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Chapter 1 : General introduction
Do not worry about your difficulties in Mathematics. I can assure you mine are still greater.
Albert Einstein ( 1879-1955)
If even Einstein had difficulties with mathematics, it is no surprise that so many people are
slightly overwhelmed when presented with problems involving the manipulation of numbers.
When thinking about mathematics we usually tend to think of the higher-level mathematics like
calculus and trigonometry, which most of us would rather leave to the Einsteins among us. And
yet, without realizing it, all of us are very efficient mathematicians in daily life. Going through a
regular day we are constantly manipulating numbers and performing simple calculations without
much difficulty. On a daily basis we use information that is expressed in the format of numbers
like time, dates, ages, distances, and salary. In addition, often without being aware of it, we
perform mathematical calculations, estimations, and numerical comparisons on this information,
for example when paying for groceries, comparing prices of gas at different gas stations,
handling our salary, determining how many days are left before the weekend, and counting the
number of spoons of sugar in our coffee. Modem society seems to surround us with numbers and
it is hard to imagine how one would function normally in it without a basic knowledge of
numbers and how to handle them.
In the past numerical abilities were often thought to be cultural inventions and uniquely
human achievements. However, more current views acknowledge that, although the more
complex numerical and mathematical abilities are cultural achievements and dependent upon
language skills, not all numerical abilities are achievements specific to humans. It is generally
thought that an elementary capacity to understand numbers and to manipulate them underlies the
more elaborate and sophisticated mathematical abilities of humans. These basic numerical
abilities are not unique to humans, but are thought to be part of our evolutionary heritage. The
hypothesis that humans are endowed by evolution with a biologically determined system to
process numbers is supported by evidence from multiple research disciplines. One line of
evidence comes from behavioral studies showing that preverbal human infants already possess
basic numerical abilities. Other evidence supporting the claim that the processing of numbers is
inherent comes from studies demonstrating precursors of numerical abilities in non-human
animals.' Animal studies also demonstrate that the ability to assess numerical information has
ecological advantages, given that numerical judgments can be helpful in fight or flight decisions,
1

For the sake ol brevity, 'non-human animals' will be referred to in the following simply as 'animals'.

7

in foraging, and in parenting As a final point, lesion and brain-imaging studies demonstrate
evidence for the existence of a specific neural substrate involved in number processing (for
reviews, see Dehaene, 1997, 2001, Dehaene, Dehaene-Lambertz, & Cohen, 1998, Dehaene,
Piazza, Pinel, & Cohen, 2003, Galhstel & Gelman, 1992, Nieder, 2005)
Since numbers are an integral part of our lives, it is not surprising that questions related to
how the brain represents numerical information and how such information is processed have
become a focus of interest to many researchers Since these issues constitute the focus of the
present thesis, first an overview will be given of the relevant literature concerned with how
numerical information is used and represented in human infants, animals, and human adults

Numerical abilities in infants
Over the last few decades, considerable evidence has been collected showing that human
infants are able to perform numerosity discriminations and elementary arithmetic operations
One of the first studies on numerical abilities in infants was done by Starkey and Cooper (1980),
who used the habituation-recovery method of looking time to study infants' perception of
numbers They presented 22-week-old infants with an array containing a certain number of dots
(e g two dots) until the infants showed a decrease in looking times After this sign of habituation
to the presented array, it was replaced by an array with a different number of dots (e g three
dots) The presentation of this new array resulted in an increase in looking times, suggesting that
infants were able to discriminate between arrays of two or three dots
Results of a study by Wynn (1996) suggest that this ability to discriminate between small
numerosities is not restricted to the perception of objects In this study, Wynn demonstrated that
6-month-old infants can distinguish a puppet making two jumps from a puppet making three
jumps, suggesting that infants can also detect differences in the number of physical actions
Furthermore, a study by Starkey, Spelke, and Gelman (1983) implies that the ability of infants to
detect numerical information is not limited to the visual system, but can be transferred between
the visual and auditory modalities When 7-month-old infants were presented with two visual
slides, one with two and one with three objects, and simultaneously heard either two or three
drumbeats, they showed a preference for the slide whose number of objects corresponded to the
number of beats heard More specifically, when the number ol beats was two, infants preferred
the slide with two objects, whereas with three beats infants preferentially looked at the slide with
three objects
In addition to the ability to discriminate between numerosities, infants even seem to be able
to perform simple arithmetic operations Wynn (1992) presented 5-month-old infants with either
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simple addition (1 + 1) or subtraction (2-1) problems. In the addition condition, a single object
was presented to the infant before it was hidden by placing a screen in front of the object.
Subsequently, an additional object was shown to the infant and, clearly visible for the infant,
placed behind the screen. Then, the screen was dropped revealing either one or two object(s).
The procedure in the subtraction condition was similar, except that two objects were presented at
the start of a trial and an object was removed instead of added. In the addition condition, looking
times were longer for the one object outcome than for the two objects outcome, whereas in the
subtraction condition looking times were longer for two objects than for one object. In other
words, in both conditions, infants looked significantly longer at the incorrect outcome than at the
correct outcome.
More recently, however, there has been some criticism of the above mentioned studies,
arguing that these studies did not properly control for continuous variables that covaried with
numerosity, like total filled area, brightness, contour length or amount of motion in the display,
and that the results of these studies could be attributed to such confounding variables. Indeed,
evidence has been collected that infants, when discriminating between small sets of items, do not
so much detect changes in numerosity, but rather detect changes in the continuous variables
correlated with these numerosity changes. For example, Clearfield and Mix (1999) demonstrated
that infants were not able to discriminate on the basis of numerosities when displays were
controlled for variations in contour length. More specifically, they observed that infants failed to
discriminate between displays that varied in number of items but not in contour length, although
the infants successfully discriminated between displays with different contour lengths but equal
number of items.
As a consequence, subsequent studies on infants' abilities to make numerosity
discriminations controlled more carefully for possible confounding variables. Still, results of
these studies suggest that infants possess numerical abilities, although these abilities seem to be
restricted to large numerosity discrimination. For example, 6-month-old infants can successfully
discriminate between 8 and 16 sounds (Lipton & Spelke, 2003), between 8 and 16 dots (Xu &
Spelke, 2000), and between 16 and 32 dots (Xu, Spelke, & Goddard, 2005), indicating that
infants can discriminate between large sets of numerosities. However, these studies also
demonstrate that this discrimination of numerosities is still very imprecise, given that infants fail
to distinguish 8 sounds from 12 sounds (Lipton & Spelke, 2003), 8 dots from 12 dots (Xu &
Spelke, 2000), or 16 dots from 24 dots (Xu et al., 2005). More specifically, infants' ability to
perform numerical discriminations seems to be subject to a ratio limit as is shown by the
observation that, by the age of 6 months, infants are able to discriminate between numerosities
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with a ratio of 1:2 (e.g. 8 vs. 16) but not between numerosities with a ratio of 2:3 (e.g. 8 vs. 12).
However, the precision of numerosity discrimination improves over infancy, as indicated by the
finding that, in contrast to 6-month-old infants, 9-month-old infants were able to discriminate
between 8 versus 12 sounds (Lipton & Spelke, 2003).
The studies reviewed above demonstrate that basic numerical abilities, although not yet fully
matured, are already present in preverbal infants very soon after birth. The early emergence of
these abilities suggests that an elementary knowledge of numbers and how to manipulate them is
an innate and ontogenetically shared capacity.

