left vs right hand (error bars = standard error).

4.3.2.2 SNARC, VSWM and math abilities

The WRAT? standardised score ranged from 98 to 143 with a mean of 118.23. This showed
above average mathematics ability for the sample according to WRAT norms. VSWM- Corsi
Blocks Forward span ranged from 5 to 8 with a mean of 6.38. Corsi Blocks Backward span
ranged from 4 to 8 with a mean of 5.77. The average test norm for Corsi span is 6. The Corsi total
score ranged from 72 to 184 with a mean of 113. This placed the sample in the 90" percentile
according to test norms. Correlation coefficients for the WRAT, Corsi span, slope and right - left
difference RTs are reported in Table 4.2 below. Table 4.2 shows there was a significant
correlation between VSWM (Corsi backwards span task/ total score) and RT (right-left difference
score). There was also a correlation between math ability (WRAT) and VSWM (Corsi total
score). For right minus left difference RTs, participants with a negative score had a higher Corsi
backwards span score. So, a larger right-left RT difference was associated with better VSWM
memory. There was also a correlation between right-left RT difference and slope.

2 The Wide Range Achievement Test 4 (WRAT) (Wilkinson & Robertson, 2006).
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Table 4.2
Correlations between VSWM, Math Measures, Slope and Right-Left Difference in Study 2A

WRAT Corsi Span Corsi Span  Corsi  Right-Left Slope
(Forwards) (Backwards) Total Difference

WRAT

Corsi 0.098

Span F

Corsi 0.049 0.608** -

Span B

Corsi 0.371* 0.715** 0.734**

Total

R-L -0.014 0.313 0.467* 0.174

Difference

Slope 0.157 -0.234 -0.373* -0.113  -0.899**

Note: * = p < .05, ** = p <.01. N= 26, WRAT = Wide Range Achievement Test, Corsi Span F = Corsi Forwards,
Corsi Span B = Corsi Backwards, Corsi Total = Mean total of Corsi Forwards and Corsi Backwards, R - L
Difference = RT difference for Right — Left Hand, Slope = Regression slope B value.

Inspection of participants’ performances showed that a small number of individuals (n = 9)
exhibited a reverse non-symbolic SNARC-like effect, with an average regression slope  value of
30.86, indicating a positive slope which significantly differed from 0, (t(8) = .4.53, p =.002).
Participants who exhibited a standard SNARC effect (n = 17), had an average regression slope 3
value of -52.33. This indicated a negative slope that significantly differed from 0, (t(16) = 4.33, p
=.001). An independent samples t-test confirmed a large difference in 3’s -83.18 ms for those
individuals who exhibited a standard SNARC compared to a reverse SNARC effect. This
difference between subgroups was significant (t(23.11) = 5.99, p <.0001).
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Figure 4.2. Individual differences of the non-symbolic SNARC-like effect for participants depicting observed data

and the regression line in Study 2A, reflecting response time differences for right and left hand as a function of non-

symbolic quantity.

Note. The x-axis value for each dot point represents the natural logarithm of the non-symbolic magnitude (i.e., 2.70
=1In (15), and 4.09 = In (60). When the gradient of the regression line slopes downward this indicates a SNARC-like
effect. When the gradient of the regression line slopes upwards this indicates a reversed SNARC-like effect.
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4.3.2.3 Individual participant dRTs

The regression slope for each participant was examined separately. Figure 4.2 shows dRTs
plotted for each participant. Large individual differences can be seen.

4.3.2.4 Standard SNARC/reverse SNARC, VSWM and math ability

We compared the VSWM and WRAT math measures for individuals who exhibited a
standard or a reverse SNARC effect. These analyses revealed no differences in either VSWM or
math between the two groups. For the math task, an independent samples t-test showed
participants in the standard SNARC subgroup (M = 116.24, SD = 13.69) scored 5.76 points lower
on the WRAT on average than those in the reverse SNARC subgroup (M =122.00, SD = 13.42).
However, this difference was not significant (t(24) = 1.03, p = .776). For the VSWM task, Corsi
forwards span, an independent samples t-test showed little difference (t(24) = .54, p =.59)
between participants in the standard SNARC subgroup (M = 6.47, SD = 1.07) and those in the
reverse SNARC subgroup (M = 6.22, SD = 1.20). For the VSWM task, Corsi backwards span, an
independent samples t-test showed little difference (t(24) = 1.56, p = .13) between participants in
the standard SNARC subgroup (M = 6.06, SD = 1.30) and those in the reverse SNARC subgroup
(M =5.22, SD = 1.30). For the VSWM task, Corsi total score, an independent samples t-test
showed participants in the standard SNARC subgroup (M =116.74, SD = 33.77) scored 15.91
points higher on the Corsi total score on average than those in the reverse SNARC subgroup (M
= 100.83, SD = 46.29). However, this difference was not significant (t(24) = 1.01, p = .33).

4.3.3 Discussion

The current study was designed to examine if a SNARC-like effect would be found for
more participants using an easy judgment based on the Weber fraction. Thereby, reducing
previous issues of discrimination and calibration found in Study 1. Again, non-symbolic
quantities purely in the ANS range were used. Two target stimuli with the same ratio (0.5 - 15
and 60 dots) to the referent (30 dots) were presented.

There were five main findings. First, the hypothesis that non-symbolic quantity is
represented spatially analogous to a left-to-right mental number line was supported. This was
evidenced by a non-symbolic SNARC-like effect. With one lower bound (15 dot) and one upper
bound (60 dot) array, participants were faster to respond with their left hand to smaller numerical
magnitudes than their right hand. Likewise, participants were faster to respond to their right hand
to larger numerical magnitudes than with their left hand. Second, the form of the interaction
effect for non-symbolic quantities was like that of the symbolic SNARC effect. Third, there
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appeared to be no issue of calibration. All the participants were able to complete the task with a
high degree of accuracy. Fourth, only 65% of participants showed a non-symbolic SNARC-like
effect. This was in line with previous symbolic SNARC studies that show not all participants
exhibit a SNARC effect (Beecham et al., 2009; Wood et al., 2008). This finding suggests there
are individual differences in the spatial representation of non-symbolic quantities. Fifth, a
moderate positive relationship was found between RT (Right — Left Difference) and VSWM
(Corsi). Participants who showed a larger negative score Right — Left Difference score showed a
larger non-symbolic SNARC-like effect and better VSWM performance as measured by the
Corsi. Also, a weak positive relationship was found between VSWM (Corsi) and math ability
(WRAT standardised score). Participants who showed higher VSWM performance (Corsi total
score) performed better in the math task (WRAT). Overall, the findings confirm a non-symbolic
SNARC-like effect which provides support for the claim that non-symbolic quantities are
represented spatially from smallest to largest, left-to-right.

4.3.4 Conclusion

The current experiment provided evidence for the claim that non-symbolic quantities in the
ANS range are represented spatially. A faster response was found with the left hand to smaller
numerical magnitudes than the referent and with the right hand for larger numerical magnitudes
than the referent. This indicated a non-symbolic SNARC-like effect was found, which was
consistent with the findings of Study 1. As only two target stimuli were used which were easy to
discriminate based on the Weber fraction, there was no issue of calibration when making
numerical judgments. Overall, the findings provide support for the spatial representation of non-
symbolic quantities from left-to-right.
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44  Study 2B

In Study 2A a non-symbolic quantity judgment task triggered a SNARC-like effect. This
result was consistent previous studies which found a non-symbolic SNARC-like effect (Mitchell
etal., 2011; Nuerk et al., 2005; Zhou et al., 2016). In Study 2A one lower bound (15 dots) and
one upper bound (60 dots) target stimuli were used to reduce the amount of variance and address
the issue of calibration found in Study 1. The ratio of target to referent was 0.5. However, with
the symbolic SNARC effect, stimuli that take longer to processes as indicated by slower RTs tend
to elicit a stronger SNARC effect (Wood et al., 2008). Therefore, it was of interest to examine if
a stronger SNARC-like effect would be found with stimuli that were more difficult to process
based on the Weber fraction. Targets closer to the referent were chosen from stimuli previously
used in Study 1. A lower bound target of 20 dots and an upper bound target of 45 dots were
compared to a referent of 30 dots. This represented a ratio of 0.66. If luminance was driving the
SNARC effect found in Study 1 and 2a, it was expected that no SNARC effect would be found in
the current study where luminance was controlled for.

44.1 Method
4.4.1.1 Participants

Thirty-nine students participated for course credit. All met an accuracy threshold of 50%
(performing less than at chance). A criterion set in Study 1 for inclusion for further analysis. All
participants (14 males, 25 females) were aged between 18 and 35 years (M=20.74, SD= 4.13)
were strongly right-handed according to the Edinburgh Handedness Inventory questionnaire
(Oldfield, 1971; Appendix A). All participants gave written, informed consent before
participating in the study. The study was conducted in accordance with the Declaration of
Helsinki and was approved by the Human Research Ethics Committee at the Melbourne School
of Psychological Sciences (# 1237507.2).

4.4.1.2 Apparatus, stimuli, design, and procedure

The design, procedure, stimuli and analytic approach were identical to Studies 1 and 2A,
except that a ratio was chosen that was slightly more difficult to discriminate according to the
Weber fraction than the ration used in Study 2A. A ratio of 0.66 was used. This consisted of a
referent stimulus of 30 dots and a target of 20 or 45 dots. To collect more data for each given
numerical magnitude more trials (384 in all) were conducted. This consisted of 192 trials with
small left and large right and 192 with the opposite hand assignment.
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Equal numbers of black and white dots intermixed in the dot display, whereby black dots
represented a luminance increment from the grey background and white dots a decrement from
the grey background such that overall mean luminance was balanced at 75 cd/m? with 80%
Michelson contrast. That is, the luminance increment and decrement were offset. Thereby,
overall luminance was the same across stimuli. Luminance of the grey background was set at 75
cd/m2,

4.4.2 Results

The median RTs and accuracy for Magnitude x Hand judgments are shown in Table 4.3.
The overall mean RT for the experiment was 518 milliseconds.

Table 4.3
Medians and SE’s of RTs and Means and SD s of Accuracy in Study 2B
Left Hand Right Hand
Nurg(l))tesr of RZ?‘ztr;ﬁ i RTs (ms) Accuracy RTs (ms) Accuracy
Mdn SE M SD Mdn SE M SD
20 1/1.50 x Ref 530.00 1197 0.96 0.05 515.00 14.64 0.96 0.04
45 1.5 x Ref 521.50 15.71 0.96 0.03 48150 1287 0.97 0.03

4.4.2.1 SNARC-like effect for non-symbolic quantity

Initial analysis showed no significant error rate interaction between quantity and hand
(F(1,38) = 2.43, p =.13) (i.e., no evidence of a speed-accuracy trade off: The mean error rate was
3.5 %). We conducted a repeated-measures ANOVA to determine whether a SNARC-like effect
was evident for non-symbolic quantities. The analysis comprised a 2 x Response Key Position
(left or right-side response box) x 2 Direction of the Quantity/Referent Relationship (smaller or
larger than the 30-dot referent array). The analysis revealed that Hand was not significant (F (1,
38) = 2.58, p =.14). However, Quantity was significant (F (1, 38) = 23.34, p <.0001, n2 = .38).
Faster responses were found for larger quantities. We also found a significant interaction between
Hand and Quantity (F (1, 38) = 7.32, p = .01, n2 = .16), which supports the existence of a non-
symbolic SNARC-like effect. Figure 4.3 shows the form of the non-symbolic SNARC-like effect
is similar to the symbolic SNARC effect for larger but not for smaller quantities. To test if a non-
symbolic SNARC-like effect was found overall, the combined slope coefficients for all
participants were analysed to determine the slope differed from a O slope (overall: M = -47.77,
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SD =108.94), t1(38) = 2.74, p = .001; see figure 4.4 below). This provided further support for a
non-symbolic SNARC-like effect.

560 — =)= Left Hand

Right Hand

Median RT (ms)
NN
x
1

Smaller Larger
(20 Dots) (45 Dots)

Quantity

Figure 4.3. Median RTs in Study 2B comparing 20 and 45 dots to the 30-dot referent as a

function of left vs right hand (error bars = standard error).

4.4.2.2 SNARC, VSWM, and Math Abilities

The WRAT standardised score ranged from 55 to 143 with a mean of 113.49. This showed
above average mathematics ability for the sample according to WRAT norms. For VSWM- Corsi
Blocks Forward span ranged from 3 to 8 with a mean of 5.72. Corsi Blocks Backward span
ranged from 4 to 7 with a mean of 5.28. The average test norm for Corsi span is 6. The Corsi total
score ranged from 47 to 167 with a mean of 90.22. This placed the sample around the 85"
percentile according to test norms. Correlation coefficients for the WRAT, Corsi span, slope and
right — left difference RTs are reported in Table 4.4 below. Table 4.4 shows a weak positive
correlation between math ability (WRAT) and VSWM (Corsi forward span). This shows
participants with higher scores on the WRAT math tasks tended to show slightly better VSWM
performance on average as measured by the Corsi forward span task. There was also a correlation
between slope and right — left RT difference.
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Figure 4.4. Regression line for RT differences between right and left hand in Study 2B.

The x-axis value for each dot point represents the natural logarithm of the non-symbolic magnitude (i.e. 3.00=
In(20), 3.81= In(45). Positive values show faster left hand than right hand responses.

Inspection of participants’ performances showed that a small number of individuals (n =
13) exhibited a reverse non-symbolic SNARC-like effect, with an average regression slope
value of 51.49, indicating a positive slope which significantly differed from 0, (t(12) = 7.62, p
<.0001). Participants who exhibited a standard SNARC effect (n = 26), had an average regression
slope B value of -97.40. This indicated a negative slope which significantly differed from 0, (t(25)
=4.95, p <.0001). An independent samples t-test confirmed a large difference in f’s -148.89 ms
for those individuals who exhibited a standard SNARC compared to a reverse SNARC effect.
This difference between subgroups was significant (t(30.36) = 7.16, p < .0001). Levene’s test was
significant (p = .03). Therefore, equal variances not assumed is reported.
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Table 4.4
Correlations between VSWM, Math Measures, Slope and Right- Left Difference in Study 2B

Corsi Span  Corsi Span  Corsi Right—  Slope

WRAT Left
(Forwards) (Backwards) Total Difference
WRAT -
Corsi Span 0.35*
F
corst Span -0.08 0.46** :
Corsi o o
Total 0.10 0.80 0.85
R-L
Difference -0.05 0.08 0.09 0.08
Slope -0.017 -0.055 -0.153 -0.100 -.838**

Note: * = p < .05, ** = p <.01. N= 26, WRAT = Wide Range Achievement Test, Corsi Span F = Corsi Forwards,
Corsi Span B = Corsi Backwards, R - L Difference = RT difference for Right — Left Hand, Slope = Regression slope
B value.

4.4.2.3 Standard SNARC/Reverse SNARC, VSWM and Math Ability

VSWM and WRAT math measures were compared for individuals who exhibited a
standard or a reverse SNARC effect. These analyses revealed a difference in VSWM (Corsi total
score) between the two groups. No difference was found between the two groups for the math
task. For the math task, an independent samples t-test showed participants in the standard
SNARC subgroup (M = 115.54, SD = 11.75) scored 6.15 points lower on the WRAT on average
than those in the reverse SNARC subgroup (M = 109.38, SD = 22.07). However, this difference
was not significant (t(37) = 1.14, p = .26). For the VSWM task, Corsi forwards span, an
independent samples t-test showed little difference (t(37) = 1.54, p = .13 between participants in
the standard SNARC subgroup (M =5.88, SD = .86) and those in the reverse SNARC subgroup
(M =5.38, SD = 1.12). For the VSWM task, Corsi backwards span, an independent samples t-test
showed little difference (t(37) = 2.50, p = .02) between participants in the standard SNARC
subgroup (M =5.62, SD = 1.24) and those in the reverse SNARC subgroup (M = 4.62, SD =
1.04). For the VSWM task, Corsi total score, an independent samples t-test showed participants
in the standard SNARC subgroup (M = 97.40, SD = 30.12) scored 21.56 points higher on the
Corsi total score on average than those in the reverse SNARC subgroup (M = 75.85, SD = 26.84).
This difference was significant (t(37) = 2.18, p = .04).
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Figure 4.5. Individual differences of the non-symbolic SNARC-like effect for participants in
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Study 2B depicting observed data and the regression line, reflecting response time differences for

right and left hand as a function of non-symbolic quantity.

Note. The x-axis value for each dot point represents the natural logarithm of the non-symbolic quantity (i.e. 3.00 =

In(20), and 3.80 = In(45). When the gradient of the regression line slopes downward this indicates a SNARC-like
effect. When the gradient of the regression line slopes upwards this indicates a reversed SNARC-like effect.
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4.4.2.4 Individual participant dRTs

The regression slope for each participant was examined separately. Figure 4.5 above shows
dRTs plotted for each participant. Large individual differences can be seen.

4.4.3 Discussion

In the current study, a non-symbolic SNARC-like effect was found using a target-to-
referent quantity judgment paradigm and stimuli with a ratio of 0.66 (20 and 45 dots). As
predicted, targets larger in quantity than the referent (45 dots) facilitated faster responses for the
right hand. However, the presentation of a smaller quantity target than the referent (20 dots) did
not facilitate a faster response for the left hand. It is possible this was because 20 dots were not
“small” enough to elicit an effect. However, a significant ANOVA interaction between Hand and
Quantity and linear regression slope t-test results significantly differ from zero and provide
support a non-symbolic SNARC-like effect for Study 2B. This suggested that non-symbolic
quantity is represented spatially in a left-to-right manner. Only two target stimuli were used. One
lower (20 dots) and one upper bound. (45 dots). These target stimuli were slightly more difficult
to discriminate (a ratio of 0.66) based on the Weber fraction compared to Study 2A (a ratio of
0.5). Again, like the pattern of data found in Study 2A, there appeared to be no issue of
calibration. In the current experiment, participants were able to discriminate the target magnitude
from the referent with a high degree of accuracy. In-line with symbolic SNARC literature (Wood
et al., 2008), not all participants showed a non-symbolic SNARC-like effect. Only 67% of
participants showed a standard SNARC-like effect as indicated by a negative beta value. The
remaining participants showed a reverse SNARC-like effect as indicated by a positive beta value.

4.4.3.1 Was a stronger SNARC-like effect found for target quantities closer to the
referent?

As predicted, longer processing times were found for targets closer in non-symbolic
quantity to the referent. This resulted in slower overall RTs. In the current experiment, the overall
mean RT was 518 ms (0.66 ratio- 20 and 45 dots). This was ~ 100 ms slower than Study 2A (0.5
ratio — 15 and 60 dots), with an overall mean RT of 411 ms, and suggests participants found the
0.66 ratio more difficult to process. As a different group of participants completed each
experiment, another possibility is this group of participants were just slower to respond on
average. A stronger SNARC-like effect for the current experiment was supported by a larger
negative beta value of the regression slope (M =-47.77, p = .001) compared to Study 2A (M = -
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32.81, p =.024). However, an independent samples t-test of individual slopes obtained from
Study 2A and 2B showed no significant difference t(63) = 1.04, p = .303.The non-symbolic
SNARC-like effect showed similar response characteristics to the symbolic SNARC effect
(Wood et al., 2008). By using stimuli that were more difficult to process based on the Weber
fraction, longer processing times were elicited and a stronger SNARC-like effect was found.
Another possibility is that by using a mixture of black and white dots participants found the task
more difficult and this led to longer reaction times and a stronger SNARC-like effect.

4.4.3.2 VSWM, math ability and RT difference

A relationship between math ability (WRAT) and VSWM (Corsi forward span) was found
as indicated by a weak positive correlation. Participants with higher scores on the WRAT math
task showed better VSWM performance on average, as measured by the Corsi forward span task.
When comparing performance for the standard SNARC and reverse SNARC groups, participants
in the standard SNARC group showed better VSWM performance on average than those in the
reverse SNARC group as indicated by the Corsi Total Score. This finding is consistent with other
research that shows a relationship between VSWM and various aspects of quantity processing
(Reeve, Reynolds, Paul & Butterworth, 2018)

4.4.4 Conclusion

The current experiment provided further evidence for the claim that non-symbolic
quantities in the ANS range are represented spatially. Faster responses were found with the left
hand to smaller quantities than the referent and for the right hand for larger quantities than the
referent. This indicated a non-symbolic SNARC-like effect and was consistent with the results of
Studies 1 and 2A. Only two target stimuli (20 and 45 dots) were used which were easy to
discriminate based on the Weber fraction but more difficult than Study 2A (a ratio of 0.5). There
was no issue with calibration when making numerical judgments. In the current experiment, a
stronger SNARC-like effect was found for target quantities numerically closer to the referent
(ratio of 0.66) compared to Study 2A (ratio of 0.5, 15 and 60 dots). Thereby, a stronger SNARC-
like effect was elicited than in Study 2A and the issue of calibration was overcome. Overall, the
findings provide support for the spatial representation of non-symbolic quantities from smallest-
to-largest and left-to-right.

Study 2B revealed a SNARC-like effect for non-symbolic quantities. However, in Study 2B
total surface area co-varied with magnitude. As quantity increased so did total surface area.
Therefore, the non-symbolic SNARC-like effect found in Study 2B may have been due to total
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dot surface area rather than quantity alone. Total surface area can influence quantity judgments
(Gebuis & Reynvoet, 2011; Zhou et al., 2016). In Study 2B, because total surface area increased
as a function of quantity it was necessary to run a further experiment to try and disentangle these
factors

In the symbolic SNARC literature a SNARC effect has been shown for other effectors such
as eyes (i.e. saccades) or foot responses. The current study did not examine if a non-symbolic
SNARC-like effect occurs for other effectors such as feet. Moreover, the current study did not
control for low level cues of total surface area. These low-level visual cues have been found to be
represented spatially too. Although results of Studies 1, 2A, and 2B appear to be in line with
previous studies (Nuerk et al., 2005) they must be interpreted cautiously as stimulus quantity co-
varied with surface area. That is, as quantity increased so did surface area. This confound of total
surface area was addressed in the next experiment. In Study 2C, a study is presented that
examines a non-symbolic SNARC-like effect for other effectors, namely, foot responses.
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45  Study 2C

In Studies 1, 2A, and 2B a non-symbolic quantity judgment task triggered a SNARC-like
effect, — i.e., when participants were presented with two dot cloud stimuli in sequence and asked
to judge whether the second stimulus contained more or lesser dots than the first, faster responses
were obtained when ‘less’ responses were assigned to the left hand and ‘more’ responses to the
right hand compared to the alternative response assignment. This finding suggests that non-
symbolic quantities may also be represented spatially and was consistent with the results of
Nuerk, et al. (2005) who found a non-symbolic SNARC-like effect. However, this finding does
not explain whether the non-symbolic SNARC-like effect reflects a genuine spatial representation
of number or is an over-learned stimulus-response effect. Spatial processing is often thought to
have unique “innate” cognitive qualities. These are not new claims, of course (see de Hevia et al.,
2014 Gallistel & Gelman, 1992; Gibson & Maurer, 2016; Mandler & Shebo, 1982;). The thrust
of these arguments is that “space and/or geometry” have unique cognitive properties

(affordances) that contribute to learning/processing of space/quantity relationships.

Below, two key accounts of the SNARC effect will be briefly touched on as these provide
a rationale for the current study. These will be followed by the research questions and aims. It has
been claimed acquisition of the MNL and thereby the symbolic SNARC effect are influenced by
culture, specifically, reading direction (Dehaene & Cohen, 1997). In Western cultures or those
that read from left-to-right a standard SNARC effect is found (i.e. small/left, large/right).

Schwarz and Keus (2004) wanted to examine Dehaene and Cohen’s theory (Dehaene &
Cohen, 1997) that the symbolic SNARC effect occurs due to a match of the side of response and
the internal representation of that number (i.e. the mental number line). This is a spatial-
numerical account of the SNARC effect. Schwarz & Keus, (2004) proposed an alternate account
of the symbolic SNARC effect. This was termed the manual association hypothesis (Schwarz &
Keus, 2004) and posits the symbolic SNARC effect is an overlearned number- hand motor
response and is thereby not spatial. For example, when learning to type on a computer keyboard
1-5 is typed with the left hand and 6- 9 with the right hand. Thereby, an automatic association has
been learned for number and hand over many repetitions. Schwarz and Keus (2004) argued that if
a SNARC effect was found for saccades this would support the spatial account of the SNARC.
Across two experiments a SNARC effect was found for both hand responses and saccades
providing further evidence for the spatial representation of symbolic number. However, Schwarz
and Keus acknowledged that movements of hands and eyes have been shown to be highly
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correlated (Milner & Goodale, 1995). Also, both hands (writing) and eyes (reading) are involved
in written language. So, Schwartz and Keus (2004) were unable to conclude if the SNARC effect
for saccades reflected an internal spatial representation of number.

In a later study, Schwarz and Miiller (2006) examined if a SNARC effect could be found
for foot responses. Schwarz and Miller reasoned that as feet were not involved in written
language there was no reason foot responses should show a SNARC effect. This would provide
more conclusive evidence the SNARC reflected the spatial representation of symbolic number. A
symbolic SNARC effect was found for hand and foot responses providing evidence for the
mental number line theory of the SNARC effect rather than an overlearned stimulus-response
effect.

45.1 The Current Study

As previously mentioned, although initial research on the symbolic SNARC effect has been
with manual responses (i.e. hands). Subsequent research by Schwarz and colleagues has
demonstrated analogous effects when judgments were indicated via foot pedal responses
(Schwarz & Miller, 2006) or leftward/rightward saccades (Schwarz & Keus, 2004),
demonstrating that the symbolic SNARC effect is independent of effector modality. Two
questions are of interest are: Is the non-symbolic SNARC-like effect specific to hand responses
or does it generalise to other response modalities such as feet? And, what is the influence of total
surface area on the non-symbolic SNARC-like effect? To examine these questions, foot pedal
responses were used instead of hand responses and total surface area of visual stimuli was
controlled for.

The current study had two aims. The first was to see if the non-symbolic SNARC-like
effect transfers to other effector modalities. Symbolic SNARC studies have shown an effect for
foot responses (Schwarz & Miller, 2006). Based on the symbolic SNARC effect, it was predicted
faster responses would be found with the left foot to smaller numerical magnitudes and with the
right foot to larger numerical magnitudes.

Based on previous findings by Schwarz and Keus (2004) and Schwarz and Muller (2006)
we predicted a non-symbolic SNARC-like effect would be found for foot responses. In the
current study, in line with Schwarz and Keus (2004) if the manual association hypothesis was
true, it was expected that the size of the SNARC effect would be reduced or no SNARC would be
found for foot responses as there is no reason foot responses should be associated with numerical
magnitudes. This outcome would also support the ontogenetic account of the SNARC effect
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(Schwarz & Miiller, 2006). Conversely, if the MNL hypothesis was true we would see a similar
size non-symbolic SNARC-like effect for foot responses as we had for hand responses in Study
1. This outcome would also show support for the phylogenetic account of the SNARC effect
(Fisher, 2003). The rationale on adding three different ratios was to see how participants would
respond to these using foot responses.

The second aim was to investigate the effect of total surface area on the non-symbolic
SNARC-like effect. To investigate this, total surface area of the dots was controlled so that each
differing magnitude had the same total surface area. This was achieved by smaller quantities
having larger dot sizes. Hence, the size of the dots increases as quantity decreases. If the
SNARC-like effect found in previous experiments was attributed to surface area alone, we
predicted that in the current experiment after controlling for total surface area either no SNARC-
like effect or a reduced effect would be found. Again, overall luminance/contrast was controlled
for.

4.5.2 Method
45.2.1 Participants

Eighteen undergraduate students participated in exchange for course credit. The complete
data set was excluded for 1 participant who failed to reach an accuracy threshold of 50%
(performing less than at chance) for a given magnitude. All the remaining participants (4 males,
14 females) aged between 18 and 31 (M = 21.17, SD = 3.82) were strongly right-handed
according to the Edinburgh Handedness Inventory gquestionnaire (Oldfield, 1971; Appendix A).
All participants gave written, informed consent before participating in the study. The study was
conducted in accordance with the Declaration of Helsinki and was approved by the Human
Research Ethics Committee at the Melbourne School of Psychological Sciences (# 1237507.2)

4.5.2.2 Design, apparatus and procedure

Design, apparatus and procedure and analytic approach were identical to Study 1 with the
use of a within subject design with multiple ratios (see p. 48 for more in depth information
regarding this), except for, half of the dots in the dots arrays used in the current experiment were
black (hue: 160, saturation: 0, luminance: 56), and the other half white (hue: 160, saturation: 0,
luminance: 184) to control for overall luminance/contrast of display. Total surface area was
controlled for. Note, that the reporting of the experiments in the thesis are not in the
chronological order of data collection. The Corsi block tapping task (VSWM and the WRAT-4
(math performance) were added later on as additional factors to consider once we found an initial
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effect. Therefore, in the current experiment, neither the WRAT-4 (math performance) nor the
Corsi block tapping task (VSWM) were administered. Responses were made with left or right
foot pedal presses rather than hand responses. See figure 4.6 below for a diagram of the
experimental set up.

4.5.2.3 Stimuli

The total area covered by the dot surfaces remained constant across the six quantities (15,
20, 25, 36, 45 and 60). This resulted in a change in dot size across the quantities. See Figure 4.7
below for sample stimuli. In order to achieve this, the number of pixels per individual dot
decreased as a function of increasing quantity. For example, the 15 dot stimuli contained 120
pixels per dot whereas the 60 dot stimuli contained 30 pixels per dot. Thus, each image had the
same number of pixels, being 1800 in total (see Table 4.5 below).
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Figure 4.6. Schematic diagram of the apparatus and stimuli in Study 2C. Diagram is not drawn to scale.

Figure 4.7. Dot pattern stimuli, 15 vs 60 for Study 2C. Stimuli are not drawn to scale.



Table 4.5
Experimental Stimuli for Study 2C

Total Dot Surface Area

Nurg(tj)fsr of Stimuli Type Figtg)e?gr-gﬁit&%?{;itti;y (Total Number of Pixels
Occupied by Dots)
15 Test 1/2 x Ref 1800
20 Test 1/1.5 x Ref 1800
25 Test 1/1.2 x Ref 1800
30 Referent Referent 1800
36 Test 1.2 x Ref 1800
45 Test 1.5 x Ref 1800
60 Test 2 X Ref 1800
453 Results

The median RTs and accuracy for Quantity x Foot judgments are shown in Table 4.6
below. Table 4.6 reveals that as targets get closer in magnitude to the referent responses tend to
slow and are less accurate. The overall mean RT for the experiment was 628 milliseconds.

Table 4.6
Medians and SE’s of RTs and Means and SD s of Accuracy as a Function of Quantity

Left Foot Right Foot
Ratio DOt. Target to RTs (ms) Accuracy RTs (ms) Accuracy
Quantity Referent

Mdn SE M SD Mdn SE M SD
0.50 15 0.5 x Ref 611.25 1451 099 0.03 593.75 2476 0.99 0.03
0.66 20 1/1.5x Ref 64550 18.01 0.95 0.07 680.75 24.43 0.96 0.07
0.83 25 1/1.2x Ref 719.75 23.29 0.79 0.13 709.00 29.93 0.87 0.11
0.83 36 1.2 x Ref 654.00 20.05 0.97 0.05 60550 20.40 0.98 0.03
0.66 45 1.5 x Ref 605.50 21.34 1.00 0.00 563.75 19.75 0.99 0.02

0.50 60 2 X Ref 600.25 20.56 1.00 0.01 560.75 18.62 0.99 0.02
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4.5.3.1 SNARC-like effect for non-symbolic quantities

Analysis showed no error rate interaction between quantity and foot (F (1, 17) = .4.56, p =
.05) (i.e., no evidence of a speed-accuracy trade-off). The mean error rate was 4%. To examine if
a SNARC-like effect was present for non-symbolic quantities, we ran a repeated-measures
ANOVA with Greenhouse-Geisser correction. The factors we examined were 2 x Response Key
Position (left or right-side response box) x 2 Direction of the Quantity/Referent Relationship
(smaller or larger than the 30-dot referent array) x 3 Ratio (0.5, 0.66, 0.83). The ANOVA
revealed that for main effects, Foot was significant (F(1, 17) = 4.76, p = .04, n? = .22). Quantity
was significant (F(1,17) = 19.30, p <.0001, n? = .53) as was Ratio (F(1.94, 33.00) = 61.47, p
<.0001, n? =.78). This suggested there was a difference in responses for small and large
quantities and for differing ratios. A significant interaction was found for Foot by Quantity
(F(1,17) = 3.85, p = .07 or p = .04 (one-tailed), n* = .19). This provided support for a SNARC-
like effect. Quantity by Ratio was significant (F(1.69, 28.74) = 6.93, p = .01, n? = .29). However,
neither Foot by Ratio (F(1.63, 27.77) = 0.21, p =.77) nor the three-way interaction for Foot by
Quantity by Ratio were significant (F(1.50, 25.56) = .03, p = .94). See figure 4.8 below for the
Foot by Quantity interaction effect for the three separate ratios (0.5, 0.66 and 0.83). Figure 4.8
shows the form of the non-symbolic SNARC-like effect differs for each ratio but is similar to the
symbolic SNARC effect for the 0.5 and 0.66 ratios.

This supported the pattern of results shown in Figure 4.8 and suggested the SNARC-like
effect differed as a function of Ratio. Since the main effect for Ratio was significant, we
investigated the difference in ratios. RTs and accuracy differed for each ratio. Targets that were
closer in quantity to the referent were judged more slowly and less accurately.

We conducted post-hoc tests with Bonferroni correction. For main effect of Foot, responses
made with the right foot were faster on average (16 ms) than those made with the left foot. For
Quantity, targets that were larger in quantity than the referent were responded to more quickly on
average (58 ms) than targets than were smaller in quantity than the referent. For Ratio, targets
that were furthest in quantity from the referent (a ratio of 0.5) were responded to 29 ms faster
than the next ratio closer to the referent (0.66) and 82 ms faster than the ratio closest to the
referent (0.83). This result suggested that differences were found for Ratio so separate ANOVAS
were run for each ratio.
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Figure 4.8. Median RTs in Study 2C comparing 15 vs 60, 20 vs 45 and 25 vs 36 dots to the 30-
dot referent as a function of left vs right foot (error bars = standard error).

45.3.2 Ratio and the SNARC-like effect

Three separate 2 x 2 ANOVAs assessed the relationship between response foot (left foot vs
right foot) and non-symbolic quantity RTs for differing Ratios (0.5, 0.66 and 0.83 respectively).
The first analysis (0.5 Ratio) showed neither a Quantity effect (F(1,17) = 3.57, p = 0.08) nor an
effect for Foot (F(1,17) = 4.44, p = 0.05, n? = 0.21) but a marginally significant effect for the
Quantity and Foot Interaction (F(1,17) = 3.26, p = .09 (two-tailed) or p = 0.05 (one-tailed), n? =
0.16). Simple effects were tested for the two-way interaction. Left foot responses showed no
difference for small or large quantities (F(1,17) = .04, p = 0.85). By contrast, the right foot was
faster to respond (a 44 ms advantage for right foot responses) to larger than smaller quantities
(F(1,17) =10.40, p = 0.01, n> = 0.38).

The second analysis (0.66 Ratio) showed no Quantity effect (F(1,17) = 3.57, p = 0.08), nor
an effect of Foot— (F(1,17) = 4.44, p = 0.05). However, there was a significant interaction effect
for Quantity and Foot (F(1,17) = 3.26, p = 0.04, > = 0.16). Simple effects were tested for the
two-way interaction. Left foot responses showed no difference for small or large quantities
(F(1,17) = .16, p = .69). The right foot was faster to respond (on average, a 43 ms advantage for
right foot responses) to larger than smaller quantities (F(1,17) = 8.94, p = 0.01, n? = 0.35).
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The third analysis (0.83 Ratio) showed a Quantity effect (F(1,17) = 16.68 , p =0.00, > =
0.50 — 36 dots were responded to faster than 25 dots), but no effect of Foot (F(1,17) =0.66 , p =
.43). The interaction between Quantity and Foot was not significant (F(1,17)=1.88, p = 0.19
(two-tailed) or 0.1 one-tailed).