Numerical abilities in animals
Another line of research on numerical cognition has concerned itself with determining
whether numerical abilities are unique to humans or whether they are also present in animals.
These studies demonstrate that animals, such as rats, pigeons, dolphins, monkeys, and apes, are
able to discriminate numerosities and to solve simple arithmetic problems and that these abilities
are comparable to the numerical abilities observed in human infants.
One of the first studies on numerosity discrimination in animals was done by Mechner
(1958) in which he demonstrated that rats can discriminate between the number of responses.
Mechner trained rats to press a lever a fixed number of times before switching to another lever
by reinforcing a press on the second lever only when it was preceded by 4, 8, 12 or 16 presses on
the first lever. Mechner and Guevrekian (1962) replicated this setup with rats deprived of water
to change the tempo in which the rats pressed the first lever. The rats pressed in a faster tempo,
but still pressed the lever approximately the required number of times before switching to the
other lever, indicating that they really distinguished the lever presses based on numerosity and
not based on their duration. Other evidence that animals can discriminate between numerosities
comes from experiments in which the animals had to discriminate between numbers of stimuli.
For example, Femandes and Church (1982) showed that rats are capable of discriminating
between number of sounds, when variables such as duration of each sound, total sound duration,
interval between each sound, and total sequence duration are controlled for. Similarly, Roberts,
Macuda, and Brodbeck (1995) showed that pigeons can distinguish between different numbers of
light flashes. In addition, Mitchell, Yao, Sherman, and O'Regan (1985) showed that dolphins are
even able to perform symbolic numerosity discriminations. They trained a dolphin to
discriminate between objects based on the number offish the objects represented and observed
that the dolphin had learned to choose the object that represented the largest number offish
among simultaneous presentations of two to five objects.
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However, just as human infants, animals are characteristically imprecise in numerosity
discriminations. For instance, the results of Mechner (1958) showed that in the condition in
which four presses were required, rats often pressed four times before switching to lever B, but
in a considerable number of trials pressed five or six times before switching. In addition, his
results demonstrated that this imprecision increased with the required number of presses, with
lever presses up to 24 times in the condition in which 16 presses were required.
Evidence that rats have some abstract concept of numerosity, independent of stimulus
modality, comes from studies showing that rats are able to transfer a discrimination learned in
one modality to another modality without additional training (Church & Meek, 1984; Meek &
Church, 1983). Church and Meek (1984) trained rats to distinguish sequences of two sounds
from sequences of four sounds by pressing respectively a right or a left lever. After the rats
learned to perform this discrimination correctly, visual stimuli instead of auditory stimuli were
presented. Without additional training, the rats then pressed the right lever following two lights
and the left lever following four lights, indicating cross-modal transfer of numerosity.
In addition to merely discriminating on the basis of numerosity, some animals seem to
perform arithmetic operations. Hauser, MacNeilage, and Ware (1996) tested the ability to add
and subtract in rhesus monkeys living in the wild by using a simplified version of Wynn's (1992)
experiment. Just as the human infants, the monkeys looked significantly longer at incorrect
outcomes than at correct outcomes of 1+1 and 2-1, suggesting that monkeys are able to solve
simple addition and subtraction problems. However, the same criticism that was made of the
original Wynn study is just as relevant here and it could likewise be that the monkeys'
performance on this task was biased by confounding variables and might not reveal true
arithmetic abilities. More conclusive evidence that animals can perform simple arithmetic
problems comes from a study in which chimpanzees were allowed to pick one of two trays, each
containing two piles of chocolates, as a treat. The piles contained different numbers of
chocolates such that on each trial, while one tray contained more chocolates in total, the tray
with the most chocolates did not necessarily have two piles that each had more chocolates than
the piles on the other tray (e.g., one tray contained two piles of 3 chocolates and the other tray
contained piles of 1 and 4 chocolates). In more than 90% of the trials, the chimpanzees chose the
tray with the largest total amount of chocolates, indicating that they summed the number of
chocolates on each tray before comparing the number of chocolates between trays (Rumbaugh,
Savage-Rumbaugh, & Hegel, 1987). Similar results were found by Boysen and Bemtson (1989),
who showed that chimpanzees can sum food items placed at different sites in a room. In
addition, they showed that the chimpanzee, trained to use Arabic numbers to represent
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numerosities, could add up Arabic numbers, when instead of food items, cards with Arabic
numbers were placed at different sites in the room.
Other evidence for numerical ability in monkeys was found by Brannon and Terrace (1998,
2000), who taught monkeys to order pairs of exemplars of the numerosities one to four in an
ascending order. After the monkeys had learned to perform this task correctly, monkeys were
presented with pairs of exemplars of the numerosities one to nine. Without additional training,
the monkeys ordered the novel numerosities five to nine correctly, suggesting that monkeys have
a true understanding of numerosities and their ordinal relations.
The studies on numerical abilities of animals, comparable to the numerical abilities observed
in human infants, are taken as evidence that just as human infants, animals also possess basic
numerical abilities. These findings seem to support the claim that the more elementary numerical
abilities are not only ontogenetically but also phylogenetically shared abilities. Furthermore, both
animal and infant studies suggest that an abstract, amodal representation of numerical quantity
underlies these basic abilities. This magnitude representation in animals and infants is thought to
be similar to the one underlying the numerical abilities human adults possess, even though some
of the abilities in human adults are far more elaborate and sophisticated than those of animals
and infants (Dehaene, 1997, 2001; Dehaene et al., 1998; Nieder, 2005).

Do animals, human infants, and adults process numerosity in a similar way?
However, merely demonstrating that infants and animals possess numerical abilities is not
sufficient to provide evidence for the idea that animals and humans share a common
representation of numerical quantity. More conclusive evidence for this notion comes from
studies showing profound similarities between human and animal numerical abilities, indicating
that animals, infants, and adults process numerosities in a similar way. Washburn (1994) made a
direct comparison between the numerical abilities of human adults and rhesus monkeys,
previously trained to use Arabic digits to ordinally represent numerosities. In his experiment, two
arrays, each with one to seven elements, were presented on the screen and participants had to
choose the array with the most elements. In the baseline trials, the elements in the arrays were
letters (A/B/C/D), but in the congruent and incongruent trials, the elements in the arrays were
digits. In the congruent trials, the array with the most elements was composed of the numerically
larger digit (e.g. seven χ 7 vs. two χ 2), whereas in the incongruent trials the array with the most
elements was composed of the numerically smaller digit (e.g. seven χ 2 vs. two χ 7). Both
humans and monkeys responded faster to congruent trials than to baseline trials and responded
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slower to incongruent trials than to baseline trials, suggesting that humans and monkeys process
the meaning of the digits, even though irrelevant for this task, in the same automatic manner.
Additional evidence that humans and animals process numerosity in a similar way comes
from studies observing that, for both animals and humans, the performance on numerosity
discrimination reveals distance and size effects. The "distance effect" is the systematic increase
in response times and number of errors as a consequence of a decrease in the numerical distance
between two numerosities. The term "size effect" describes, for a given numerical distance, the
systematic increase in response times and number of errors as the numerical size of the
numerosities increase. These distance and size effects are observed in a number of studies in
which animals perform numerosity discriminations (e.g., Mechner, 1958; Mitchell et al., 1985;
Washburn & Rumbaugh, 1991). For example, Brannon and Terrace (1998, 2000) observed
distance and size effects in the performance of monkeys asked to order pairs of exemplars of the
numerosities one to nine in an ascending manner. Monkeys were faster and more accurate in
ordering exemplars of numerosities when the numerical distance between the two numerosities
was large (e.g. exemplars of three and nine) than when it was small (e.g. exemplars of seven and
nine). Furthermore, they observed that, when the distance between the two numerosities was
held constant, monkeys were faster and more accurate in ordering exemplars of small
numerosities (e.g. exemplars of three and five) than in ordering exemplars of large numerosities
(e.g. exemplars of seven and nine).
Similar distance and size effects have been observed in humans when asked to discriminate
between sets of dots based on numerosity (Buckley & Gillman, 1974; van Oeffelen & Vos,
1982) and when asked to discriminate between the number of responses they make, without
counting them (Whalen, Gallistel, & Gelman, 1999).
The distance and size effects observed in both animals and human adults indicate that
numerosity discriminations obey Weber's law, which states that the discriminability of two
numerosities depends on their ratio (Dehaene, 2001; Gallistel & Gelman, 1992). Numerosities
that are close together (such as two and three) have a smaller ratio than numerosities that are
farther apart (such as two and four) and are, as a result, harder to distinguish (distance effect).
Similarly, for equal distances between two numerosities, larger numerosities (such as eight and
nine) have a smaller ratio than small numerosities (such as two and three), and are, therefore,
harder to discriminate (size effect). This ratio dependence is also observed in human infants
when they perform large numerosity discriminations (see the section on infant studies presented
above).
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To summarize, multiple studies indicate that animals and infants possess basic numerical
abilities. Along with the observation of clear parallels between animals' and humans' numerical
abilities these findings suggest that animals and humans share a universal system to represent
numerical quantity that underlies these basic abilities. These studies thus provide supporting
evidence for the view that both animals and humans are endowed by evolution with a capacity
for the elementary understanding and manipulation of numerosities. This elementary capacity is
thought to be the foundation of the uniquely higher-level numerical abilities, like counting,
calculation algorithms, and mathematical abilities that humans acquire during life (Dehaene,
1997, 2001; Dehaene et al., 1998; Gallistel & Gelman, 1992; Nieder, 2005).

Two systems for processing numerosity
Recently it has been proposed that animals, infants, and human adults might have access to
two different systems to assess numerosity: One system for the exact representation of small
numbers of individual objects and another system for representing approximate numerical
magnitudes (Carey, 2001 ; Feigenson, Dehaene, & Spelke, 2004; Nieder, 2005; Xu, 2003). The
object-tracking system is thought to be an exact system that is able to keep track of a small
number of objects (three to four) and to represent information about the continuous quantitative
properties of these objects. This system is thought to have a size limit, because it can only
represent a limited number of items and fails beyond this limit. In addition, the system is not
explicitly equipped to enumerate objects (e.g., Simon, 1997; Trick & Pylyshyn, 1994). The
performance of infants on small numerosity discrimination tasks (e.g., Starkey & Cooper, 1980)
is, for example, thought to depend on this object-tracking system (Dehaene, Molko, Cohen, &
Wilson, 2004).
The second system is the analogue magnitude system that represents numerosities internally
as continuous magnitudes." In contrast with the first system, this system has no upper limit of
the number of objects it can represent, but becomes systematically less precise with increasing
numerosity. It is thought to form the basis of large numerosity discrimination in animals (e.g.
Mechner, 1958), infants (e.g. Xu et al., 2005), and human adults (e.g. Whalen et al., 1999) and to
underlie the observed distance and size effects in these discriminations (e.g. Dehaene, 1997).