Following the convention in symbolic SNARC studies, we collapsed data across small (15,
20, 25) and large (36, 45, 60) quantities. Results still showed support for a non-symbolic
SNARC-like effect. Foot was significant (F(1,17)=4.76 , p = 0.04, n? = .22 - the right foot was
faster than the left foot) as were Quantity (F(1, 17) = 19.23, p <. 0001, n?> = .53 — larger
magnitudes were responded to faster than smaller magnitudes) and the Foot by Quantity
Interaction was significant (F(1,17)=3.85, p =. 04, n> = .19).

45.3.3 Standard SNARC-like / reverse SNARC-like effect

Combined slope coefficients for all participants were analysed to determine whether the
slope differed from a O slope (overall: M =-49.52, SD = 101.78), t(17) = 2.06, p = .05 (two-
tailed) or p = .03 one-tailed) (see Figure 4.9).

425

- left hand) (ms)

dRT(right

-60 -

-80 -

Quantity(In(Quantity)

Figure 4.9. Regression line for RT differences between right and left foot in Study 2C.

Note. The x-axis value for each dot point represents the natural logarithm of the non-symbolic quantity (i.e. 2.70 =
In(15), 3.00= In(20), 3.22 = In(25), 3.58 = In(36), 3.81=In(45), 4.09 = In(60). Positive values show faster left foot
than right foot responses.



90

To assess subgroup membership, an independent samples t-test showed a significant
difference for B. Participants in the standard SNARC subgroup n =12 (M =-106.30, SD = 68.32)
showed a large difference in § -170.33 ms compared to those in the reverse SNARC subgroup n =
6 (M =64.03, SD = 41.70). This difference was significant (t(16) = 5.56, p <.0001). We split the
file and ran a single sample t-test for all positive and negative 3 slopes to see if they differed
significantly from 0. We found this was the case for both groups providing support for group
membership. The slope for both the standard (t(11) = 5.39, p <.0001) and reverse SNARC
subgroup differed significantly from 0 (t(5) = 3.76, p = .01).

4.5.3.4 Individual participants’ dRTs

The regression slope for each participant was examined separately. Figure 4.10 shows
dRTs plotted for each participant who met the 50% correct accuracy threshold for any given non-
symbolic quantity. Large individual differences can be seen by the slope of the regression lines.
Some participants’ regression lines sloped downward, indicating a standard SNARC-like effect.
Other participants’ regression lines sloped upward indicating, a reversed SNARC-like effect.
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Figure 4.10. Individual differences in Study 2C of the non-symbolic SNARC-like effect for
participants showing observed data and the regression line, reflecting response time differences

for right and left foot as a function of non-symbolic quantity.

Note. The x-axis value for each dot point represents the natural logarithm of the non-symbolic quantity (i.e. 2.70 =
In(15), 3.00=In(20), 3.22 = In(25), 3.58 = In(36), 3.81=In(45), 4.09 = In(60). Positive values show faster left foot
than right foot responses. When the gradient of the regression line slopes steeply downward it indicates a SNARC-
like effect. When gradient of the regression line slopes upwards it indicates a reversed SNARC-like effect.

45.4 Discussion

The current study examined whether the non-symbolic SNARC-like effect is specific to
manual (i.e., hand) responses or generalizes to other response modalities (i.e., foot responses) and
whether the effect would still occur when visual stimulus properties such as overall
luminance/contrast of display and total surface area were controlled for. There are four findings
worth noting. First, findings show further support for the theory that non-symbolic quantities are
represented spatially from smallest to largest and left to right as evidenced by a non-symbolic
SNARC-like effect. Presentation of smaller quantities (i.e. 15, 20 and 25) facilitated faster
responses with the left foot, and larger non-symbolic quantities (i.e. 36, 45 and 60) with the right
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foot. This showed that non-symbolic quantity RT is modulated by response foot and appears to
be independent of effector. This finding confirms that of Schwarz and Miiller, (2006) who found
a SNARC effect for foot responses. However, it is important to note the differences between the
current study and that of Schwarz and Mdller. The current study used a non-symbolic quantity
judgment task, whereas Schwartz and Muller used a symbolic number parity judgment task. Also,
Schwarz and Miiller (2006) tested both manual (hand) and pedal (foot) responses in the same
person. Whereas in the current study only foot responses were examined.

Second, the form of the interaction was like that of the symbolic SNARC effect (i.e. a
significant interaction effect was found for quantity and side of response). However, it is
important to note that, for smaller quantities, the difference between RTs for the right foot
compared to the left foot was minimal (6 milliseconds faster on average for the left). For larger
quantities, there was a bigger difference: participants responded 45 milliseconds faster on average
for the right foot than for the left foot. This finding supported those of Zhou et al., (2016) who
found the non-symbolic SNARC-like effect to be asymmetrical and more pronounced for larger
quantities. However, further support for a non-symbolic SNARC-like effect was shown by the
regression slope analysis. A significant negative slope indicated a non-symbolic SNARC-like
effect.

Third, unlike Nuerk, et al., (2005) here the effect was not due to low level visual cues such
as total dot surface area or overall luminance/contrast of display. In the current study, where total
dot surface area remained constant as quantity increased a non-symbolic SNARC-like effect was
still found for the non-symbolic quantity judgment task. This suggests that quantity alone is
sufficient to elicit a SNARC-like effect. While it was not possible to tell from Studies 1, 2A, and
2B whether the observed SNARC-like effect resulted from a spatial representation of quantity or
a spatial representation of total surface area of the dots, the results of the current experiment
provide support for the first of the two explanations. If total surface area were a driver for the
effect in Studies 1, 2A, and 2B a reduced SNARC effect or smaller negative (3 slope would have
been expected in the current experiment, but this was not found. This provides further evidence
that total dot surface area was not the driver of the SNARC effect found in Experiments 1, 2A
and 2B. However, a caveat for this finding is that it is important to be cautious in making across-
study statements/comparisons because of measurement errors/power, different number of trials
and sample sizes, and the use of different participants for each experiment.

Fourth, as shown in figure 4.10, clear individual differences were found for RT signatures.
Only 67 % of participants showed a SNARC effect. This outcome is like that of Studies 1, 2A,
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and 2B for the non-symbolic SNARC-like effect, along with previous research on the symbolic
SNARC effect where typically, not all participants show a symbolic SNARC effect (Beecham et
al., 2009; Cipora & Nuerk, 2013; Viarouge et al., 2014; Wood et al., 2008). The number of
participants showing a non-symbolic SNARC-like effect in our studies ranged from to 64 to 67%.
Taken together, these results show further evidence for the non-symbolic SNARC-like effect.
Indeed, like the symbolic number SNARC effect, the non-symbolic SNARC-like effect may be
effector independent.

4.5.4.1 Non-symbolic SNARC-like effect for quantities

The finding of a non-symbolic SNARC-like effect for quantities in the ANS range, adds to
previous research with children (Bulf et al., 2014; Patro & Haman, 2012) and adults (Bulf et al.,
2014; Mitchell et al., 2012; Nuerk et al., 2003; Zhou et al., 2016) suggesting non-symbolic
quantities are represented spatially. This finding provides empirical evidence that non-symbolic
quantities seem to be spatially represented in a left to right manner. The finding of a non-
symbolic SNARC-like effect for quantities is also consistent with previous research on the
SNARC effect for symbolic number (Dehaene et al., 1993; Fias et al., 1996; Wood et al., 2008).
It is claimed that the symbolic SNARC effect is evidence for a symbolic mental number line
(Dehaene et al., 1993). In the current study it was claimed that this may be the case for non-
symbolic quantities. Indeed, this finding suggests that smaller non-symbolic quantities are
associated with the left side of space and larger numbers are associated with the right akin to a
mental number line. The finding of a non-symbolic SNARC-like effect in the current study
provides support for Zhou et al. (2016) and a mental number line for non-symbolic quantities.
Gaining understanding into the spatial representation of non-symbolic quantities is important for
several math competences such as the processing and quantity representation of non-symbolic
guantities, enumeration, being able to conduct arithmetic, and understanding place order of
symbolic number. The ability to process non-symbolic quantities may be foundational to
symbolic number representation and higher order math.

4.5.4.2 Non-symbolic SNARC-like effect, VSWM, and math ability

In study 2A there was a moderate positive correlation between Right - Left difference RT
score and Corsi backwards score. Those with a larger Right - Left difference RT score tended to
show on average a higher Corsi backwards score. This suggests that there is a relationship
between the non-symbolic SNARC-like effect and VSWM. The findings are consistent with
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previous research that has shown a relationship between VSWM and numerical/quantity
processing (Gibson & Maurer, 2016; Viarouge et al., 2014).

The findings did not provide evidence for a relationship between a non-symbolic SNARC-
like effect and math performance. No relationship found between the non-symbolic quantity
judgment task (RT right- left difference score) and math ability (WRAT score). Previous research
has shown no link between non-symbolic quantity judgment performance and math achievement
(Fuhs & McNeil 2013; Holloway & Ansari, 2009; Sasanguie, Van den Bussche, & Reynvoet,
2012; but see Chew, Forte, & Reeve, 2016 who used latent class analysis to show faster and/or
more accurate performance for symbolic and non-symbolic quantity judgment correlated with
better math performance). These findings suggest that there may not be a direct link between
non-symbolic numerical processing and math performance. The finding that there is no direct
relationship between non-symbolic quantities and math ability makes intuitive sense as math
usually consists of manipulating symbolic number.

Another possible reason why no relationship has been found between non-symbolic
numerical processing and math performance in some studies may be a lack of consistency across
paradigms. For example, a review by De Smedt, Noél, Gilmore, and Ansari (2014), on symbolic
and non-symbolic quantity processing skills and individual differences in math performance,
suggests that inconsistencies between non-symbolic quantity judgment and math performance
may be due to methodological issues. These include differences regarding the level of control of
visual non-numerical cues as well as the types of measures used. A study may report on either
reaction time, accuracy, ratio distance effects or w (a measure of the Weber fraction).

Similarly, previous research on the relationship between the symbolic SNARC effect and
math performance has shown inconsistent results. Some studies have shown science students
show a stronger SNARC effect than arts students (Dehaene et al., 1993). Although it is important
to note that in the Dehaene et al., (1993) study, math performance was not directly measured.
More recent studies have measured math performance using a standardised test with different
outcomes. Interestingly, better performance on a math task has been linked to a weaker SNARC
effect. For example, a study by Cipora et al., (2015) on professional mathematicians did not show
a SNARC effect (Cipora et al., 2015). This suggests that professional mathematicians may have
more abstract representation of number, relying less on spatial representation. Another example is
a recent study by Kramer, Bressan, and Grassi (2018) which showed those with a stronger
SNARC effect (either a standard or a reversed SNARC) showed worse mathematical intelligence
as measured by the WAIS-R. It is important to note however, although significant, the negative
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correlation between the SNARC effect and math intelligence was weak. Kramer et al., claim that
in children a stronger SNARC effect appears to be linked to better math performance. However,
in adults a stronger SNARC effect may be linked to poorer math performance and may even be
counterproductive. This shows that the spatial representation of number may have different roles
during development and adulthood.

4.5.4.3 Implications

The ability to judge non-symbolic quantities in the ANS range is thought to be an index of
approximate magnitude representation. It seems that the interaction between non-symbolic
quantities as evidenced by a non-symbolic SNARC-like effect and space is integral to this
representation. One possible reason for this association is that both number and space are
represented in the parietal area of the brain (Hubbard, et al., 2005). The finding suggests that
understanding the spatial representation of non-symbolic quantities seems to be important for
theoretical models of numerical cognition.

There are some limitations to the current study which should be discussed. The first
language of participants was not recorded, and Australia where the study was run is a
multicultural country. There are a large proportion of international students studying at the
University of Melbourne. It is known that reading direction seems to influence the symbolic
SNARC effect (Dehaene et al., 1993). Although most countries in the world have languages that
read from left to right (Butterworth, 1999) it would be of value to investigate the effect of reading
direction on the non-symbolic SNARC-like effect. Also, it has been shown that for the symbolic
SNARC effect that the direction of finger counting or finger counting habits modulate spatial-
numerical associations (Fischer, 2008). Based on previous research by Fischer (2008) where a
relationship was found between the symbolic SNARC effect and finger counting, the potential
relationship between finger counting habits and the non-symbolic SNARC-like effect was
examined in a pilot study. However, no correlation between finger counting for left-hand or right-
hand starters and the non-symbolic SNARC-like effect was found. Therefore, this factor was
excluded from further analysis in the thesis. Future research should record reading direction for
all participants to see if this factor influences individual differences in the non-symbolic SNARC-
like effect. Visual cues such as total envelope area, roundness or density of dot displays were not
controlled for. Although previous research has shown it is impossible to control for all visual
cues at once (Gebuis & Reynvoet, 2011), it would be of interest to see what effect if any
manipulating these other visual cues has.
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4.6  Summary of Chapter 4

Chapter 4 presented a series of studies that investigated whether a non-symbolic SNARC-
like effect was found for quantities in the ANS range in a referent-to-target non-symbolic
quantity judgment task and whether general cognitive abilities (VSWM) and/or math ability
predict if a non-symbolic SNARC-like effect is present. The findings show a non-symbolic
SNARC-like effect for quantities in the ANS range for a ratio of 0.5 (15 vs 60 dots), as indicated
by a significant interaction between quantity and hand of response. Specifically, the presentation
of smaller quantities (i.e. 15 dots) facilitated significantly faster responses for the left hand.
Likewise, larger quantities (i.e. 60 dots) facilitated significantly faster responses for the right
hand. This indicated that the effect of quantity on RT was modulated by response hand. This
pattern of data showed a strong similarity to that of the symbolic SNARC effect. ANOVA
analysis revealed a SNARC-like effect for magnitudes in the ANS range, as measured by a non-
symbolic quantity judgment task. The findings show a SNARC-like effect for large dot array
non-symbolic quantities and provide support for the spatial representation of non-symbolic
quantities in the ANS range. A moderate positive relationship was found between RT (right — left
difference score) and VSWM. Those with a higher Corsi backwards score tended to show a larger
Right-Left RT difference score. Symbolic SNARC research report VSWM effects. Therefore, it
makes intuitive sense that participants who show a larger Right-Left RT difference score would
have a higher VSWM ability. The symbolic SNARC effect is considered to be a behavioural
measure of the spatial representation of number (Dehaene et al., 1993). In support of this claim,
those with visuospatial working memory deficits tend to show a reduced SNARC effect (Crollen
& Noel, 2015) or no SNARC effect (Bachot, et al., 2005). Moreover, a review of evidence from
behavioral and neuroimaging studies by de Hevia, et al., (2008) supports the view that visuo-
spatial processes and numerical representation are related.

There was also a relationship found between VSWM and math performance. Those who
showed a higher level of performance in the VSWM task tended to perform well in the math task.
Albeit, this relationship between VSWM and math ability is somewhat complex and may be
mediated by other factors (see a recent review by Hawes and Ansari (2020).

The issue of calibration in Chapter 3 where several participants had to be removed as they
were unable to achieve an accuracy threshold of 50% appears to have been overcome. That is, all
participants were able to do the magnitude judgement task with a high degree of accuracy and
were able to distinguish if the second set (target) of dots contained more or lesser dots than the



97

first set (referent). Participants can be surprisingly inaccurate when estimating numerosity.
Minturn and Reese (1951) have shown that imprecise estimation of numerosity occurs to a factor
of four. In the Minturn and Reese study, the numerosity of a set of 200 dots was estimated to be
as low as 50 dots or as high as 700 dots. Participants were more likely to overestimate sets sizes
under 20 dots but underestimate arrays of set size 20 and above.

While some overestimate the numerosity of sets, most tend to underestimate set size. A set
size as large as 200 dots may be miscalibrated and perceived as 50 dots. 1zard & Dehaene (2008)
argue that this miscalibration occurs due to an affine scaling of a participant’s response grid.
Izard and Dehaene (2008) created a theoretical model of calibration of estimation. There are five
hypotheses for this model: (1) Numerosity is encoded on the mental number line. (2) The mental
number line is compressed and logarithmically scaled. (3) Activation of the mental number line
follows a Gaussian distribution (4) Activation of the mental number line is translated into exact
number words though a respond grid. (5) This response grid is influence by calibration and can
be stretched or compressed accordingly. When no information about numerosity of arrays is
given the response grid is spontaneous and responses are not calibrated. However, when a
participant is given an example (inducer) and informed how many elements it contains the
spontaneous response grid transforms into calibrated response grid and responses increase in
accuracy. Thereby, calibration seems to influence discriminability of non-symbolic numerical
stimuli.

However, in the next study 2B, to increase task difficulty a ratio of 0.66 was chosen (20 vs
45 dots). It was of interest to see if a non-symbolic SNARC-like effect could be captured using
only these stimuli. Thereby reducing the calibration issue but increasing processing time. Again,
to see if a stronger non-symbolic SNARC-like effect was found. In Study 2B a SNARC-like
effect was found for a more difficult ratio of 0.66 (i.e. 20 and 45 dots) where overall
luminance/contrast of display was controlled for. In Study 2C a non-symbolic SNARC-like effect
was found for foot responses where total surface area was controlled for. Taken together, the
results for Studies 2A, 2B and 2C provide further evidence for the non-symbolic SNARC-like
effect across a range of stimuli and effectors while controlling for visual cues of overall
luminance/contrast of display and total surface area. These results provide support for the claim
that non-symbolic quantities seem to be spatially represented from smallest-to-largest and left-to-
right. In each study, individual differences were found for the non-symbolic SNARC-like effect.
In Studies 1 and 2C some participants were not able to judge the 0.83 ratio (25 and 36 dots)
above chance level. This finding points to a calibration model of the non-symbolic SNARC-like
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effect. That is, to elicit a SNARC-like effect participants must be able to discriminate between
stimuli (i.e. which is lesser or greater?). This ability varies based on an individual’s Weber
fraction. This finding points to the need to further investigate these individual differences.