Symbolic number processing in humans
The numerical abilities of human adults are not limited to the elementary, approximate, and
non-symbolic numerical abilities that humans seem to have in common with animals. Using
" The word magnitude refers to the analogue mental representation of a numerical quantity.
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symbols for numbers, such as Arabic digits and number words, humans are able to perform more
precise, complex, and complicated numerical and mathematical operations At present, it is not
clear whether the object-tracking system can be activated when human adults perform tasks in
which numerosities are presented in symbolic notation (Feigenson et al, 2004) In contrast, there
are numerous studies indicating that the analogue magnitude system is accessed even when
symbolic numbers are presented For example, the previously mentioned distance effect is not
only found when (human) participants have to discriminate between sets of objects based on
numerosity, but even when participants have to compare numbers presented in symbolic
notation, like Arabic digits and number words A first demonstration of the distance effect with
Arabic digits was given by Moyer and Landauer (1967), who presented participants with pairs of
digits (1-9) and asked them to decide which digit was larger They observed that decision times
were longer and more errors were made when the numerical distance between the two digits was
small (eg 7 vs 9) than when the numerical distance was larger (eg 2 vs 9) Following this
original observation, subsequent studies extended the distance effect to two-digit numbers
(Dehaene, Dupoux, & Mehler, 1990, Hinnchs, Yurko, & Hu, 1981 ) and number words
(Dehaene, 1996) In addition to the distance effect, the size effect can also be observed when
participants discriminate numerically between Arabic digits For example. Banks, Fujn, and
Kayra-Stuart ( 1976) demonstrated that, when the distance between the digits was held constant,
response times in a numerical discrimination task were faster for small pairs (eg 1 vs 2) than
for large pairs (eg 8 vs 9)
The distance and size effects with numbers in symbolic notation are generally taken as
evidence that digits and number words are internally transformed onto an analogical
representation of numerical magnitude, which becomes less precise as numbers get larger
(Dehaene, 2001, Gallistel & Gelman, 1992, Moyer & Landauer, 1967, Restie, 1970) This
magnitude representation seems to be automatically activated whenever a digit is presented to
participants For example, Dehaene and Akhavein (1995) asked participants whether two
numbers were physically the same or different Even though this judgment could be based
completely on nonnumencal information, a distance effect was observed in response times,
indicating that the mental representations of the numbers were nevertheless activated Other
support for this assumption comes from a study by Hemk and Tzelgov (1982), who presented
participants with pairs of digits, varying both in physical and numerical size, and asked them to
judge which of the two digits was larger in physical size In congruent trials, the physically
larger digit was also numerically larger (e g 6 4), while in incongruent trials, the physically
larger digit was numerically smaller (eg 6 4) Hemk and Tzelgov observed that response times
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were faster on congruent trials than on incongruent trials. In addition, this size congruency effect
was modulated by numerical distance; on incongruent trials, response times were slower when
the numerical distance between the two digits was large than when it was close.
A mental number line as internal representation of numerical magnitude
The internal representation of numerical magnitude can be thought of as a mental number
line, onto which numbers are mapped by activating the corresponding part of the mental number
line (Dehaene, 1992, 2001; Gallistel & Gelman, 1992; Restie, 1970). Currently, there are two
opposing models of the mental number line, which can both account equally well for the distance
and size effects observed in numerical comparison tasks. The first model, hereafter referred to as
the linear model, asserts that the mental number line has a linear scale and, consequently, equal
distances between numbers are represented by equal distances between their corresponding
mental magnitudes. The linear model also states that the spread of the magnitude distribution
increases with the size of the number, resulting in larger variability in the mental representations
of large numbers (Gallistel & Gelman, 1992). In contrast, the second model, hereafter referred to
as the compressed model, assumes that the variability in the mental magnitude representation is
the same for each number. This second model further proposes a compressed (e.g. logarithmic)
rather than a linear number line, with larger numbers mapped closer together than smaller
numbers (Dehaene & Mehler, 1992). In both models, numerically close numbers have more
overlapping distributions than numbers that are numerically farther apart. As a consequence,
numerically close numbers are harder to distinguish, resulting in the occurrence of the distance
effect. The size effect is explained by the fact that large numbers have more overlapping
distributions than small numbers. In the linear model, this larger overlap is attributed to the
larger variability in the representations of large numbers. In the compressed model, there is more
overlap for large numbers, because these numbers are closer together on the mental number line.
However, the models differ with respect to the subjective difference between two numbers (i.e.
the difference between the mental magnitudes onto which the numbers are mapped). In the
compressed model, for a given distance between two numbers, the subjective difference
decreases when the numerical size of the numbers increases (e.g. the difference between eight
and six is subjectively smaller than the difference between four and two). In contrast, in the
linear model, for a given distance between two numbers, the subjective difference between two
numbers does not depend on their numerical sizes (and thus the subjective difference between
eight and six is similar to that between four and two). Put differently, for two equally
discriminable number pairs (e.g. two-four and four-eight), in the compressed model the

16

subjective difference between the numbers is the same for both pairs, whereas in the linear
model the subjective difference between the numbers is larger for the pair with the larger
numbers (Dehaene, 1997, Gallistel & Gelman, 1992, Kaufmann & Nuerk, 2005)
With the available behavioral paradigms it is hard to disentangle the two models, since they
make similar predictions with respect to the distance and size effects Another line of numerical
cognition research, however, has been shown to be helpful in shedding light on this issue Using
single-cell recordings in animals, Nieder, Freedman, and Miller (2002, Nieder & Miller, 2003)
observed that neurons in the lateral prefrontal cortex of monkeys were tuned to specific
numerosities In other words, neurons fired optimally to a specific numerosity and were less
active in response to numerosities close to this specific numerosity Moreover, they
demonstrated that neural tuning curves were better described by a logarithmic scale than by a
linear scale, supporting the idea of a compressed (e g logarithmic) rather than a linear mental
number line (Dehaene, 2002, 2003, Verguts & Fias, 2004)

Brain areas involved in number processing
Evidence from both brain-imaging and lesion studies in humans suggests that areas in the
parietal cortex of the brain are involved in number processing (for an excellent review, see
Dehaene et al, 2003) More specifically, results from these studies indicate that the horizontal
segment of the intrapanetal sulcus in both hemispheres plays a central role in the formation of an
analogue representation of numerical magnitude, independent of the notation (symbolic or nonsymbolic) and modality (e g visual or auditory) in which the numbers are presented Dehaene et
al (2003) review evidence that the horizontal segment of the intrapanetal sulcus is
systematically activated when participants perform tasks that require the access to a semantic
representation of magnitude, such as certain arithmetic operations (e g estimation or subtraction)
or numerosity comparisons (cf Chochon, Cohen, van de Moortele, & Dehaene, 1999, Dehaene,
Spelke, Pinel, Stanescu, & Tsivkin, 1999, Pinel, Dehaene, Riviere, & LeBihan, 2001)
Furthermore, they refer to studies that show the activation of this area to be modulated by the
numerical size of numbers used in tasks and by the numerical distance between two numbers in a
comparison task (cf Pinel et al, 2001) A recent study demonstrated that the horizontal segment
of the intraparietal sulcus is activated even in a nonnumencal task in which the participants were
merely presented with numbers (Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003) It is
suggested that the horizontal segment of the intraparietal sulcus in both hemispheres might be a
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number-specific neural substrate, given that these areas play a crucial role in the formation and
manipulation of mental magnitude representations (Dehaene et al., 2003).3
The SNARC effect
The overview of studies presented above demonstrates that an elementary capacity to
represent and manipulate numbers underlies all our numerical and mathematical abilities. This
capacity seems to be evolutionarily determined as indicated by the demonstrations of similar
capacities in human infants and animals and of the existence of a specific neural network
involved in number processing. Unique to humans is the use of symbols for numbers, but
numerous studies show that both non-symbolic and symbolic numbers are represented in a
similar way as continuous mental magnitudes, which can be thought of as ordered along a mental
number line.
Additional evidence for the notion of an internal continuous representation of numerical
magnitude comes from the SNARC (spatial-numerical association of response codes) effect that
was first demonstrated by Dehaene, Bossini, and Giraux (1993). This effect describes the
observation that parity judgments to numerically small numbers (such as 1 or 2) are faster with
the left hand, whereas parity judgments to numerically large numbers (such as 8 and 9) are faster
with the right hand. The occurrence of the SNARC effect is generally taken as evidence that
numbers are automatically represented as continuous magnitudes and, furthermore, that these
magnitudes are, at least in cultures with a left-to-right writing system, ordered along a mental
number line with a left-to-right orientation.

Outline of this thesis
The focus of the present thesis will be on the exploration of this SNARC effect.'1 Chapter 2
investigated whether the SNARC effect is indeed a reflection of a space-related representation of
mental magnitude rather than an indication of an overleamed association between numbers and
hands. We, therefore, asked the participants to perform a parity judgment task by responding
either by pressing the corresponding button on a button box or by saccading to the left or right to
be able to compare the SNARC effects for the manual and saccadic conditions.

3

In addition to this area involved in the representation of magnitude, Dehaene et al (2003) propose two more
systems in the parietal lobe that are activated with certain numerical tasks The left angular gyrus, which is part of
the language system, is activated when arithmetic operations, such as multiplication, call upon a verbal coding of
numbers. In addition, the posterior superior parietal area in both hemispheres is thought to be involved in attenlional
orientation on the menial number line.
The chapters in this Ihesis were written as independent papers and, as a result, share some of the theoretical
background presented.
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Chapter 3 sought to determine the functional locus of the SNARC effect by varying the way
in which the digits were presented to the participants (central vs. lateralized) and the way in
which the participants had to respond (vocal vs. manual). Up to this point, the SNARC effect had
been studied only with lateralized responses (e.g. manual or saccadic) and central stimuli,
indicating that the SNARC effect occurs at a late response-related stage. By comparing the
results of centrally versus laterally presented digits, it was possible to determine whether early
processing stages, such as stimulus identification, had an additional contribution to the SNARC
effect.
Chapter 4 elaborated on the question of Chapter 3 and studied the electrophysiological
signature of the SNARC effect by measuring both event-related and lateralized readiness
potentials (ERPs and LRPs, respectively). By comparing stimulus-locked and response-locked
ERPs, we tried to confirm the observation in Chapter 3 that the SNARC effect only arises in
response-related stages. By using stimulus-locked and response-locked LRPs, we attempted to
determine whether the SNARC effect arises in a response selection stage or in a response
preparation and execution stage.
Chapter 5 explored an apparent contradiction between the results of the previous chapters
and a study by Fischer (2003). By replicating and extending Fischer's task, we tried to find an
explanation for this difference.
Chapter 6 provides a summary and discussion of the role of the SNARC effect in numerical
cognition. In addition, some unresolved issues concerning the SNARC effect will be addressed.
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Chapter 2: Moving the eyes along the mental number line1
Abstract
Manual parity judgments about numerically small (large) digits are faster with the left (right)
hand, even though parity is unrelated to numerical magnitude per se (the SNARC effect;
Dehaene, Bossini, & Giraux, 1993). According to one model, this effect reflects a space-related
representation of numerical magnitudes (mental number line) with a genuine lefl-to-right
orientation. Alternatively, it may simply reflect an overlearned motor association between
numbers and manual responses - as, for example, on typewriters or computer keyboards - in
which case it should be weaker or absent with effectors whose horizontal response component is
less systematically associated with individual numbers. Two experiments involving comparisons
of saccadic and manual parity judgment tasks clearly support the first view; they also establish a
vertical SNARC effect, suggesting that our magnitude representation resembles a number map,
rather than a number line.

1
This chapter has been published as: Schwarz, W. & Kcus, I.M. (2004) Moving the eyes along the menial number
line: Comparing SNARC efTecls with saccadic and manual responses. Perception & Pn'chophyua, 66, 651-664
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Daily life constantly confronts us with numerical information that we use to better apprehend
and describe our environment and to plan and guide actions that we take. For example,
information about many important parameters of our environment, such as distances, dates,
temperatures, weight, ages, prices, or exam grades, are usually communicated in formats
involving numbers. Accordingly, the characteristics of how we represent numerical information
have been the subject of considerable research over the last 2 decades that has led to a detailed
understanding of how we process numerical information, of how these cognitive skills develop
from early age on, and also of the neuronal circuits underlying the various forms of numerical
processing in humans (for detailed summaries, see Ashcraft, 1992; Besner & Coltheart, 1979;
Butterworth, 1999; Corballis, 1994; Dehaene, 1997; Dehaene, Dehaene-Lambertz, & Cohen,
1998; Gallistel & Gelman, 1992; McCloskey, 1992).
An influential concept that has emerged from this work is the translation of digits into
percept-like analogue representations, a continuous or fine-graded more-or-less code, much like
sensory representations of extensive physical attributes such as color or contrast. This analogue
magnitude representation is thought to be fast, inaccurate, and preverbal; it is assumed to be a
prerequisite developmental stage to the build-up of slower, but exact, verbal algorithms that form
the basis of our abstract (e.g., algebraic) computational cognitive skills. Evidence supporting
these conclusions comes from experimental, comparative, physiological, and developmental
psychology and has recently been extensively reviewed (Butterworth, 1999; Dehaene, 1997;
Dehaene et al., 1998). The analogue mode of numerical processing is thought to be based on a
distributed representation, not unlike the sensory representation of extensive object features.
More specifically, numbers are often assumed to be represented along a mental number line
(Restie, 1970), and various detailed, process-oriented models have been proposed to explain how
different magnitudes are coded as space-related representations along this hypothetical number
line (e.g., Dehaene, 1997; Gallistel, 2002; Schwarz & Ischebeck, 2000; Schwarz & Stein, 1998).