Although Studies 2A, 2B, and 2C confirm a general finding of a non-symbolic SNARC-
like effect findings of Study 2 leave unanswered questions about individual differences and
variability of the SNARC effect. Where does the non-symbolic SNARC-like effect occur in this
calibration model? Is it possible to refine the model of the non-symbolic SNARC-like effect?
Study 1 and 2 showed a possible difficulty in existing models of the non-symbolic SNARC-like
effect due to a lack of calibration. These earlier studies highlighted individual differences in the
non-symbolic SNARC-like effect but did not specifically address variability in the SNARC
effect. This points to the need for a broader model of the non-symbolic SNARC-like effect which
includes calibration for individual differences. Variability of the non-symbolic SNARC-like
effect will be examined in Chapter 5.
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Chapter 5: Study 3

In the research reported earlier in this thesis four studies investigated a non-symbolic
SNARC-like effect using differing ratios, modality of response and manipulation of low-level
visual cues. A robust non-symbolic SNARC-like effect was consistently found across all these
studies. However, there was much variability with distinct individual differences in the direction
and gradient of linear regression SNARC slopes (see Figure 3 in the supplementary information
for Chapter 3 and Figures 4.2, 4.5 and 4.10 in Chapter 4). Most participants showed a standard
SNARC effect (faster responses for a small/left and large/right). Others showed a reversed
SNARC effect (faster responses for a large/left and small/right). A minority showed no SNARC
effect at all. However, the reasons for this variability were not addressed in these studies.

Individuals differ in the precision with which they represent the approximate numerical
magnitude of items in a visual set (Halberda et al., 2008). During magnitude comparison tasks,
for example, most people show a ratio effect (i.e., slower RTs and more errors for smaller ratios);
nevertheless, individual differences in performance varies widely (Halberda, Ly, Wilmer,
Naiman & Germine, 2012). And individual differences have been found in the symbolic SNARC
effect and the spatial representation of symbolic number (Beecham, et al., 2009; Cipora et al.,
2016; Wood et al., 2008). However, most previous studies that have used aggregated data
methods (i.e., employ analytic methods that focus on mean or median data) have not always
found a relationship between the symbolic SNARC effect and the Weber fraction (a measure of
the ANS). This is an important issue since there are known construct and discriminant validity
issues associated with ‘measuring’ the ANS, which might account for the inconsistent findings

reported in previous studies (see Clayton et al., 2015; Dietrich et al., 2015).

In previously published research (see also Chapter 3 in this thesis) we described individual
differences in response characteristics for a non-symbolic quantity judgment task (Nemeh et al.,
2018). However, based on the set sizes selected (a referent of 30 and a target of 15, 20, 25, 36, 45
or 60), which were based on the ratio of referent to target (easy ratio- 0.5, moderate ratio - 0.66,
hard ratio- 0.83) issues of discrimination and calibration remained. Numerical judgments
increased in difficulty when targets are closer in quantity to the referent. Several participants
were removed from analysis as they did not achieve an accuracy threshold of 50% for any given
numerical magnitude. In other words, the ratio of referent to target seems to influence numerical
judgments. Presentation of smaller ratios result in slower reaction times and less accuracy
(Halberda et al., 2008). This supports the claim that non-symbolic numerical judgments follow
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Weber’s law. Individuals with smaller Weber fractions show better numerical acuity and find it
easier to differentiate between numerical stimuli when ratios are smaller. This, in turn, suggests
that individual differences in the ability to make non-symbolic numerical judgments (the Weber
fraction) should be considered as a possible explanatory factor in non-symbolic SNARC-like
judgments.

In the current study this suggestion is investigated using an adaptive staircase method to
find the threshold of numerical acuity (Weber fraction). This will enable the calibration of ratio
of referent to target stimuli for each individual participant in the non-symbolic quantity judgment
task. Variable ratios at threshold and twice threshold will be used. The rationale for this is that by
only presenting targets at a participant’s threshold should increase discrimination and encourage

the use of non-symbolic quantity to make judgments rather than low-level cues.

In sum, the present study investigated the relationship between the non-symbolic SNARC-
like effect and the Weber fraction to gain further understanding of the nature of individual
differences; specifically, with respect to the processing and spatial representation of non-
symbolic quantities in the ANS range. An in-depth overview of the theoretical and
methodological issues associated with measurement of the ANS was discussed in Chapter 2.
Unlike the symbolic number SNARC effect it is difficult to ensure non-symbolic numerical
judgments are made on non-symbolic quantity alone rather than other criterion such as low-level
visual cues.

5.1 Measuring Individual Differences in the SNARC Effect

Several analytic issues regarding individual differences in the SNARC effect need to be
resolved Analysis of the symbolic SNARC effect typically involves ANOVA where a SNARC
effect is indicated by an interaction for hand of response and number and/or linear regression
where the difference for right — left reaction times (dRTS) are entered into a regression. These
dRTs are regressed onto the log of each numerical magnitude. Then the beta coefficient of the
regression slope is calculated. Negative beta coefficients indicate a standard symbolic SNARC
effect. However, ANOVA and linear regression do not enable a more fine-grained analysis of
individual difference in the SNARC effect as data is collapsed across participants. Alternatively,
psychophysics methods enable detection of near-threshold numerical judgments to stimuli and
enable individual responses to be examined separately to find the best fitting model for the data.
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5.2  The Current Study

The aim of the present study is to address issues associated with discrimination and
calibration of the ANS and determine if differences in the Weber fraction can account for these
differences in the non-symbolic quantity SNARC-like effect. It is possible individual differences
in the Weber fraction would result in different RT and accuracy signatures. We used an adaptive
staircase method, which is often used to measure the threshold of response or ability to
discriminate a stimulus (Dixon & Mood, 1948). It works in the following manner: when a
participant gets a numerical judgment correct several times in a row, the task judgment becomes
incrementally more difficult. When a participant gets a numerical judgment incorrect, the task
becomes incrementally easier. The advantages of adaptive staircase methodology are: (1) reduced
response bias compared to when a preselected stimulus range is used, and (2) data may be
collected before determining the appropriate range of stimulus values for test condition
(Nachmias, 2006). The later point is particularly relevant to the current study as the adaptive
staircase enabled test stimulus values for the non-symbolic quantity judgment task to be
individually chosen. This is key when measuring the non-symbolic SNARC-like effect as there
are known individual differences in ANS acuity.

The non-symbolic quantity judgment task comprising a referent-to-target non-symbolic
quantity judgment task with six base set sizes (10, 20, 30, 40, 50 or 60) and targets ranging from
(11 to 100), which were selected based on the Weber threshold for each individual. As the ratio
of referent to target is important for non-symbolic numerical SNARC judgments (Zhou et al.,
2016) each referent was paired with an ‘easy’ and ‘hard’ target. These ratios were based on the
Weber fraction for each individual. The low ratio was at threshold of the Weber fraction and the
high ratio at twice threshold.

In sum, while individual differences have been consistently found for the non-symbolic
quantity SNARC-like effect, it is not clear what accounts for these differences. The research
questions of interest were: (1) Does the Weber fraction account for individual differences in the
non-symbolic SNARC-like effect and the spatial representation of non-symbolic quantity? (2)
How does ratio (low/high) presentation order (referent or target displayed first) or response
mapping (small/left large/right or vice-versa) affect RT and accuracy for non-symbolic SNARC-
like judgments? (3) How can we design dot arrays to encourage participants to use numerical
magnitude to make judgments rather than low level visual cues? To address these research
questions, an adaptive staircase design measured each participant’s threshold of response (i.e.
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Weber fraction). This Weber fraction was used to select target stimuli for each participant
considering individual discrimination of stimuli and calibration of responses to test the non-
symbolic SNARC-like effect. Presentation order of referent and target varied; this was necessary
because the target was always larger than the referent. Thereby, presentation order varied so that
there would equal amounts of correct right hand and left-hand responses. This design enabled
manipulation of order independent of quantity which is confounded in many other SNARC
studies. Participants could get a correct response regardless of quantity and order of stimuli.
Different ratios of referent-to target were used, and dot stimuli were designed to decrease
participant’s likelihood of using other criterion such as density, dot size or roundness of display

to make quantity judgments.

It was predicted that individual differences in the Weber fraction as measured by an
adaptive staircase would be related to individual differences in the mapping of right- and left-
hand responses to ‘smaller’ and ‘larger’ non-symbolic quantity stimuli (i.e. the non-symbolic
SNARC-like effect). However, if differences in the non-symbolic SNARC-like effect were not
found for participants with differing Weber fractions, it would suggest that individual differences
in the Weber fraction do not account for individual differences in the non-symbolic SNARC-like
effect and the spatial representation of non-symbolic quantities and that parameters other than
non-symbolic quantity may be influencing judgments.

5.3 Method

5.3.1 Participants

Eighty-seven undergraduate students participated in return for course credit. All
participants (19 males, 68 females) were aged between 17 and 24 (M = 18.79, SD = 1.13), had
normal or corrected-to-normal vision and were right-handed. All participants gave written,
informed consent before participating in the study. The study was conducted in accordance with
the Declaration of Helsinki and was approved by the Human Research Ethics Committee at the
Melbourne School of Psychological Sciences (# 1237507.2).

5.3.2 Apparatus

A Dell desktop computer with MATLAB software and Psychophysics toolbox (Brainard,
1997; Pelli, 1997) were used to generate and present dot stimuli. Dot arrays were presented on a
22-inch Sony Trinitron Multiscan 420 CRT monitor with a 1280 x 1024 pixels spatial resolution
and refresh rate of 120 Hz. Participants sat approximately 50 cm from the monitor and a chinrest
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was used to control viewing distance. Response boxes consisted of two separate gaming
mechanical number pads with 1kHz sampling or pooling to capture left- and right-hand
responses.

5.3.3 Materials and Procedure

Testing was conducted in a quiet, well-lit room. All participants completed an adaptive
staircase to measure the Weber fraction and a non-symbolic quantity judgment task. The Weber
task was always completed first as the participant’s Weber fraction was used to select the target
stimuli for the non-symbolic quantity judgment task. The adaptive staircase and non-symbolic
quantity judgment task were presented on a CRT monitor using MATLAB software. Each dot
array appeared for 200 ms to decrease the likelihood that participants were able to count the dots.
Participants who did not score above 50% averaged across set sizes for each condition (LR/RL
and easy/hard) were excluded from further analysis. The use of this criterion resulted in 19
participants being excluded which left a sample of 68 participants.

5.3.4 Stimulus Design

Dot arrays were created for set sizes n = 10-100. As quantity of set sizes increased, scaling
of visual cues within the dot display decreased the usefulness of low-level visual cues to make
quantity judgments. We used a base stimulus radius of 226 pixels and 100 randomly generated
examples of set sizes 10 to 100. Dots were generated using the following equations:

We first calculated the set size scaling factor (Sn) where N is the set size.

Sy = logio N
We calculated the set size radius for a given set size (rn) where r is the radius in pixels
(226).
ry = SNT
We calculated the total dot area for a given set size (Dn) where Sy is the set size scaling
factor and ry is the set size radius.

2
WWe randomly calculated each set of dot radii for a given set size (Rn) where

Sk is the set size scaling factor, and Whio,17is N random samples with equal probability from 0 to

DN:

1. We then linearly scaled those dot radii such that the total dot area equalled Dn.
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in~L(2Wyio1 — 1
Ry = Sy ((Sm (2Wniox )> + o.5> +1

We randomly determined each dot position using polar coordinates. Polar coordinates of a
P(Cpb, Ap) was computed where ry is the set size radius, and W[ 1 is a random number with equal
probability from 0 to 1; A dot was valid if the distance to the other dot in each pair was greater
than the sum of the dot pair diameters divided by the sqrt(2).

ZSil’l_l(ZW[o’l] — 1)
N A

CD =T T , Ap = 27TW[0’1]

See Figure 5.1 below.
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Figure 5.1. Examples of dot stimuli for Study 3.

Note. Stimuli consisted of N dots for base set sizes (10, 20, 3, 40, 50 and 60) and targets (which ranged from 11-
100). Dot arrays were black presented on a white background. The perimeter of the dot array was not perfectly
rounded with a constant radius that could be used to judge area. The area of dots was scaled so it was constant. This
decreased the usefulness of density of a reliable cue. Neither aperture, density not largest dot size increased
monotonically with numerical magnitude. Total black of display was set to be ~ ¥ of total aperture area. Thereby,

the darkness of the display was not a useful cue.
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5.3.5 Adaptive Staircase

The staircase followed a ‘1 up 2 down’ rule that targets the 70.7% level on the
psychometric function (Levitt, 1971). The staircase went up one step in magnitude if wrong,
down one if two responses in a row were correct. Number adjusted in log space.

There was a baseline of 30. The staircase started at 1.77 log units (set size 60). The initial step
size = 0.176 log units; There were 30 trials in staircase. Actual order (if the second set of dots
was less/more) was randomised.

Instructions for the non-symbolic judgment task were as follows:

‘We want to see if you can tell when two sets of dots differ in number.

Place your left pointer finger on the BLUE key.

Place your right pointer finger on the RED key.

Two set of dots will appear on the screen, one after the other.

If there are LESS dots in the second set than the first, press the LEFT key.

If there are MORE dots in the second set than the first, press the RIGHT key.
Give your answer as soon as you can!

Press the left key when you are ready to begin...’

Each trial sequence began with the first stimulus, which was displayed for a duration of
200ms. Then the screen was blank for 1400ms, followed by the second stimulus, also displayed
for 200ms. Then screen went black again while responding. The screen remained blank for a
variable time of 1.5 — 2 seconds until the next trial.

After a reversal of the staircase, the step size reduced to 0.6 of the current step size. The Weber
threshold was calculated as the geometric mean of last 10 values. We recorded accuracy of
response to assess the Weber threshold.

5.3.6 Non-Symbolic Quantity Judgment Task

In the non-symbolic quantity judgment task, the Weber threshold was used to select target
stimuli for each individual. Participants were presented with two sequential dot arrays for a
duration of 200ms each, consisting of one of six base set sizes (10, 20, 30, 40, 50 or 60 dots)
paired with a target (n = 11 — 100 dots) with a low and high ratio of base set size to target.

However, this was not a fixed ratio and was based on individual’s Weber threshold. If a
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participant had a Weber threshold of 0.2 base set size of 10 would be paired with a target of set
size 12 in the low ratio condition and set size 14 in the high ratio condition. Presentation order of
referent (base set size) and target varied. In the S/T condition - the referent (base set size)
appeared at time 1 and the target at time 2. In the T/S condition - the target appeared at time 1
and the referent (base set size) at time 2. There were two response mapping conditions (left-to-
right and right-to-left). In the SNARC congruent mapping response condition, participants were
asked to press the left key if the second set of dots contained lesser dots than the first set and the
right key if the second set of dots contained more dots than the first set. In the SNARC
incongruent mapping condition participants were asked to press the left key if the second set
contained more dots than the first and the right key if the second set contained lesser dots than the
first set. Participants were told to respond as quickly and accurately as possible. Trials were
randomised in blocks of 60 trials (Ratio- Low/High, Presentation Order- Referent or Target first).
Participants completed 8 blocks (n = 480 trials overall) with a self-timed rest between blocks. We
recorded accuracy and reaction time to measure the non-symbolic SNARC-like effect.

5.3.7 Analytic Approach

The overarching aim of the analyses was to compare the non-symbolic SNARC effect and
the Weber fraction to see if differing levels of non-symbolic numerical acuity could explain
individual differences in the SNARC effect. The first step was to check the manipulation for
difficulty by examining the proportion of correct responses for low and high ratios of referent-to-
target.

To determine if there was a non-symbolic SNARC effect we plotted right minus left-hand
RTs (dRTs) for low and high ratios across mapping response condition (left-to-right and right-to-
left). Then we pooled RT data across low and high ratios to see if there was a difference for left-
to-right and right-to-left response conditions. We then compared correct RTs based on
performance rather than participant ability for left-to-right and right-to-left response mappings.

Then data for correct and incorrect responses RTs for all participants was plotted to
determine if a non-symbolic SNARC-like effect was found regardless of task performance.
Finally, to check if the non-symbolic SNARC-like effect was based on base set sizes or
magnitude of test responses we plotted RT data as a function of test magnitude and binned the
data in increments of 10.

The data was not linear, and the distribution of the data was positively skewed, thereby
linear regression (the typical SNARC analysis used to examine individual differences) was
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deemed inappropriate for analysis. Conversely, bootstrap methodology does not require the
assumption of normally distributed data to be met (Field, 2009).

To address the last six steps, we used a nested bootstrapping methodology (Efron &
Tibshirani, 1993) to produce 95% confidence intervals. A distribution of group mean data was
produced through the calculation of the mean of 10,000 samples of participant data (with
replacement) using resampled SNARC data (with replacement) for each participant.

To determine if there was a difference for mapping condition (i.e. a non-symbolic SNARC
effect) for the low versus high ratio data/ low versus high performance groups (correct responses)
low versus high performance groups (all participants correct and incorrect responses) and base set
size versus test magnitude we performed a series of permutation t-tests for each of these groups
which compared response mapping direction base set size across base set sizes. A paired-samples
permutation t-test enabled the 95% confidence interval of the t-statistic for each individual’s
dataset to be calculated through the use of a bootstrapping procedure. The t-value was
recomputed 10,000 times while randomly assigning the data to each group to obtain the
distribution of t-statistics. If the t-value of the data falls outside the 95% confidence interval of
the bootstrap t-distribution this allows us to conclude that it is likely that the data differ for the
group and/or left-to-right and the right-to-left mapping condition.

There were 24 experimental conditions 2 x Ratio of referent to target: (High Ratio — twice
threshold or Low Ratio — at threshold by 2 x Order of Presentation (referent or target presented
first) by 6 x base set size (10, 20, 30, 40, 50, 60 dots). For each participant, 24 median RTs were
derived for right and left-hand responses for each of the six referents. Incorrect trials were
excluded from further analysis along with trials with RTs of 200ms or less (considered
anticipatory responses) and 3507.8 ms which was greater than 3 SDs (SD = 896.11 ms) from the
overall mean (M = 819.49 ms) of the experiment.

Inglis and Gilmore (2014) modelled the ratio of two to be compared magnitudes of an
individual’s expected accuracy for differing values of w. Inglis and Gilmore (2014) found as
accuracy reaches 0.5, w asymptotically reaches infinity. Inglis and Gilmore argue that only
participants whose responses follow Weber-Fechner law and have an accuracy of above 0.5
should be included for analysis. Therefore, following Inglis and Gilmore (2014), an inclusion
criterion of a Weber fraction of 0.10 to 0.33 was deemed necessary for further analysis.
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5.4 Results

Overall, the data is consistent with a non-symbolic quantity SNARC-like effect. For each
participant we calculated the Weber fraction using an adaptive staircase and collected the data for
left-to-right and right-to-left response conditions in the non-symbolic quantity judgment task.
However, a similar pattern of results was found for those with low and high numerical
discrimination performance. This suggests that individual differences in non-symbolic quantity
acuity (the Weber fraction) do not account for non-symbolic quantity SNARC-like judgments for
this data.
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Figure 5.2. Scatterplot of proportion correct as a function of hard versus easy manipulation and
left-to right and right-to-left mapping response for all participants in Study 3.

Note. The x-axis is the difficult condition. The y-axis is the easy condition. The black solid circular data points
denote left-to-right mapping responses. The hollow circular data points denote right-to-left mapping responses. The
diagonal line represents a veridical linear mapping to highlight accuracy over the 50% correct criterion. The dashed
lines create four quadrants for responses.

Figure 5.2 shows the proportion of correct responses for the hard versus easy condition and
left-to-right and right-to-left response mapping in the non-symbolic quantity judgment task. The
data shows that we did not successfully manipulate performance in the easy/hard conditions.
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Although the majority of participants performed better in the easy condition, there were a few
who showed a lower proportion of correct responses for the easy than the hard manipulation. If
the manipulation had been successful it was expected for the easy condition participants would
have shown around 100% correct responses. For the hard condition we expected around 71%
correct responses. We expected the 1 up 2 down staircase to have converged on 71%

A small number of people performed below chance. These data were all for the RL
condition and is consistent with a failure to switch hand use in the RL condition. Performance
was used to exclude some participants. Participants who performed below 0.5 proportion correct
(below chance level or failure to use correct hand to respond) were excluded from further
analysis. Of the original 87 participants. 19 were removed for averaging below 0.5 correct
responses, leaving an analysis sample size of 68 participants.

5.4.2 Ratio and the Non-Symbolic SNARC-like Effect

The next step was to determine if there was a difference for left-to-right and right-to-left
mapping response conditions across base set sizes for low and high ratios. We wanted to see if
the pattern of results showed a non-symbolic SNARC-like effect and if performance differed for
each ratio. Positive dRT values indicate faster left hand than right hand responses. Negative dRT
values indicate faster right hand than left hand responses. In Figure 5.3 below the data points
represent group averages of individual data for left-to-right and right-to-left response mapping for
the non-symbolic quantity judgment task. The solid circular data points denote the high ratio and
the hollow circular data points the low ratio. Figure 5.3 below shows the group mean of the t-
score for each set size for the non-symbolic quantity judgment task.

To determine if there was a difference for mapping condition (i.e. a non-symbolic SNARC-
like effect) for the low and high ratio data we conducted a permutation t-test for each base set
size which compared response mapping direction. Twelve comparisons were conducted
separately, one for each set size (10, 20, 30, 40, 50 and 60 dots) for the left-to-right and the right-
to-left mapping conditions for both low and high ratios. If the t-value of the data falls outside the
95% confidence interval of the bootstrap t-distribution this allows us to conclude that it is likely
that the data differ for the left-to-right and the right-to-left mapping condition. The trend in the
data confirmed as statistically significant by t-tests suggests that responses differed across left-to-
right and the right-to-left response mapping for base set size (10, 30, 40, 50 and 60). The
exception was for set size 20 where responses were similar for each response mapping condition
and did not fall outside the 95% confidence interval.
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Figure 5.3. dRT in milliseconds for the mean group average plotted as a function of base set size for low and high

ratios in Study 3.

Note: The red lines depict low ratio (hollow circular data points) and high ratio (solid circular data points) for right to
left mapping responses. The blue lines depict low ratio (hollow circular data points) and high ratio (solid circular
data points) for left to right mapping responses. There were no significant differences between low and high ratios
for any set size or between response conditions. ‘+> denotes a significant difference for the high ratio between left-to-
right and right-to-left response conditions for set sizes 10, 30, 40, 50 and 60. ‘x’ denotes a significant difference for
the low ratio between left-to-right and right-to-left response conditions for set sizes 10, 30, 40, 50 and 60. If both are
significant, the overlapping ‘+’ and ‘x’ make a symbol resembling an eight spoked asterisk ‘*’. Error bars represent
95% confidence intervals of the bootstrapped mean.

The trend of the SNARC effect and t-scores are good evidence for a non-symbolic
SNARC-like effect with faster responses for smaller base numbers (10) with the left hand and
larger base numbers (30, 40, 50 and 60) with the right hand. There was a cross-over around base
20.
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We found no evidence that the pattern of the SNARC-like effect was different across low
and high ratio conditions. The trajectory of the SNARC-like effect for left is less is similar for
low and high ratio stimuli, and the trajectory is similar for right is left low and high ratio stimuli.
This may indicate that the difficulty manipulation was unsuccessful or that performance has little
impact on the SNARC-like effect we report here. We therefore investigated how the SNARC-like
effect changes with set size, collapsed across the different test ratios.

5.4.3 Non-symbolic SNARC-like Effect for Pooled Data across Low and High Ratios

The third step was to examine response mapping when the data was pooled across low and
high ratios. Figure 5.4 below shows the group mean of the t-score for each set size for the non-
symbolic quantity judgment task. To determine if there was a difference for mapping condition
(i.e. a non-symbolic SNARC-like effect) for the pooled data we conducted a paired-samples
permutation t-test for each base set size which compared response mapping direction. Six
comparisons were conducted separately, one for each set size (10, 20, 30, 40, 50 and 60 dots) for
the left-to-right and the right-to-left mapping conditions. The trend in the data confirmed as
statistically significant by t-tests indicates that responses differed for left-to-right and the right-to-
left response mapping providing evidence for a non-symbolic SNARC-like effect. The exception
was for set size 20 where responses were similar for each response mapping condition and did
not fall outside the 95% confidence interval.

Like Figure 5.3, Figure 5.4 suggests that the relative speed of responses for left and right
hand depends on base set size values (referent) rather than a running average of the referent. This
was indicated by different dRTs for each base set size.
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Figure 5.4. dRTs in milliseconds plotted as a function of referent (i.e., base set size of 10, 20, 30, 40, 50, or 60) and

response mapping where data is collapsed across low and high ratios for Study 3.

Note: The blue line depicts for left to right mapping responses (LR). The red line depicts right-to-left mapping (RL).
The asterisk indicates a significant difference between response conditions (left-to-right from right-to-left) at 0.5
significance level which was based on the bootstrapped t-statistic of a paired-sample t-test. Error bars represent 95%
confidence intervals of the bootstrapped mean.

5.4.4 Non-symbolic SNARC-like Effect and Performance Level (Correct Responses)

The fourth step was to determine if participant’s performance differed regardless of
numerical ability. Figure 5.5 shows the group mean average of the t-score for each set size for the
non-symbolic quantity judgment task for low and high-performance groups.
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Figure 5.5. dRTs in milliseconds for hand response direction (correct responses) plotted as a function of base set size
(i.e., 10, 20, 30, 40, 50, or 60) for low and high performance in Study 3.

Note: The red lines depict right-to-left mapping (RL) for low performance (red hollow circular data points) and high-
performance groups (red solid circular data points). The blue lines depict left-to-right (LR) mapping for low
performance (blue hollow circular data points) and high-performance groups (blue solid circular data points). An
asterisk indicates a significant difference between response conditions (left-to-right from right-to-left; low and high
performance groups) at 0.5 significance level which was based on the bootstrapped t-statistic of a paired-sample t-
test. Error bars represent 95% confidence intervals of the bootstrapped mean.

In the previous analysis (see Figures 5.3 and 5.4), data included participants with over 50%
of correct responses for each base set size (referent). For participants performing just above 50%
their data will contain a large number of correct guesses. In other words, it is possible the
magnitude of the SNARC thus reported is diminished by random guesses. In order to address this
potential issue a median split was conducted on ‘high’ versus ‘low’ performance. The median of
the data was 70 (remarkably close to the expected threshold from the Weber threshold task). Data
from low and high ratio for each individual could fall into either one or two performance
categories depending on whether the accuracy for a given ratio was above or below 70%. This
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means the data was spilt according to performance rather than the person. Data below the median
of 70 was placed into a low-performance category. Data above the median of 70 was placed in a
high-performance category.

To determine if there was a difference for mapping condition (i.e. a non-symbolic SNARC-
like effect) for the on high versus low performance data we conducted a paired-samples
permutation t-test for each base set size which compared response mapping direction. Twelve
comparisons were conducted separately, one for each set size (10, 20, 30, 40, 50 and 60 dots) for
the left-to-right and the right-to-left mapping conditions for each performance group. The trend in
the data confirmed as statistically significant by t-tests suggests that there was a difference for
mapping conditions for each performance group (i.e. a non-symbolic SNARC-like effect).
However, the data suggests that there was little difference between the low and high-performance
groups. This could indicate that the magnitude of the SNARC does not depend on the being able
to get the task correct. If this were the case, then calculating SNARC using all responses rather
than just correct ones should have little impact in the magnitude of the SNARC.

5.4.5 Non-symbolic SNARC-like Effect and Performance Level (All Responses)

The fifth step was to examine correct and incorrect responses for all participants to
determine if a non-symbolic SNARC-like effect was found regardless of whether responses were
correct. Figure 5.6 below shows the group mean average of the t-score for each set size for the
non-symbolic quantity judgment task.

To determine if there was a difference for mapping condition (i.e. a non-symbolic SNARC-
like effect) for the high versus low performance data we conducted a paired-samples permutation
t-test for each base set size which compared response mapping direction. Twelve comparisons
were conducted separately, one for each set size (10, 20, 30, 40, 50 and 60 dots) for the left-to-
right and the right-to-left mapping conditions for each performance group.
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Figure 5.6. dRTs in milliseconds for all participants for response mapping conditions (left-to-right/right-to-left) for
all responses plotted as a function of base set size (i.e., 10, 20, 30, 40, 50, or 60) for low and high performance in

Study 3.

Note: The red lines depict right-to-left mapping (RL) for low performance (red hollow circular data points) and high
performance (red solid circular data points). The blue lines depict left-to-right mapping (LR) for low performance
(blue hollow circular data points) and high performance (blue solid circular data points). An asterisk indicates a
significant difference between response conditions (left-to-right from right-to-left; low and high performance groups)
at 0.5 significance level which was based on the bootstrapped t-statistic of a paired-sample t-test. Error bars represent
95% confidence intervals of the bootstrapped mean.

The trend in the data confirmed as statistically significant by t-tests for Figure 5.6 suggests
that there was a difference across the mapping conditions for each performance group providing
evidence for a non-symbolic SNARC-like effect. This data suggests that a non-symbolic
SNARC-like effect was found regardless of how well people performed in the task. In other
words, using the dot stimuli to make a numerically correct computation is not necessary to
produce the SNARC-like effect. The question is then: what is driving the SNARC-like effect if
not the computation? One possibility is simply the magnitude of the dots themselves. Perhaps
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passively viewing non-symbolic stimuli would be sufficient to drive the mechanisms that produce
the non-symbolic SNARC-like effect we see here. However, participants were not entirely
passive, as the task required an active response. Another possibility is that as stimuli were
presented at threshold participants were able to do the task but found it difficult to swap response
from trial to trial, particularly if there were several trials in a row where the right or left button
was the correct response. A further possibility is there may have been an initial processing of
stimuli that has not gone through to conscious awareness. Participants may have a predisposition
to acting in this manner. However, these suggestions are somewhat speculative as we are not
entirely sure what caused this pattern in the data.

In Figures 5.3, 5.4, 5.5, and 5.6, there was a similar pattern of results with a cross-over
function of zero at around set size 20. This may indicate that there is something about 20 which
marks a transition from small to large non-symbolic quantity. However, while we have presented
data according to the base set size, the magnitude of the test was always larger than the base and
depending on the Weber threshold for an individual could be much higher than the base.
Therefore, it would be important to see how the SNARC-like effect changes as a function of the
test magnitude rather than the base magnitude.



119

5.4.6 Non-symbolic SNARC-like effect for Base and Test Data
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Figure 5.7. dRTs in milliseconds for hand response direction (correct responses only) plotted as a function of base
(i.e. 10, 20, 30, 40, 50 or 60) and test set size binned as decades (10, 20, 30, 40, 50, 60, 70, 80 and 90).

Note. The red lines depict right-to-left mapping (RL) for base (red hollow circular data points) and test responses
(red filled circular data points). The blue lines depict left-to-right mapping (LR) for base (blue hollow circular data
points) and test responses (blue filled circular data points). The ‘“+’ or ‘x’ indicate a significant difference between
response conditions at 0.5 significance level which was based on the bootstrapped t-statistic of a paired-sample t-test.
The ‘“+’ above a given set size indicates for base set sizes that the left-to-right response condition differs from the
right-to-left response condition from the 95th percentile value. The ‘x’ denotes a significant difference for between
left-to-right and right-to-left response conditions for target magnitude. If both are significant, the overlapped symbol
appears as an asterisk. Error bars represent 95% confidence intervals of the bootstrapped mean. A smoothing of lines
was achieved using a Gaussian function.

To determine if there was a difference for mapping condition (i.e. a non-symbolic SNARC-
like effect) for judgments made on base set size versus target magnitude we performed a series of
paired-samples permutation t-tests for each base set size which compared response mapping
direction and for each target magnitude binned in increments of 10. Eighteen comparisons were
conducted separately, one for each base set size (10, 20, 30, 40, 50 and 60 dots) and for each
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target magnitude binned in 10s (10, 20, 30, 40, 50, 60, 70, 80, 90 dots) for the left-to-right and
the right-to-left mapping conditions for each performance group. The data for 100 dots was not
included as there was too few data points. The trend in the data confirmed as statistically
significant by t-tests for Figure 5.7 suggests there was a difference across the mapping conditions
for judgments made on base set size and target providing evidence for a non-symbolic SNARC-
like effect. However, this data suggests that a non-symbolic SNARC-like effect was found, and
that effect seemed to be driven by base set size rather than target magnitude.

Overall, the findings suggest that individual differences in the Weber fraction were not
related to individual differences in the non-symbolic SNARC-like effect. There was no difference
in the non-symbolic SNARC-like effect for participants with low or high numerical acuity or for
correct or incorrect responses. This suggests that the Weber fraction cannot account for
individual differences in the non-symbolic SNARC-like effect.

55 Discussion

We examined non-symbolic SNARC-like effect judgments for participants with low and
high numerical acuity ability. The aim was to examine if the Weber fraction may account for
individual differences in non-symbolic SNARC-like judgments. It was predicted that individual
differences in the Weber fraction as measured by an adaptive staircase would be related to
individual differences in the mapping of right- and left-hand responses to ‘smaller’ and ‘larger’
numerical magnitude stimuli (i.e. the non-symbolic SNARC-like effect). A brief discussion of the
findings for Study 3 will be undertaken here, followed by a more comprehensive discussion in
the in Chapter 6.

There were five findings of note: First, a non-symbolic SNARC-like effect was consistently
found across differing ratios (low and high), presentation order (referent or test presented first)
Weber fractions (low and high numerical ability), Performance level and correct and incorrect
responses with a similar form to the symbolic SNARC effect. Second, for the smaller ratio slower
RTs were found and a more pronounced non-symbolic SNARC-like effect than for the larger
ratio. Third, judgments seemed to be made on non-symbolic quantity of base set size rather than
target. Fourth, there were distinct individual differences in RT and accuracy of responses for the
Weber and SNARC task.

A non-symbolic SNARC-like effect was found for non-symbolic quantities in the ANS
range which supports and extends the symbolic SNARC effect Dehaene et al., (1993) and
supports previous research that has shown a non-symbolic SNARC-like effect (Mitchell et al.,
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2012; Nuerk et al., 2005; Patro & Haman, 2012; Zhou et al., 2016). Findings showed there was a
left-to-right response mapping bias. The biggest effect of non-symbolic quantity was found for
SNARC congruent trials when left is lesser, right is more. A lesser effect was found for SNARC
incongruent trials when left is more, right is lesser. Perhaps for incongruent trials participants had
to consciously think about swapping (or inhibiting) natural response mapping so slower
responses were made with the left and right hand. This finding supports Gevers et al., (2006) who
conducted an EEG study on the symbolic SNARC effect. Gevers et al., (2006) and showed that
for the incongruent SNARC condition a dip in the lateralised readiness potential (an EEG
component that occurs just before preparation of motor response) was found towards preparation
of the incorrect response but not for the congruent SNARC condition.

Findings for RT data showed a more pronounced non-symbolic SNARC-like effect for
variable low ratios (at participant threshold) than high ratios (twice participant threshold). It is
likely based on the Weber fraction participants found the low ratio harder to judge than the high
ratio. This was evidenced by slower RTs for the low ratio and a more pronounced SNARC effect.
This supports Wood et al., (2008) who found tasks that increased processing time of numerical
stimuli show a more pronounced symbolic SNARC effect.

5.5.1 Calibration and Discrimination of Responses

It is possible that participants who showed poor levels of accuracy for the Weber fraction
and SNARC tasks had issues of calibration for numerical stimuli. No feedback was given during
the experiment, so participants were not able to anchor responses on a correct example or
recalibrate and correct responses. This supports Burgess and Barlow (1983) who argue that when
participants make consistent errors when judging the number of dots in an array, this is due to an
issue of calibration of the stimuli.

5.5.2 The Effect of Set Size on Discrimination

It is possible participants use different strategies to discriminate numerical magnitude based
on set size. For smaller set sizes such as base 10 participants might try a different strategy to
enumerate the dots such as groupitising and adding. Using visual statistics, smaller groups of
elements are perceived separately. These groups can be subitized and the total number of dots
quickly enumerated. This supports Burgess and Barlow (1983) who argue that for set sizes under
10 dots another mechanism such as subitizing may be activated.