The SNARC effect as evidence for the mental number line
Just how literally can this metaphor of a mental number line be taken? For example, if
numbers are internally represented along a mental line, what is this line's direction of
orientation? One line of evidence addressing these questions comes from brain-imaging studies
indicating a significant overlap of the brain areas activated by numerical tasks and by tasks
requiring the processing of spatial or location information (Chochon, Cohen, van de Moortele, &
Dehaene, 1999; Dehaene et al., 1998; Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1999; Göbel,
Walsh, & Rushworth, 2001). More specifically, numerical tasks activate regions in the inferior
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parietal cortex, a brain region that is well known to be actively involved in the coding of spatial
representations as well (e.g., Colby & Goldberg, 1999). Supporting this view, Zorzi, Pnftis, and
Umiltà (2002) have reported that patients with a neglect of the left visual field due to a right
parietal lesion exhibit systematic rightward shifts in a number bisection task - as if they
neglected the left portion of the mental number line - whereas control patients and healthy
normals have no systematic problems with this task. Conceivably, then, our number
representation may be inherently space related because it exploits or coactivates neural networks
that deal primarily with the processing of spatial information.
Further important evidence regarding the above-mentioned questions is provided by a study
of Dehaene, Bossini, and Giraux (1993), who asked participants to indicate the parity (odd vs.
even) of digits with manual (left- vs. right-hand) responses. They found that response times
(RTs) were systematically modulated by the digit's magnitude: Even though numerical
magnitude per se was, in principle, irrelevant forjudging the digit's parity, small digits (e.g., 1,
2) were responded to more quickly with the left than with the right hand, whereas large digits
(e.g., 8, 9) were responded to more quickly with the right than with the left hand. This systematic
spatial-numerical association of response codes (SNARC effect) was observed across a
considerable range of different experimental conditions involving variations of the participant's
handedness and the number's notational format. Note that the SNARC effect is independent of
the main effects of left versus right hand and odd versus even responses; rather, it refers to the
interaction of the responding hand (left vs. right) with numerical magnitude. Subsequent research
has confirmed the basic SNARC effect, studied its developmental changes from young age on
(Berch, Foley, Hill, & McDonough Ryan, 1999), and extended it to less number-related tasks,
such as phonemic monitoring (Fias, 2001; Fias, Brysbaert, Geypens, & d'Ydewalle, 1996).
According to Dehaene (1997; Dehaene et al., 1993; for related views, see Bächtold, Baumüller,
& Brugger, 1998; Butterworth, 1999; Fias, 2001; Fias et al., 1996; Fischer, 2001; Fischer, Castel,
Dodd, & Pratt, 2003), these findings collectively suggest two basic interrelated conclusions. The
first conclusion is that under some conditions, presenting a number seems to call up an internal
magnitude representation - even in situations in which magnitude per se is logically irrelevant
and could, therefore, be in principle ignored (cf. Otten, Sudevan, Logan, & Coles, 1996; Schwarz
& Heinze, 1998; Sudevan & Taylor, 1987). This conclusion fits in with related Stroop-type
congruency effects obtained in interference experiments in which humans judge the physical size
of digits or whether two digits are physically the same or different. In these tasks, the digit's
numerical magnitude is also, in principle, irrelevant but still systematically modulates the
observed response latencies (Algom, Dekel, & Pansky, 1996; Dehaene & Akhavein, 1995;
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Girelli, Lucangeli, & Butterworth, 2000; Pansky & Algom, 1999; Schwarz & Ischebeck, 2003;
Tzelgov, Meyer, & Henik, 1992).
Second, Dehaene et al.'s (1993) findings also suggest the notion that this magnitude
representation is inherently space related and, therefore, amenable to spatial-numerical
association effects. More specifically, the internal representation of numbers seems to be such
that increasing numerical magnitudes are ordered in a left-to-right orientation along a
hypothetical mental number line (e.g., Restie, 1970).
The manual association hypothesis: Eye and hand dissociated?
Although the first conclusion seems to be widely accepted for many conditions and tasks
(but see Pansky & Algom, 1999, 2002, for a systematic and careful exploration of the boundary
conditions), alternative views regarding the second conclusion are conceivable (see, e.g.,
Bächtold et al., 1998). For example, there is a growing body of evidence showing that many
effects previously thought to be purely cognitive in nature are, to a surprising degree, effector
specific; for example, Milner and Goodale (1995) have demonstrated how manual and visual
grasping responses can be systematically dissociated. More recently, Glover and Dixon (2001,
2002) have advanced a general model in which the perceptually guided planning of motor
actions, such as reaching or grasping, and the on-line-controlled actual execution of this action
are systematically dissociated. In support of their proposal, they demonstrated that in a grasping
task, context-induced illusions systematically distorted the perception of the target disk size and
the initial planning of a motor action, whereas the actual execution of the motor action, as
measured by grip aperture, revealed a steadily decreasing effect of the illusion {on-line action
control). On this general view, the SN ARC effect might not so much reflect the nature of our
internal representation of numerical magnitude per se {perception) but, rather, result from a
highly overleamed motor association between particular numbers and particular manual
responses (action) - largely independently of how these numbers are internally represented. To
illustrate (and overstate) this argument with a simplified analogy, consider that most Europeans
are used to associate, and to handle more efficiently, forks and knives with the left and the right
hands, respectively. However, it seems unlikely that this fork-left and knife-right superiority (as
compared with the converse mapping) results from a space-related internal representation of
cutlery. Rather, it simply reflects the fact that particular motor effectors are strongly associated
and, thus, more effective with particular objects. For example, Bächtold et al. (1998) found that
when participants had to relate numbers to locations on a ruler, the usual SNARC effect was
replicated; however, when the same numbers had to be related to the circular face of a standard
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analogue clock (ι e , smaller numbers right, larger numbers left), a reverse SNARC effect was
obtained Other obvious examples in the context of number processing are slide rulers,
typewriters, and computer keyboards - instruments in which small versus large numbers are
regularly associated with the activation of the left versus the right hand, respectively For
example, professional typists are trained to use a digit-to-hand mapping such that the left hand
covers the digits 1-5 and the right hand the digits 6-9, and even less professional users of
standard keyboards apply essentially the same digit-to-hand mapping According to this
alternative manual association hypothesis, the SNARC effect would thus not so much reflect an
internal, genuinely space-related number representation but, rather, result from the fact that we
have available highly overleamed (and thus very efficient) number-to-hand motor associations
In contrast, according to the number line interpretation of the SNARC effect, the advantage of
the left (right) hand with small (large) numbers is just a consequence of our inherently spacerelated mental representation of magnitude
Part of the existing evidence seems clearly more in line with the mental number line
interpretation of the SNARC effect For example, Dehaene et al (1993, Experiment 6) observed
a normal SNARC effect in a condition in which the participants crossed their hands to push the
left (right) button with the right (left) hand The manual association hypothesis can account for
this finding only with the additional assumption that the critical association is not necessarily
with the specific hand but, within a more abstract body scheme, with that manual effector that
currently is placed on the respective side in extracorporal space (see Latash, 1999, Rosenbaum,
1991, Schmidt, 1988) Some open questions related to the interpretation of the crossed-hands
condition remain, however (for a recent critical discussion of crossed-hands experiments, see
Wascher, Schatz, Kuder, & Verleger, 2001) For example, if the SNARC effect does indeed
depend exclusively on the extracorporal spatial reference, one would be led to expect that only
the horizontal spatial separation of the two response buttons could set the spatial frame of
reference, and not the placement (be it crossed or uncrossed) of the actual effectors One should
then, for example, expect the SNARC effect to decrease with decreasing button separation and,
eventually, to vanish with response buttons placed right above each other However, contrary to
this expectation, the effect is virtually identical over a more than tenfold range of horizontal
separations from 25 mm (Fias et al, 1996) to 260 mm (Dehaene et al, 1993) Clearly, this
finding seems to be difficult to reconcile with the notion that the SNARC effect directly reflects
the (in-)congruency of internal number representations and external response requirements and
invites alternative accounts, such as the manual association hypothesis
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Further relevant evidence comes from experiments showing that the SNARC effect depends
on the current numerical context (Dehaene et al, 1993, Experiment 3, Fias et al, 1996,
Experiment 1) That is, there are separate SNARC effects within each of the subintervals [0, 5]
and [4, 9] when these are presented in different experimental blocks Specifically, the digits 4
and 5 are responded to more quickly with the right than with the left hand when the interval is [0,
5] but more quickly with the left than with the right hand when the interval is [4, 9] Again, for
the manual association hypothesis, this finding requires that the motor associations assumed by
this hypothesis cannot be thought of as immutable hardwired bonds, rather, they need to be
reprogrammable depending on the current numerical context (cf Rosenbaum, 1991) In this
respect, the manual association hypothesis stands perhaps on a par with the number line
interpretation, because even with an internal number line representation (at least in its strict
interpretation, see, e g , Restie, 1970), it is not immediately obvious why, for example, the digit 5
is sometimes represented as small (left) and sometimes as large (right) That is, both rivaling
hypotheses need to assume some degree of flexibility to explain the adaptation to different
numerical contexts
How, then, could the manual association hypothesis be tested in a more stringent, direct way
and be contrasted with predictions based on the number line interpretation of the SNARC effect9
Evidently, the manual association hypothesis makes one direct, strong prediction - namely, that
the SNARC effect should be weaker or absent in response tasks with effectors whose horizontal
response amplitude is not (or is less) systematically associated with small versus large numbers
For example, under the manual association hypothesis, we would not expect to obtain a SNARC
effect with left versus right saccadic responses, because eye movements to the left versus the
right are less systematically associated with small versus large numbers than are manual
responses In terms of the above-mentioned simplified analogy, although for many Europeans
the left (right) hand more efficiently grabs and handles forks (knives), one would certainly not
expect a corresponding superiority to hold for saccadic responses toward forks versus knives as
well A very similar argument holds for numbers For example, in typing in a number on a
computer keyboard, we manually always associate digits such as 1 and 2 with left and digits such
as 8 and 9 with right, even if the to-be-produced compound number (e g , 8921 ) has large leading
(i e , left) digits and small trailing (i e , right) digits However, unlike its manual production, the
sequential visual readout of the produced number is, in general, not systematically related to the
digit's magnitudes, for example, in reading the centrally presented number 8921, the larger digits
require a saccade to the left, the smaller digits a saccade to the right In this sense, then, our
hands (e g , in typing in digits) are more systematically related to small versus large numbers
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than are our eyes (e.g., in the visual readout of written numbers). If, on the other hand, the
SNARC effect indeed reflects an inherently space-related mental magnitude representation, it
should presumably occur in a similar way with any effector that is capable of distinct left versus
right responses.
Unfortunately, all inquiries into the SNARC effect so far have exclusively relied on
comparing left versus right manual responses (for a related but different paradigm, see Fischer,
2001), so that, from extant data, it is very difficult to systematically evaluate these different
accounts. To overcome this problem, in the present experiments, we studied the SNARC effect
by using saccadic response conditions in which the participants indicated the parity of a digit by
making eye movements to the left or the right. As in the standard manual task, the mapping of
parity to response side was varied so that, within each digit, the latencies of saccades to the left
and to the right could be compared. If the number line interpretation of the SNARC effect holds,
we would expect that the difference between onset latencies of saccades to the right minus onset
latencies of saccades to the left should decrease with numerical magnitude. In contrast, the
manual association hypothesis predicts an eye-hand dissociation (cf. Glover & Dixon, 2001,
2002; Milner & Goodale, 1995) for parity judgments, so that the difference in right minus left
saccadic onset latency (if there is any) should be essentially independent of numerical
magnitude.

Is there a vertical SNARC effect?
In previous research, interpretations of the SNARC effect have centered around a
hypothetical left-to-right orientation of our number representation, in the sense of a horizontal
mental number line. As was discussed above, numerical tasks activate areas in the inferior
parietal cortex, a structure that is known to be essential for the processing of spatial information.
Given that our spatial representations are not limited to a single horizontal direction (cf. Rubin,
Nakayama, & Shapley, 1996), it is conceivable that our mental number representation uses
spatial codes that are richer than strictly unidimensional formats. For example, Dehaene (1997,
pp. 82-83) took into consideration the possibility that small numbers might also be internally
represented as bottom and large numbers as top. Consistent with this conjecture, many languages
use spatial metaphors, such as low and high, to denote small and large numbers, respectively. If
Dehaene's conjecture is correct, strictly unidimensional concepts such as a number line might be
incomplete descriptions of how we represent numerical magnitude and should be replaced with
higher dimensional concepts, such as an internal number map or a number field. Indeed, many
technical instruments, such as analogue thermometers or hand-held pocket calculators, are
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manufactured so that small numbers are associated with lower and larger numbers with upper
locations. On the other hand, the key pads of telephones (small numbers at the top), conventional
computer raster graphics (zero is the top display line), and rankings or league charts (number one
listed at the top) are common exceptions to this rule.
Does, then, a genuine SNARC effect exist with respect to the vertical orientation as well?
Given the left-right dichotomy inherent to our hands, this question would seem difficult to
address using manual responses, because upper versus lower response locations are not as
systematically related to either hand as are left versus right response buttons. On the other hand,
if we could establish that eye movements do exhibit SNARC-like effects, the saccadic response
condition described above would also allow us to further explore the internal topology of our
numerical magnitude representations for nonhorizontal orientations as well. More specifically,
comparing the latencies of upward versus downward saccades in a parity judgment task would
then provide a direct and convenient way to test for potential processing advantages of small
numbers with lower and of large numbers with upper response locations. Such a finding could be
interpreted as evidence for a genuinely two-dimensional internal number representation, such as
a number field or number map. Alternatively, it would at least support the notion that there are
two functionally independent number representations, or perhaps a single representation that has
an adaptive, task-dependent spatial orientation.
In summary, the present study had three aims. First, we studied the SNARC effect under
response conditions in which the participants had to indicate the parity of a digit with a left
versus a right saccade. The manual association hypothesis predicts that under these conditions,
no or, at best, a minuscule SNARC effect should be observed, whereas the number line
interpretation does predict the standard effect. A second aim was to compare the size (if any) of
the SNARC effect on latencies and errors under the saccadic response condition with the
corresponding effects obtained under the standard manual response condition. Specifically, if the
SNARC effect on latencies (manual or saccadic) indeed arises entirely during early
representational processing stages preceding the activation of the required motor response, it
should be of similar size for both the manual and the saccadic response conditions. Finally, to
further explore the topology of our internal magnitude representations, we studied the SNARC
effect under a saccadic response condition with vertical (i.e., upward vs. downward) saccades, to
see whether a SNARC effect would arise under these conditions as well.
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Experiment 1
The purpose of Experiment 1 was to test for and to compare the SN ARC effect under two
different response conditions manual versus saccadic
Method
Participants
Sixteen (13 female) right-handed students at the University of Nijmegen, 18-26 years of age,
participated in two separate sessions in return for 25 Euro (=$25)
Stimuli and apparatus
The stimuli consisted of the digits 0-9, which were presented in green using the true type
Verdana font Each digit was displayed in the center of a 100-Hz, 480x640 pixel VGA color
monitor against a dark background, the display timing was synchronized with the video refresh
cycle When viewed from a distance of 70 cm, the digits subtended angles of about 2 0° χ 1 2°
Manual response latencies were recorded to the nearest millisecond, using an external
response keyboard attached to the computer's parallel port The SMI EyeLink-Hispeed 2D
system (SensoMotoric Instruments) was used to track both eyes, using a sampling rate of 250
Hz, the spatial accuracy of this eye tracker is better than 0 01°, according to the manufacturer To
detect the onsets and offsets of saccades, three thresholds were used a motion threshold of 0 1°,
a velocity threshold of 307s, and an acceleration threshold of 80007s" To discourage the
participants from making head movements, a chinrest was used throughout the experiment