For larger set sizes findings showed a similar pattern of RT responses for judgments of base
numbers 30, 40, 50 and 60. A possible reason for this is that participants were not able to
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distinguish these base set sizes from each other. Instead, they may have been making the
judgment based on if the target was more or lesser than the referent. This supports Burgess and
Barlow (1983) who showed length of viewing time of stimuli did not seem to influence accuracy
for 20 to and 50 dots. Burgess and Barlow claim that over set size 20 observers are unable to
discriminate set sizes exactly and are only able to tell if they are ‘more’ or ‘less’ than each other.
Evidence for this claim was provided by Nieder and Merten (2007) who examined numerosities 1
— 30 and found there were less neurons tuned to larger numerosities. This may be due to the
nature of representation of numerical magnitude in the brain.

There seemed to be something significant about set sizes containing 20 or more dots as
there was a cross over point of 0 for function lines for response mapping condition. Most
symbolic SNARC studies use small magnitude stimuli (i.e. 1 —9). However, a few studies have
examined the SNARC effect with larger magnitudes. Findings support Zhou, Chen, Chen, and
Dong (2008) who used symbolic stimuli ranging from 12 to 98 and found a similar SNARC cross
over point of zero between 12 and 22 dots. Findings also support Zhou et al., (2016) who found a
non-symbolic SNARC-like effect with a cross over point of O for arrays of 17 dots.

5.5.3 Individual Differences in the Weber Fraction

Findings showed individual differences for numerical acuity ability as evidenced by the
Weber fraction (M = 0.27, SD = 0.32) 13 participants showed a very low Weber fraction (i.e. <
0.1), 16 showed a high Weber fraction (i.e. >.33), and 57 participants showed a moderate Weber
fraction (i.e. between 0.1 and 0.33). It is worth noting that Ross (2003) found the average Weber
fraction for base numbers ranging from 8 to 60 was 0.25. There was a slight decline in the Weber
fraction for base numbers below 16 and above 32. van Oeffelen and Vos (1982) found a Weber
fraction of 0.11. However, low-level visual cues such as density and luminance were confounded
with numerosity. Piazza et al., (2004) found a Weber fraction of 0.17 when controlling for low
level visual cues. Also, feedback was given in the van Oeffelen & Vos (1982) and Piazza et al.,
(2004) studies which could explain why a lower Weber threshold was found. Izard et al., (2004)
found an average Weber threshold of 0.22. This showed that a similar Weber fraction was found
for this sample of participants and that it is likely the adaptive staircase was a good method to
measure the Weber fraction.

However, although we found individual differences in the Weber fraction, we did not find
evidence these differences could account for the non-symbolic SNARC-like effect. Findings
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showed a similar non-symbolic SNARC-like effect for low ability and high ability groups. This
suggests parameters other than non-symbolic quantity may be influencing judgments.

5.5.4 Individual Differences and Strategies for Non-symbolic Quantity Judgments

An interesting finding was that participants showed a robust SNARC effect regardless of
whether their responses were correct or incorrect. A possible explanation for this finding is the
SNARC effect was based on passive viewing of low-level visual cues instead of non-symbolic
quantity. Passive viewing of numerical stimuli from EEG and fMRI studies elicits a response in
the brain (lzard et al., 2009). Gebuis and Reynvoet (2013) examined passive and active viewing
of non-symbolic quantity using EEG and found no effects of quantity in the passive or active
conditions. Although, when data was grouped according to low level visual cues strong effects of
visual cues were found in parietal and occipital areas of the brain. Differing levels of activation
were not found for different non-symbolic quantities. Gebuis and Reynvoet (2013) claim that this
finding shows evidence for general cognitive processing rather than processing of non-symbolic
quantity itself (also see Gebuis & Reynvoet, 2012).

It is possible for the range of set sizes different strategies were used to make judgments.
Unlike the symbolic SNARC effect where judgments are made on symbolic number, which is
precise, judgments for the non-symbolic SNARC-like effect in the ANS range can involve
different strategies. In the statistical learning model, participants change strategy until they find
the most effective strategy for the task. It is possible, participants were making judgments based
on low-level visual cues such as density or total surface area rather than numerosity. Although an
attempt was made to control for some low-level visual cues by manipulating these cues so that
they were less indicative of numerical magnitude, it is not possible to rule these cues out
completely. It is possible participants with larger Weber fractions (poorer numerical acuity) were
unable to discriminate sets of dots using non-symbolic quantity so were more likely to use low-
level visual cues.

It is claimed that the symbolic SNARC effect directly activates the mental number line
(Dehaene et al., 1993). However, for the non-symbolic SNARC-like effect in the ANS ranges an
approximation of non-symbolic quantity may have activated the mental number line indirectly
through the ANS. Findings suggest another possibility - the polarity correspondence account of
the SNARC effect where verbal coding of ‘more’ and ‘lesser’ activate spatial coding responses of
left and right. Findings showed faster responses with the left hand to smaller base set sizes (i.e.
referent 10) and with the right hand to larger base set sizes (i.e. referents, 30, 40, 50 and 60).
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Previous research on the non-symbolic SNARC-like effect has shown that an explicit numerical
judgment of ‘more”’ or ‘less’ seems to be necessary to activate the effect (Cleland & Bull, 2018;
Cleland et al., in press).

5.5.5 Limitations and Implications for Further Research

Participants showed individual differences for accuracy and RT (see Appendix C and
Appendix D). However, some of these participants with similar response signatures could be
grouped together. Similar to the symbolic SNARC effect it is likely only some of the participants
in the current study showed a non-symbolic SNARC-like effect and that these individuals were
driving a group level non-symbolic SNARC-like effect. A recent study by Cipora et al. (in press)
examined individual differences in the symbolic SNARC effect using parametric and
bootstrapping methods. Results of the study suggest that SNARC effect at the group level was
driven by a subset of individuals. Future research should examine mechanisms of the non-
symbolic SNARC-like effect using other statistical methods such as latent class modelling to
develop profiles of shared patterns of individual differences in the signature of accuracy and RT
response measures. Latent class analysis that enables participants with similar responses to be
clustered together in subgroups. This may enable a way to disentangle participants who are using
non-symbolic quantity to make judgments from those using low-level visual cues. However,
latent class requires large sample sizes so a larger sample would be needed for this analysis.

5.5.6 Conclusion

It has been proposed that individual differences in the Weber fraction may explain non-
symbolic SNARC-like effect judgments. We examined this claim using an adaptive staircase to
measure the Weber fraction for each individual. However, the findings did not support this claim
as participants who performed well showed a similar non-symbolic quantity SNARC-like effect
to those who performed poorly.
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Chapter 6: General Discussion
6.1 Rationale and Research Questions

The aim of the research reported in this thesis was to examine if non-symbolic quantity in
the ANS range is represented spatially from smallest-to-largest, left-to-right as evidenced by a
non-symbolic SNARC-like effect. The motivation for the research was twofold. First, it has been
claimed that the non-symbolic SNARC-like effect could be used to examine the spatial
representation of non-symbolic quantity. The symbolic SNARC effect is considered evidence for
the spatial representation of non-symbolic quantity (Dehaene et al., 1993); yet the origin of the
symbolic SNARC effect is not known. While there is some evidence for a non-symbolic
SNARC-like effect (Bulf, et al., 2014; Ebersbach, et al., 2014; Lee, et al., 2016; Luccio, et al.,
2012; Mitchell, et al., 2012; Nuerk, et al., 2005; Patro & Haman, 2012; Patro & Shaki, 2016;
Zhou et al., 2016), interpreting previous research into the non-symbolic SNARC-like effect is
problematic because of methodological issues. Specifically, most previous studies used stimuli
that overlap the subitizing and ANS ranges. It is proposed that these systems have differing RT
and accuracy signatures, and cognitive functions (Dehaene, 1997; Mandler & Shebo, 1982).
Further, the relationship between non-symbolic quantity and space has often been assessed using
symbolic SNARC effect methodology with group level analyses, such as ANOVA and linear
regression. These analytic methods collapse data across participants and/or magnitudes (Dehaene
et al., 1993; Keus et al., 2005; Zhou et al., 2016). It is possible that relationships may differ for
non-symbolic quantity representation compared to symbolic number representation. Processing
of symbolic number is precise and does not depend on the ratio of referent-to-target. In contrast,
processing of non-symbolic quantity is approximate and is dependent on individual differences in
numerical acuity and the Weber fraction. We used relative ratios since the meaning of distance
effects using non-symbolic distance stimuli is unclear. Relative ratios are claimed to be more
robust indicators of non-symbolic discrimination abilities (Libertus & Brannon, 2010).

The second motivation was to better understand the representation of non-symbolic
quantity. It has been proposed that non-symbolic quantity is represented by two systems: a
precise system for small quantities (i.e. ~1 — 4 elements) known as the subitizing range, and an
approximate system for larger quantities (i.e. > 4 elements) known as the ANS range (Dehaene,
1997; Inglis & Gilmore, 2014; Mandler & Shebo, 1982; Trick & Pylyshyn, 1994).

It has been proposed that the ANS can be measured independently of low-level visual cues
and is used as foundation for mapping of symbolic number onto non-symbolic quantity
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representations (Dehaene, 1997). However, a recent proposition has challenged this claim.
Sensory integration theory proposes instead that the influence of low-level visual cues cannot be
eliminated from processing of non-symbolic quantity and therefore non-symbolic quantity
judgments (Gebuis et al., 2016; Gevers et al., 2016). Previous research has highlighted the
difficulty in measuring the ANS, since visual cues such as density, luminance and dot size have
been shown to affect spatial representation (Fumarola et al., 2014; Ren et al., 2011 Sziics et al.,
2013). Insofar as these two claims can be substantiated, it was predicted that a non-symbolic
SNARC-like effect would be found.

The research was designed to investigate these three issues. Study 1 (Chapter 3) examined
if non-symbolic quantity in the ANS range was represented spatially in the form of a non-
symbolic SNARC-like effect and if this effect is related to domain general cognitive processes
such as visuospatial working memory and/or math ability. Study 2 (Chapter 4) examined
characteristics of the non-symbolic SNARC-like effect for differing quantities, when low-level
visual cues such as total surface area and size of dot stimuli were manipulated and if other
response modes such as foot responses elicited a SNARC-like effect. Finally, Study 3 (Chapter 5)
aimed to investigate whether individual differences in the Weber fraction could account for non-
symbolic SNARC-like effect judgments. The purpose of this chapter is to review key findings of
each study, followed by a discussion of broader implications of these findings for non-symbolic
quantity-space accounts, and finally, to suggest directions for future research.

6.2  Key Research Findings

The research reported in this thesis examined the spatial representation of non-symbolic
quantity in the ANS range as evidenced by a non-symbolic SNARC-like effect. The key findings
were as follows. First, a non-symbolic SNARC-like effect was found consistently, providing
support for the spatial representation of non-symbolic quantity. Study 1 provided evidence for the
non-symbolic SNARC-like effect: faster responses were found with the left hand for smaller non-
symbolic quantities than the referent — a display of 30 dots, and with the right hand for larger
non-symbolic quantities than the referent. This suggests non-numerical quantity in the ANS
range is represented spatially. The findings of Study 2A, which employed only two target stimuli
with the ‘easy’ referent-to-target ratio of 0.5, provided further support for a non-symbolic
SNARC-like effect. Study 2B, in which again only two target stimuli with the ‘easy-ish’ referent-
to-target ratio of 0.66 but where the potential cueing effect of display darkness was controlled by
using an equal number of black and white dots, resulted in longer processing times, slower RTs
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and a more pronounced non-symbolic SNARC-like effect. Interestingly, the form of the non-
symbolic SNARC-like effect was similar to the symbolic SNARC effect for larger but not for
smaller non-symbolic quantity. The combined analysis of slope coefficients for all participants
provided additional support for a non-symbolic SNARC-like effect. Study 2C, where participants
responded with their feet rather than their hands, also supported the occurrence of the non-
symbolic SNARC-like effect independently of response modality. Study 3, in which an adaptive
staircase was used to measure the Weber fraction for each individual to calibrate the ratio of
referent-to-target for the non-symbolic quantity judgment task, but where total surface area,
density and display darkness were controlled using different sized dots in each array and scaling
factors provided additional and compelling support for the existence of a non-symbolic SNARC-
like effect.

Second, similar to a distance effect, the ratio of referent-to-target seems to influence both
reaction time and accuracy of responses. As the results of Studies 1, 2B, 2C, and 3 demonstrate,
targets closer in magnitude to the referent are processed more slowly and less accurately. This
finding suggests that the non-symbolic quantity judgment task was activating the ANS.

Third, as is evident from the findings of Studies 1 and 2, not all participants showed a non-
symbolic SNARC-like effect. Some participants displayed a reversed non-symbolic SNARC-like
effect, while one participant in Study 1 did not show any SNARC-like effect. Taken together,
these findings indicate the existence of individual differences in the spatial representation of non-
symbolic quantity.

Fourth, as the findings of Study 3 demonstrate, calibration appears to be a factor in the
design of paradigms testing the non-symbolic SNARC-like effect as some ratios of referent-to-
target may be too difficult for individuals with poorer non-symbolic quantity acuity and a larger
Weber fraction.

Fifth, models of the non-symbolic SNARC-like effect appear robust to manipulation of
visual cues such as total surface area, density, roundness and darkness of display, and occur for
other modalities of response such as feet (Studies 2 and 3). However, these findings should be
treated with caution as it is not known the extent to which these low-level parameters may have
mediated judgments.

The key research findings demonstrate that the relationship between non-symbolic quantity
and space is heterogeneous with wide variance in non-symbolic quantity processing found
between individuals. This may be due to individual differences in the Weber fraction, use of
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different strategies, such as making judgements on one or several low-level visual cues, instead
of non-symbolic quantity alone. These findings extend current models of the symbolic SNARC
effect and non-symbolic SNARC-like effect for non-symbolic quantity in the ANS range. This
suggests that the relationship between non-symbolic quantity and space has further complexity to
account for than that of symbolic number and space. In the following section, theoretical and
practical implications of the research are discussed.

6.3  Implications of the Research Findings

The purpose of this section is to discuss broader implications of the findings in relation to
previous research. First, findings are discussed in relation to existing models of the symbolic and
non-symbolic SNARC-like effect, theories of the ANS, and individual differences in the spatial
representation of non-symbolic quantity. Second, theoretical implications of the findings for the
non-symbolic SNARC-like effect will be discussed. Finally, practical implications of the findings
for education will be discussed.

6.3.1 The Non-Symbolic SNARC-like Effect

In Chapter 2 it was argued that (1) number is associated with space as evidenced by the
SNARC effect, however most research examining this relationship has focused on symbolic
number; and (2) previous research on the non-symbolic SNARC-like effect has methodological
issues due to the use of stimuli spanning both the subitizing and the ANS ranges even though the
ranges are thought to be two separate number representational systems with differing response
characteristics (Dehaene, 1997; Mandler & Shebo, 1982). In this research, this issue was
addressed by using referent-to-target paradigm with non-symbolic quantity stimuli purely in the
ANS range. The findings presented in this thesis indicate a non-symbolic SNARC-like effect was
found for non-symbolic quantity.

All the studies reported in this thesis avoid the interpretive limitations of previous studies
(Bulf et al., 2014; Nuerk et al., 2005; Mitchell et al., 2011; Patro & Haman, 2012; but c.f. Zhou et
al., 2016) in that stimuli did not span both the subitizing (1 - 4 ~ items), counting ( > 4 ~ items),
and ANS ranges (>10 ~ items)®. In Studies 1 and 2 the brief presentation of dot arrays purely in
the ANS range (15 — 60 items) and in Study 3 (11 — 100 items) meant non-symbolic quantity
could not readily be converted to symbolic number. Moreover, neither enumeration nor
subvocalizing could be used to make non-symbolic quantity judgments

3 See Chapter 2, section(s) ...
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6.3.1.1 Isthe SNARC effect confined to symbolic number?

A key difference between the symbolic SNARC and the non-symbolic SNARC-like effects
is there seems to be a right-hand bias for the non-symbolic SNARC-like effect. This right-hand
bias was robust over Studies 1 and 2 and supports the work of Zhou et al., (2016). A possible
explanation of this finding is that we used strongly right-handed participants®. Participants may
therefore have been faster to respond with the right hand to smaller quantities, thus minimising
the effect for the left hand (i.e. less of a difference was found for smaller quantities). It is possible
that as only stimuli in the ANS range were used, a stronger SNARC effect was found with the
right hand to large stimuli. This differs from the majority of symbolic SNARC studies that use
stimuli from 1 — 10. Perhaps using stimuli with larger quantity coupled with a stronger effect for
the right hand washed out the effect for the left hand.

Study 2C shows that the non-symbolic SNARC-like effect is not specific to manual
responses but generalises to other response modalities. Faster responses were found for quantities
smaller than the referent with the left foot and for magnitudes larger than the referent with the
right foot. A symbolic SNARC effect has been found for other effectors such as eyes (i.e.,
saccades) and feet. This finding supports the findings of Schwarz and Muller (2006), who found
a symbolic SNARC effect for foot responses and Schwarz and Keus (2004) who found a
symbolic SNARC effect with eyes (saccades). Dehaene et al., (1993) claim that the symbolic
SNARC effect with hand responses is related to reading and writing direction. This claim was
challenged by Schwarz and Miiller, whose symbolic SNARC effect for foot responses suggested
that the SNARC effect is not just an overlearned stimulus-response sensorimotor effect as
responding left or right with feet is not related to reading or writing. Instead it may be related to
an internal spatial representation of number. In support of Schwarz and Miiller, the results of
Study 2C suggest that the non-symbolic SNARC-like effect is evidence for the spatial
representation of non-symbolic quantity.

6.3.1.2 Spatial representation of non-symbolic quantity

The studies contained in this thesis provide strong support for the claim that non-symbolic
quantity is represented spatially. In Studies 1, 2 and 3, a non-symbolic SNARC-like effect was
found, supporting previous SNARC research that has shown evidence for the spatial
representation of symbolic number (Dehaene et al., 1993; Wood et al., 2008) and non-symbolic

4 Participants’ handedness was assessed using the Edinburgh Handedness Inventory (Oldfield, 1971).
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quantity (Bulf et al., 2014; Nuerk et al., 2005; Patro & Haman, 2012, Mitchell et al., 2011; Zhou
etal., 2016).

The spatial representation of number is important as it is regarded as providing a more
concrete way for an abstract concept such as number to be visualized, stored, accessed, and
manipulated in the brain (Dehaene et al., 1993)°. In a mathematical context, space is thought to
enable coding of numerical information, support place order of numbers and allow comparison
and computation of numbers. Our findings show the importance of acknowledging the
complexity of the relationship between spatial and non-symbolic quantity processing. Recently,
Fias and Bonato (2018) have argued that math ability and spatial processing do not co-exist in a
simple one-to-one relationship. There are nuances and complexities within this relationship:
certain spatial processes may be linked to certain non-symbolic quantity processes but not others.
For example, a number of studies have shown that those with better spatial ability tend to
perform better on math tasks such as number estimation (Geary, Hoard, Byrd-Craven, Nugent, &
Numtee, 2007), counting (Kyttéla, Aunio, Lehto, Van Luit, & Hautamaki, 2003) and overall math
performance (Meyer, Salimpoor, Wu, Geary, & Menon, 2010). Cheng and Mix (2014) have
shown that mental rotation training improved math performance. Also, specific tasks such as 3D
mental rotation have been used to measure individual differences in spatial visualisation
(Viarouge et al., 2014). Hawes and Ansari (2020) define spatial visualisation as being able to
generate, maintain, recall, and manipulate visual-spatial images.

Hawes and Ansari (2020) reviewed evidence from neuroscience, psychology and education
and argue that specific spatial processes such as spatial visualisation may facilitate numerical
reasoning skills such as number sense and operations. Hawes and Ansari (2020) further argue
that the relationship between number and space is complex and propose four accounts to explain
spatial visualisation skills and numerical competencies. Hawes and Ansari (2020) argue that these
accounts work in tandem to produce spatial numerical associations. In the working memory
account, VSWM and spatial visualisation tasks such as mental rotation are strongly related to
basic measures of numerical competency such as numerical comparison, arithmetic and number
line estimation (Kaufman, 2007; Kyttélg, et al., 2003; Mix et al., 2016). VSWM may mediate the
relationship between spatial visualisation and math.

% See Chapter 2 section ...
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The influence of visual cues on non-symbolic quantity judgments in the ANS range

The ANS account (Dehaene, 1997) claims that quantity is extracted independently of visual
cues. In contrast, the sensory integration account (Gebuis et al., 2016; Gevers et al, 2016)
suggests that visual cues influence quantity judgments. Although we did manipulate some visual
cues such as luminance in Study 2A and 2B as well as dot size (as quantity increased, dot size
decreased) and total surface area in Study 2C, and used dots of differing sizes in one array,
controlling for total surface are, roundness of display and density of dot in Study 3 we did not
strictly control for these visual cues. The interpretation of findings, although consistent, are open
to interpretation. Our study design did not enable us to determine if participants were using low-
level visual cues to make judgments (see e.g., Gebuis & Reynvoet, 2011; 2012). Nor did our
design enable us to conduct post-hoc analysis to examine the influence of visual cues on non-
symbolic quantity judgments (see Gebuis & Reynvoet, 2011). This would have required several
arrays to be created that each control only one visual cue. These arrays would then be presented
in interleaved trials which could be grouped according to control of each visual cue for analysis.
So, we cannot draw firm conclusions on the role of visual cues in this thesis. Some researchers
have used varied dot sizes within the same display to control for total surface area and remove
dot size as a reliable cue (Zhou et al., 2016). Others have created specific program protocols to
stringently control low-level visual cues (Gebuis & Reynvoet, 2011). However, low-level visual
cues occur naturally in our environment and can be used to discriminate quantity. Perhaps in
differing situations where low-level cues are more relevant to quantity judgments the weight of
these visual cues can be varied according to task demands. However, research has shown that
number can influence both area and density, suggesting number is more fundamental than these
continuous magnitudes (Burr, 2017). Also, despite number and magnitude co-varying, continuous
magnitudes alone do not influence responses (Beran & Parrish, 2017). For example, Zhou et al.,
(2016) found a non-symbolic SNARC-like effect for non-symbolic quantity but not for
continuous magnitudes such as area or density. This suggests that continuous magnitudes alone
are not responsible for the non-symbolic SNARC-like effect found in Studies 1, 2, and 3.

6.3.1.3 The non-symbolic SNARC-like effect: Ratio and the ANS

In Chapter 2 it was argued that a non-symbolic SNARC-like effect with stimuli in the ANS
range could activate the ANS. It was further claimed that the closer a ratio is to 1 the slower RTs
and the higher error rates would be for accuracy (ratio effect). The findings of Studies 1 and 2
showed clear ratio effects for RT and accuracy measures conforming to Weber’s law: longer RTs
and lower accuracy were observed as ratio and difficulty increased. This supports the work of
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Patro and Haman, (2012) who found ratio effects for the non-symbolic SNARC like effect. This
finding suggests that the ANS was indeed activated to complete the non-symbolic quantity
judgment task, and that the referent-to-target paradigm used in Studies 1 and 2 was a good
measure of the construct of the ANS. Although Study 3 showed a difference for low and high
ratios, this difference was not significant. The ANS account posits that ratio effects occur due to
overlap in tuning curves of number specific neurons in the brain (Piazza et al., 2004).

However, it is important to note that in Study 1, several participants were excluded for not
being able to differentiate the 0.83 ratio above chance level (50%). This suggests that the 0.83
ratio was too hard to discriminate for some participants. It has been found that people who have
better non-symbolic quantity acuity tend to respond with greater speed and accuracy for
magnitude judgments (Halberda et al., 2008). That is, task difficulty is affected by changes in the
ratio between set sizes of dot arrays (Lyons, Nuerk, & Ansari, 2015), with smaller ratios being
harder to distinguish from each other. Individual differences in ratio effects for non-symbolic
quantity and distance effects for symbolic number may also correlate with more complex
mathematical components (e.g., multiplication) (Lyons et al., 2015). Buckley and Gillman (1974)
have shown a size and distance effect for non-symbolic numerical magnitudes and symbolic
number. Similarly, Temple and Posner (1998) found distance effects for both adults and children.
Taken together, these studies suggest that the ratio effect and processing of stimuli the in ANS
range may show some similarities to the distance effect for symbolic number processing. The
outcome of Studies 1, 2, and 3 suggest that individual differences in non-symbolic quantity
discrimination are important to consider for the non-symbolic SNARC-like effect. In the
following section individual differences in the numerical cognition and the spatial representation
of non-symbolic quantity will be discussed.

6.3.1.4 Individual differences in numerical cognition

In Chapter 2 it was claimed that (1) individuals show markedly different Weber fraction
indices in non-symbolic quantity tasks; and (2) individual differences are important to consider
when utilising stimuli in the ANS range as people have differing levels of acuity when judging
approximate quantity. Yet, the mechanisms behind these individual differences in non-symbolic
quantity processing and the spatial representation of non-symbolic quantity and how they relate
to math ability and domain general processes such as VSWM are still poorly understood. In
Study 1 and 2 reported here, individual differences were found in the size and direction of the
non-symbolic SNARC-like effect as well as the ability to discriminate dot arrays. This finding
supports the existence of individual differences in the SNARC-like effect and the spatial
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representation of non-symbolic quantity. However, although Study 1 and 2 showed marked
variability in SNARC responses this was not the focus of these studies. This pointed to the need
to specifically address the potential mechanisms behind these individual differences. This was
addressed in Study 3 where individual differences in the ability to make non-symbolic quantity
judgments (the Weber fraction) were examined to see if this could account for non-symbolic
quantity judgments. An adaptive staircase method was used to measure the threshold of non-
symbolic quantity acuity (Weber fraction). This enabled the calibration of ratio of referent to
target for each individual in the non-symbolic quantity judgment task. We used variable ratios at
threshold and twice threshold because if targets were at or above a participant’s threshold
discrimination should increase, encouraging judgments based on non-symbolic quantity rather
than low-level cues. However, the findings did not support this claim as participants with a high
level of performance showed a similar SNARC-like effect to those who performed poorly. This
suggested that the non-symbolic SNARC-like effect for some participants may reflect the spatial
representation of low-level cues. For example, some participants may have used low-level visual
cues such as density, total surface area or dot size to make judgments. As previously mentioned,
a SNARC-like effect has been found for low-level cues such as luminance (Fumarola et al.,
2014), dot size (Ren et al., 2011) as well as other non-numerical domains (see Macnamara, et al.,
2018 for a recent review). This suggests these low-level cues may be represented spatially too.
Therefore, the SNARC-like effect for some participants may have be based on the spatial
representation of these low-level cues rather than quantity.

Non-symbolic SNARC-like effect and math ability

In Chapter 2 it was claimed that non-symbolic quantity representation may be the
foundation for more complex mathematics and the ability to tell how many items are in a set,
may be linked to later achievement in math. However, this claim was not supported. In Studies 1
and 2 we did not find a direct relationship between the non-symbolic SNARC-like effect and
math performance as measured by the WRAT math computation task. This finding contrasts with
that of Halberda et al., (2008) who found a link between ANS acuity and math performance.
However, the non-symbolic SNARC-like effect and the Weber fraction are not directly related
and measure differing aspects of non-symbolic quantity processing. The Weber fraction is related
to numerical acuity and the non-symbolic SNARC-like effect is related to the spatial
representation of non-symbolic quantity. The results of Studies 1 and 2 support previous research
that has shown that processing of symbolic number is more likely to correlate with math
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performance than non-symbolic quantity (De Smedt & Gilmore, 2011; Holloway & Ansari, 2009,
see Chen & Li, 2014 for a meta-analysis). We did not directly measure math ability in Study 3.

Non-symbolic SNARC-like effect and VSWM

In Study 2A a moderate positive relationship was found between right — left hand
difference RT and VSWM. Participants with better VSWM performance showed a more
pronounced non-symbolic SNARC-like effect. This suggests the non-symbolic SNARC-like
effect has a spatial component, and supports Viarouge et al., (2014) who found a relationship
between the symbolic SNARC effect and VSWM using a mental rotation task. Moreover, using a
dual task paradigm, Hererra, Macizo, and Semenza (2008) found that when items were held in
VSWM the symbolic SNARC effect disappeared. Additionally, children with impaired VSWM
do not show a symbolic SNARC effect (Bachot, Gevers, Fias, & Roeyers, 2005). However, in
Studies 1 and 2B, individual differences in the non-symbolic SNARC-like effect did not correlate
with VSWM. Taken together, these findings provide partial support for the claim that VSWM is
related to individual differences in the non-symbolic SNARC-like effect and constitute further
evidence for the spatial representation of non-symbolic quantity.

6.3.1.5 Implications of findings for theoretical accounts of the SNARC effect

Several accounts of the symbolic SNARC effect have been proposed: the mental number
line (Dehaene et al., 1993); polarity coding (Proctor & Cho, 2006); and the working memory
account (van Dijck & Fias, 2011). The mental number line has been described as a spatial
representation account of the SNARC effect, polarity coding as a stimulus-response,
correspondence account and working memory as a strategic account. Findings from Study 1, 2
and 3 show support for the claim that the mental number line account of the symbolic SNARC
effect can be extended to include non-symbolic quantity.

Dehaene et al. (1993) claimed that the symbolic SNARC effect reflects activation of a left-
to-right number line. Dehaene further discussed this claim within the framework of the triple-
code model of numerical cognition (Dehaene, 1992). According to Dehaene et al., the symbolic
SNARC effect occurs due to an automatic Arabic numeral-to-analog transcoding process.
Although the mental number line account of the symbolic SNARC effect is intuitive, deeming it
the only framework to explain mechanisms of the SNARC effect is problematic. Mechanisms
underlying the symbolic SNARC effect may well be more complex and go beyond automatic
transcoding. For instance, an issue with the mental number line account of the SNARC effect is it
does not explain some aspects of the SNARC literature such as the flexible spatial representation
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of number (see e.g., Bachtold et al., 1998). Strategic accounts of the symbolic SNARC effect
such as the working memory account claim that the SNARC occurs as result of activations of
visuo-spatial representations in short-term memory (Fias et al., 2011). These short-term spatial
representations are built during a task as opposed to activation of spatial representation of number
in long-term memory. A recent study by Cleland et al., (in press) failed to find a non-symbolic
SNARC-like effect across four experiments and argue that this provides evidence for the working
memory account of the SNARC effect as non-symbolic, non-canonical stimuli are difficult to
conceptualise in an ordinal sequence. However, we did not test the working memory account of
the SNARC directly in Studies 1, 2, and 3, so cannot draw further conclusions about this theory.

The non-symbolic SNARC-like effect found in Studies 1, 2, and 3 can also be explained, as
an extension of the polarity correspondence account (Proctor & Cho, 2006). As mentioned in
Chapter 2, the polarity correspondence account can be used to explain speeded binary decisions
such as those required for numerical judgments. In Studies 1, 2, and 3, non-symbolic quantity
judgments of target stimuli were made using verbal coding labels of ‘more” or ‘less’ than the
referent. It has been argued that the symbolic SNARC effect is an example of polarity
correspondence theory (Proctor & Cho, 2006). For instance, in a target-to referent non-symbolic
quantity judgment task for the symbolic SNARC effect, stimulus and response categories could
be coded as lesser (polarity -1) more (polarity +1), left (polarity -1) and right (polarity +1). In this
example lesser/left and more/right have the same polarity so a non-symbolic SNARC-like effect
would be found.

In Chapter 2 it was claimed that the symbolic SNARC effect taps into the mental number
line and demonstrates that symbolic number is spatially represented (Dehaene et al., 1993).
Therefore, based on previous claims of the symbolic SNARC effect, a further claim can be made;
that a non-symbolic SNARC-like effect provides evidence that non-symbolic quantity is also
represented spatially. This extends the theory of the mental number line for symbolic number to
include non-symbolic quantity. However, the scope of this thesis does not provide a way to
differentiate if a non-symbolic SNARC-like effect suggests that the mental number line is amodal
with shared representation for symbolic number and non-symbolic quantity. Or it may be that
there are separate mental number lines for symbolic number and for non-symbolic quantity
(Weis, Nuerk, & Lachmann, 2018). It is possible that the findings can be explained with the
working memory and polarity account. However, as we did not explicitly test the working
memory or polarity account of the SNARC. we are unable to make any claims based on these
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accounts of the SNARC effect. Therefore, the findings are inconclusive regarding other
theoretical accounts of the SNARC effect.

6.3.1.6 Theoretical implications: Summary

The findings of this thesis suggest that testing the spatial representation of non-symbolic
quantity may be more complex than testing the spatial representation for symbolic number. There
are key differences in numerical processing for symbolic number and non-symbolic quantity
judgments. The difference between non-symbolic quantity and symbolic number is that the
processing of non-symbolic quantities in the ANS are approximate and noisy, whereas the
processing of symbolic number is precise. The symbolic SNARC effect is claimed to be based on
automatic processing of numerical stimuli (Wood et al., 2008) whereas in the non-symbolic
SNARC-like effect this claim is less certain. Previous studies of the non-symbolic SNARC-like
effect suggest that an explicit judgment is required to activate a SNARC effect (Cleland & Bull,
2018; Cleland et al., in press). Mitchell et al., (2012) found stimuli in the subitizing range elicited
a more pronounced SNARC-like effect perhaps as this is a precise activation of non-symbolic
quantity.

A robust non-symbolic SNARC-like effect was found across all five studies, supporting the
claim that non-symbolic quantity is represented spatially. However, the interpretation of findings,
although consistent, are open to interpretation. Nevertheless, these findings have implications for
existing models of the SNARC effect by extending this to include non-symbolic quantity in the
ANS range and showing a non-symbolic SNARC-like effect using foot responses. Similarities
between the symbolic SNARC and non-symbolic SNARC-like effects suggests that there is a
shared neurocognitive basis for the spatial representation of symbolic number and non-symbolic
quantity in the brain.

6.3.2 Practical Implications of the Research Findings

Our finding that non-symbolic quantity is spatially represented as evidenced by a non-
symbolic SNARC-like effect may have implications for the design of education curriculum and
appropriate interventions for children with dyscalculia. However, implications of the current
research for dyscalculia are of a speculative nature and await research data. The research reported
in this thesis only tested the spatial representation of non-symbolic quantity in normal adults: we
can only speculate about children with dyscalculia. However, we know that children with
dyscalculia fail to show a SNARC effect for symbolic number (von Aster & Shalev, 2007) and
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tend to show less accuracy in number line tasks (marking the position of a target number on a
line) than controls (Geary, et al., 2008). Children with dyscalculia also tend to have issues with
visuospatial memory (Rotzer et al., 2009). These studies suggest that children with dyscalculia
may have problems with the spatial representation of symbolic number. Training programs that
reinforce the mental number line have had some success for both normal children and those with
dyscalculia (Fischer et al., 2012; Kucian et al., 2011). Dyscalculia is complex in that it cannot be
attributed solely to one cognitive deficit, genetic abnormality, or damage to a specific neural
pathway or region of the brain (Kaufmann et al., 2013; Rubinsten, 2015; Skagerlund & Tréff,
2016). From a neurocognitive perspective, number processing activates the IPS sulci and
posterior parietal gyri (Nieder, 2005). Yet, there is no current consensus on whether the
dyscalculia is related to issues with the ANS or symbolic number brain circuitry (Butterworth,
2010; Cappelletti et al., 2014; Ceulemans, Titeca, Loeys, Hoppenbrouwers, Rousseau, &
Desoete, 2014; Cohen Kadosh, Bien, & Sack, 2012; Dehaene et al., 2003; VVogel, Grabner,
Schneider, Siegler, & Ansari, 2013). Nevertheless, what is known is that together subitising and
the ANS enable understanding of abstract number concepts such as cardinality and ordinality,
supporting numerical representation in the brain (Jacob & Nieder, 2008).

Although there is some evidence of a neural basis and genetic contribution to dyscalculia,
environmental factors are also important (Butterworth, 2010). For example, the issue may lie
with numerical acquisition during schooling. Calculation involves the activation of both complex
brain circuitry and the use individual strategies; it is an acquired skill. Children with dyscalculia
can fail to understand cardinality (the abstract concept of number itself) or ordinality (place
principal or ordering of number). Without an understanding of these concepts, calculation can
elude these children (Rapin, 2016). Innate visual sensitivity to small quantities of items
(subitising) combines with the ANS and enables the ability to detect differences in the number of
items shown in a display, the precision of which reduces as the number of items increases
(Feigenson et al., 2004; Mandler & Shebo, 1982). This innate spatial ability has been purported
to be analogous to being able to tell the difference between stimulus intensity and magnitude for
other sensory modalities (Dehaene, 2003). Early intervention in dyscalculia is critical: the earlier
issues are identified, the earlier remediation can take place (Butterworth, 2010).

Those with dyscalculia often show poor ANS acuity (Mazzocco et al., 2011; Piazza et al.,
2010). Issues with ANS precision have been linked to poor math ability but not consistently.
Similarly, spatial skills have been shown to be predictive of later math ability (Gunderson,
Ramirez, Beilock, & Levine, 2012) and are critical for the ANS, comparison (Cantlon, Platt, &
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Brannon, 2009) and visualising the mental number line (DeWolf, Grounds, Bassok, Holyoak,
2014).

An EEG training study by Grabner and De Smedt (2012) showed that after just two days of
training on multiplication and visual-spatial tasks, increased accuracy and quicker responses were
found to both trained and novel multiplication and visual-spatial stimuli. This improvement was
related to increased theta brain waves (3 — 6 Hz) in the occipital and parietal regions of the brain.
These theta oscillations were interpreted as evidence for practice enhanced learning of spatial and
numerical skills. The study by Grabner and De Smedt (2012) demonstrates that even brief
spatial-numerical training can lead to a positive outcome.

This thesis supported the important but under-researched role of individual differences in
the processing (ratio effect) and spatial representation (non-symbolic SNARC-like effect) of non-
symbolic quantity. In a series of studies, a non-symbolic SNARC-like effect was found. Clear
individual differences in the ANS were shown, providing further understanding of the
mechanisms underlying the non-symbolic SNARC-like effect. There was considerable
heterogeneity of responses, with participants differing markedly in their spatial representation
and ability to process non-symbolic quantity. The findings support the use of person-centred
rather than variable-centred analysis (Dowker, 2005). A better understanding of individual
differences in the spatial representation of non-symbolic quantity would help design more
appropriate math curriculums by targeting more specific interventions for those with math
difficulty.

The findings of this research highlight the importance of the spatial representation of non-
symbolic numerical quantity and taking into account individual differences in grasping abstract
numerical concepts such as cardinality, ordinality. Both the spatial representation of non-
symbolic quantity in the form of a mental number line as well as individual differences in the
different components that together form competency with math should be taken into account
when designing education curriculum and interventions for those with dyscalculia or math
disability where cognition is otherwise normal. Training of ANS acuity and spatial-numerical
may enable those with dyscalculia to progress their math ability. Competency with numerical
concepts is often needed for career success or just being able to navigate activities of daily life
such as shopping and telling the time. Therefore, more research should focus on examining how
the brain processes number.
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6.4 Future Research Agenda

This section will focus on implications of the thesis findings for future research into the
spatial representation of non-symbolic quantity. By considering individual differences of the non-
symbolic SNARC-like effect, the studies reported in this thesis took into account SNARC and
ANS cognitive perspectives in a more comprehensive manner than previous studies of the spatial
representation of non-symbolic quantity.

The findings also show individual differences in calibration for the non-symbolic quantity
judgment task. Ratio of test-to-referent influenced the speed and accuracy of responding.
Individual differences in non-symbolic quantity abilities such as the Weber fraction point to the
possibility some participants found ratios where the target was numerically closer to the referent
more difficult than others. It is crucial to examine these relationships both at the group and
individual level: without accounting for individual differences in numerical acuity for stimuli in
the ANS range subtle differences in the data may be missed. Similarly, the effect of ratio on non-
symbolic quantity judgments is unclear if data is collapsed across targets of differing non-
symbolic quantities: the data should be also examined separately for each individual ratio.

Regardless of the important contributions of this thesis, the findings are limited by sample
size. In all studies we had small sample sizes (N) and large individual differences in RT and
accuracy of response. The spatial representation of non-symbolic quantity does not appear to be
continuous like the spatial representation of symbolic number. Exploring subgroups based on
performance signatures may permit closer examination of individual differences in spatial
representation of non-symbolic quantity. Typical symbolic SNARC analyses such as ANOVA
and linear regression that focus on group level outcomes do not allow in-depth analyses into
individual differences. Latent profile analysis allows a fine-grain analysis of individual
differences. Scores on continuous variables are used to identify discrete classes of similar
individuals. Members of these subgroups are homogenous and tend to exhibit similar response
patterns and on a latent variable (Vermunt & Magidson, 2005). Latent profile analysis could be
used to identify possible subgroup spatial representation performance of the non-symbolic
SNARC-like effect. Individual differences in non-symbolic quantity processing abilities and the
spatial representation of non-symbolic quantity may be of great importance during development
but its role is less clear for adults.

Although a non-symbolic SNARC-like effect was found for stimuli entirely in the ANS
range, we must exercise caution and cannot attribute this result to non-symbolic quantity alone.
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We did not control for all low-level visual cues such as dot size, luminance, texture density and
total surface area in the same display or in different trials for the same participant. Visual cues
such as luminance, dot size and total surface area can be used to make non-symbolic quantity
judgments and have been shown to be spatially represented and show ratio effects. The results of
Studies 1, 2, and 3 showed a non-symbolic SNARC-like effect suggesting that non-symbolic
quantity is represented spatially, though it is unclear if this was indeed the case for all participants
or whether one or more low-level visual cues was being represented spatially. Another
explanation for Study 1 is that the non-symbolic SNARC-like effect we found was not based on
quantity magnitude but instead on luminance (see e.g., Fumarola et al., 2014). However, in two
of our studies® we controlled for luminance by using stimuli with mixed contrast polarity (i.e.,
numbers of black and white dots). A non-symbolic SNARC-like effect was still found, evidence
that the non-symbolic SNARC-like effect we found was not solely based on a judgment of
luminance.

Another explanation for the results of Study 1 is that the non-symbolic SNARC-like effect
may have been due to total surface area, which co-varied with magnitude. However, in Study 2C
we controlled for total surface area by creating targets that had the same number of pixels
regardless of set size and the pattern of results from Study 2C was similar to Study 1. In Study 3,
dots of differing sizes were presented in the same display supporting Zhou et al., (2016) who
used differing dot sizes in the same display and still found a SNARC-like effect. Findings from
Study 1, 2A, 2B are similar to that of Zhou et al., (2016). This suggests participants made
judgments based on quantity rather than total surface area. Moreover, a study by Ren et al.,
(2011) has shown a SNARC-like effect for dot size. Dot that are smaller in size were mapped to
the left side of space. Dots that were larger in size were mapped to the right side of space. That is,
faster responses were found in the Ren et al., study with the right hand to smaller size dots and
with the right hand to larger size dots. Yet in Study 2C physically larger dots that were smaller in
non-symbolic quantity were responded to more quickly with the left hand and physically smaller
dots that were larger in non-symbolic quantity were responded to more quickly with the right
hand. This suggests that in Study 2C judgments were made on the non-symbolic quantity of
arrays rather than dot size.

Studies 2A, 2B, 2C, and 3 explored the effect of different visual cues on the non-symbolic
SNARC-like effect. However, we cannot rule out the influence of visual cues on the non-

6 Studies 2B and 2C.
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symbolic SNARC-like effect, nor can we control for all visual cues simultaneously. However,
given that across the studies reported here the same phenomenon was observed whether visual
parameters were controlled or free to vary. This suggests the non-symbolic SNARC-like effect is
robust across these controls.

Recent studies of the ANS have shown that some of these results are questionable because
of construct validity (Dietrich et al., 2015; Szkudlarek & Brannon, 2017). Further development of
good measures of ANS acuity may be able to be used as a screening tool for children with math
disability. However, until construct validity issues are properly addressed, an appropriate
screening tool can neither be developed nor implemented. Researchers have argued about these
controls (i.e. Gebuis & Reynvoet, 2011; Ross & Burr, 2010). Yet it is questionable if research on
the ANS is just based on these visual controls. Even if you could control for all visual cues
completely would no non-symbolic SNARC-like effect would be found? In everyday life
numerosity co-varies with visual cues. Nonetheless, future research could benefit from further
examining the role of visual cues for the non-symbolic SNARC-like effect to see the degree to
which these cues influence non-symbolic SNARC-like judgments.

Apart from Study 2A, the findings did not identify a consistent relationship between other
cognitive factors, such as VSWM or math ability, and the spatial representation of non-symbolic
quantity. Further research is required to examine the relationship between VSWM and non-
symbolic quantity. However, it is important to note that the correlation between non-symbolic
quantity processing and math performance is quite low and less consistent than that of symbolic
number processing and math performance.

There is currently stronger evidence for an association between non-symbolic quantity and
space in the form of a SNARC-like effect for younger children (Bulf et al., 2016; de Hevia, Izard,
Coubart, Spelke & Streri et al., 2014; Ebersbach et al., 2014; Patro & Haman, 2012) and animals
such as chimpanzees, (Adachi, 2014) rhesus monkeys, (Drucker & Brannon, 2014) and day old
chicks, (Rugani, Vallortigara, Priftis, & Regolin, 2015) than in older children (Berch et al., 1999)
and adults (Mitchell et al., 2012; Zhou et al., 2016). A possible explanation for this difference is
put forward by Cleland, et al., (in press) who propose that infants may be predisposed to
associate non-symbolic quantities and space (de Hevia et al., 2014). However, repeated exposure
to symbolic number may shift this association from non-symbolic quantity to symbolic number.
Thereby, factors such as reading direction and finger counting may influence this spatial-
numerical association for symbolic number. It is less clear how these factors may be related to the
non-symbolic SNARC-like effect, but future studies should examine this in more detail.
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In terms of the relationship between the non-symbolic SNARC-like effect and math,
Cipora, He and Nuerk (in press) acknowledge the complexity of the relationship between the
symbolic SNARC effect and math skill. Cipora et al., reviewed studies that examine the
relationship between the SNARC effect and math skill. They acknowledge null results have been
found across studies as well as a difference of the direction of the relationship between the
SNARC effect and math for adults and children (i.e. larger SNARC is linked to between math
performance in children but the opposite is generally found in adults).

To address this issue Cipora et al., (in press) propose a multi-route model framework of a
SNARC-math skill relationship where several other factors should be considered under differing
conditions. For instance, in children differing pathways such as automatic magnitude and/or
ordinality processing should be considered. Whereas in adults, flexibility in representation and
inhibition of interference may be more important. Cipora et al., suggest the proposed pathways
may act in different directions and cancel each other out and recommend considering domain
general and domain specific processes cognitive processes that may underlie the relationship
between the symbolic SNARC effect and math skill. Some of the known factors to date that seem
to influence spatial numerical associations are age, experience, general cognitive abilities,
learning and practise of math as well as culture (Cipora et al., in press).

Little is known about what factors influence the non-symbolic SNARC-like effect. It is
likely that although some factors may be similar to the symbolic SNARC effect, there may be
others that differ or are more important for non-symbolic quantity processing. More research is
needed in this area. Future research should examine the specific factors such as VSWM and
which components of numerical processing and math that influence the non-symbolic SNARC-
like effect. Future research should also examine profiles for standard and reverse non-symbolic
SNARC and see if there is a correlation between individual differences in the non-symbolic
SNARC, the weber fraction and math ability. It would also be of interest to test the symbolic and
non- symbolic SNARC effect in the same participant as well as including stimuli in the subitising
range.

In sum, inferences that can be made from findings in this thesis are limited by the small
sample size. Individual differences in the spatial representation of non-symbolic quantity can be
further elucidated using other statistical methods such as latent class modelling. This would
enable different profiles of non-symbolic quantity representation to be identified. Nonetheless,
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this research provides a theoretical framework of the non-symbolic SNARC-like effect to further
guide research into the spatial representation of non-symbolic quantity. Based on our findings,
we would like to propose the benefit of a calibration framework to test the non-symbolic
SNARC-like effect where individual differences in the Weber fraction are used to select ratios of
referent and target stimuli. Specifically, the research highlights the importance of considering
individual differences in the non-symbolic SNARC-like effect. Furthermore, this research
indicates important areas for further examination, comprising of a more in-depth investigation
into mechanisms that drive individual differences of the non-symbolic SNARC-like effect, and
spatial representation of non-symbolic quantity in the ANS range, by considering ratio of
referent-to-target stimuli, differing levels of non-symbolic quantity acuity and the use of low-
level cues and strategies when designing tasks to test the non-symbolic SNARC-like effect.

6.5 Conclusion

This thesis had three aims. The first was to examine if non-symbolic quantities are
represented spatially as evidenced by a non-symbolic SNARC effect. The second was to examine
the relationship between the to-be-judged quantity ratios, low level visual cues, and modality of
response on the non-symbolic SNARC-like effect. The third was to examine possible reasons for
individual differences of the non-symbolic SNARC-like effect. Several methodological
limitations were identified that have undermined previous research in this area. First, non-
symbolic quantity has been used across the subitizing and ANS ranges. Yet it has been shown
that these are distinct representation systems with differing RT and accuracy signatures. Second,
there are known measurement issues of the ANS. For example, low-level visual cues such as
luminance, surface area, and dot size can influence non-symbolic quantity processing. The degree
of influence of these visual cues is problematic. Previous research has shown that luminance and
physical size of dots are also represented spatially. This means that previous spatial
representation of non-symbolic quantity cannot be attributed fully to magnitude. Third, there is a
convention toward group-level analysis in the symbolic SNARC literature (i.e. ANOVA and
linear regression). The issue with this form of analysis is that it fails to consider the potential of
individual differences in RT and accuracy performance. However, it has been shown that there
are individual differences in the symbolic SNARC effect and the spatial representation of
number, but the significance those of individual differences is still poorly understood. Group
level analyses have also typically been used in research of the non-symbolic SNARC-like effect.
Nevertheless, the need to acknowledge and investigate these individual differences is perhaps of
even greater importance for models of the non-symbolic SNARC-like effect as there is an
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increase of variance and known individual differences in non-symbolic quantity processing in the
form of individual differences in the Weber fraction.

The key contribution of this thesis has been to support the claim that non-symbolic quantity
in the ANS range is represented spatially from smallest to largest, left to right. This was
demonstrated by a robust non-symbolic SNARC-like effect across all five studies that was
unaffected by manipulations of ratio, visual cues or response modality. There were distinct
individual differences in discrimination of non-symbolic quantity, suggesting that calibration of
the ratio of referent-to-test is an important factor of design of paradigms of the non-symbolic
SNARC-Ilike effect. Large variance of the non-symbolic SNARC-like effect was found
suggesting there are individual differences in the spatial representation of non-symbolic quantity.
The form of the non-symbolic SNARC-like effect was similar to the symbolic SNARC effect.
This finding has implications for neurocognitive models of numerical cognition and suggests
non-symbolic quantity and symbolic number are represented in a similar manner in the brain.
Further understanding of the spatial representation of non-symbolic quantity, especially using
analytic techniques that permit the detection and investigation of individual differences in non-
symbolic quantity representation, may help us gain better insight into how the brain processes
non-symbolic quantity and the cognitive representation of number.
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Appendix A: Edinburgh Handedness Inventory

Name:
Age:
Sex:

Please indicate your preferences in the use of hands in the following activities by putting + in the
appropriate column. Where the preference is so strong that you would never try to use the other hand,
unless absolutely forced to, put ++. If in any case you are really indifferent, put + in both columns.

Some of the activities listed below require the use of both hands. In these cases, the part of the task, or
object, for which hand preference is wanted is indicated in brackets. Please try and answer all of the
questions, and only leave a blank if you have no experience at all with the object or task.

Left Right

. Writing

. Drawing

. Throwing

. Scissors

. Toothbrush

. Knife (without fork)
. Spoon

. Broom (upper hand)
. Striking Match (match)
10. Opening box (lid)

O QNN B ]|W|N|—

i. Which foot do you prefer to
kick with?
ii. Which eye do you use when

using only one?
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Appendix B: Individual RT plots for all participants in Study 3
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Figure 1. RT in seconds as a function of base set size for low and high ratio. For participants S1

— S§18. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Figure 2. RT in seconds as a function of base set size for low and high ratio. For participants S19
— S36. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Figure 3. RT in seconds as a function of base set size for low and high ratio. For participants S37
— S54. LR denotes left-to-right mapping response. RL denotes right to left mapping.



168

L’ LR (low ratio)
® LR (high ratio)
_RL (low ratio)
@ RL (high ratio)

8§55 856 857

S58 ' 59 T seo

561 562 563

564 565 566

867 S68 S69

S70 S71

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Base set size Base set size Base set size

Figure 4. RT in seconds as a function of base set size for low and high ratio. For participants S37
— S54. LR denotes left-to-right mapping response. RL denotes right to left mapping.



169

2
£ LR (low ratio)
15 .LH high ratio)
T 'RL (low ratio) .\‘/.\ ¢ \_\,ﬂ
§ ®RL high ratio) d»“\‘i —{ /1.;7 : e
- 1 ) T [ \_f
= =, ~
o
0.5
S75
0
2
1.5
Ty
[}
2 4
|_
o
0.5
S76 S77 S78
0
2
1.5
o
[0}
2 4
|_
o
0.5 e
S79 S80 S81
0
2
1.5
)
@
2 4
|_
o
0.5
0
2
1.5
o
@
2 4
|_
o
0.5 ' — =
S85 S86 S87
0
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 B0
Base set size Base set size Base set size

Figure 5. RT in seconds as a function of base set size for low and high ratio. For participants S73
— S87. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Appendix C: Individual Accuracy plots for all participants in Study 3
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Figure 1. Proportion correct as a function of base set size for low and high ratio. For participants
S1 - S18. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Figure 2. Proportion correct as a function of base set size for low and high ratio. For participants
S19 — S36. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Figure 3. Proportion correct as a function of base set size for low and high ratio. For participants

S37 — S54. LR denotes left-to-right mapping response. RL denotes right to left mapping
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Figure 4. Proportion correct as a function of base set size for low and high ratio. For participants
S55 — S72. LR denotes left-to-right mapping response. RL denotes right to left mapping.
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Figure 5. Proportion correct as a function of base set size for low and high ratio. For participants

S73 - S87. LR denotes left-to-right mapping response. RL denotes right to left mapping.