Procedure
The experiment consisted of two sessions on separate days, one for each mapping of parity
to response side (even-left/odd-right vs even-nght/odd-left) In each session, the participants
worked under both a manual and a saccadic response condition with the same panty-to-side
mapping, the order of the response conditions within a session and of the mapping across
sessions were counterbalanced across participants In both response conditions, the task was to
judge the parity of the number presented, the participants were instructed to respond as quickly
as possible but to avoid errors Between the two response conditions, there was a break of about
15 minutes Each complete session took approximately 2 5 hours
Manual response condition. In the manual response condition with the even-left mapping,
the participants were instructed to press the left button when the number was even and the right
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button when the number was odd. In the even-right condition, the mapping of parity to response
side was reversed.
Each trial started with the presentation of a green fixation cross for 500 ms, which was then
replaced with a single digit. Responses were given with the index fingers of the left and right
hands; they terminated the stimulus display. The next trial started 1200 - 1400 ms (uniform
distribution) later. RT was defined as the time from the onset of the digit to the onset of the
button press. No feedback was given for correct responses, whereas for incorrect responses the
word "Error" was presented for 2 seconds.
A single block contained four warm-up trials, followed by 50 regular trials, which were
generated by the computer in a random order, subject to the boundary condition that within two
consecutive blocks each digit preceded every other digit exactly once. Blocks were separated by
breaks that could be terminated by the participant after a minimum duration of 20 seconds.
During the break, the number of remaining blocks, the number of errors in the last block, and the
mean RT of the last block and of the fastest block so far were displayed on the screen. When the
number of errors per block exceeded three, an extra feedback message asked the participant to be
more accurate. The complete manual response condition of a session consisted of 12 blocks.
Saccadic response condition. In the saccadic response condition, white square boxes ( 8 x 8
mm), with a small dot in the center of each, were presented continuously 8° to the left and 8" to
the right of a central fixation cross. In the even-left mapping, the participants were instructed to
saccade to the center dot in the left box when the number was even and to the center dot in the
right box when the number was odd. In the even-right mapping condition, the mapping of parity
to response side was reversed. After the participant had read the instructions and, if necessary,
additional questions had been answered, a band carrying two micro video cameras was mounted
to the participant's head, and the eye-tracking system was calibrated and validated.
Each trial in the saccadic response condition started with the presentation of a central green
fixation cross for 500 ms, on which the participant had to fix his or her gaze; it was then replaced
by a central digit that lasted for 2200 ms. Saccadic latency (SL) was defined as the time from the
onset of the digit to the onset of a saccade toward the center of one of the two boxes. A red cross
was presented for 2800 - 3000 ms (uniform distribution) until the next trial started. During the
entire trial, the (x, y) coordinates of both eyes were stored on disk every 4 ms, together with a
record of the time-stamped stimulus events on screen; these data were then analyzed offline.
Blocks were made up of four practice trials plus 50 regular trials and were separated by
breaks, exactly as in the manual response condition, except that after each block, the participants
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received feedback only about the number of blocks completed and the number of blocks still
remaining The complete saccadic response condition of a session consisted of eight blocks
Preliminary data reduction
Across blocks, mean manual RT decreased as an approximately exponential function that
leveled off after about two blocks Therefore, error rates and the mean RTs of the correct
responses per condition were based on the final 10 blocks of the manual response condition
Trials with RTs shorter than 200 ms or longer than 1200 ms (a total of 0 6%) were excluded
from all analyses
For a trial from the saccadic response condition to be accepted as valid, it had to meet the
following five criteria (1) The preceding green central cross was properly fixated during the last
200 ms before the digit appeared, (2) the saccade started between 200 and 1200 ms after digit
onset, (3) the horizontal saccade amplitude was between 5° and 11°, (4) the vertical saccade
amplitude was smaller than 3°, and (5) the saccade duration was between 20 and 120 ms Across
all participants, 25% of the trials did not meet one or more of these criteria, these invalid trials
(most of them containing rapid microsaccades, improper initial fixations, or saccades not landing
close enough to one of the two response boxes) were excluded from all further analyses Perhaps
due to the detailed calibration and validation procedure, SLs did not decrease consistently across
blocks, so that error rates and mean correct SLs were based on all valid trials from the eight
blocks
Mean RTs and mean SLs were subjected to separate repeated measures 2 x 2 x 5 analyses of
variance (ANOV As), with factors of parity (2 even vs odd), response side (2 left vs right), and
numerical magnitude (classified into five bins 0/1, 2/3, 4/5, 6/7, and 8/9) As in Dehaene et al
(1993), we reduced the 10 digits into five bins of increasing magnitude, because in this way,
within any given bin, RTs and SLs for left-side responses and right-side responses were based on
responses to both digits of this bin and from both sessions, thus, any main effect of mapping
(confounded with session) and of the individual digits should cancel out For example, left-hand
RTs for the largest bin (8/9) were based on responses to the digit 8 with the even-left mapping
(one session) and on responses to the digit 9 with the odd-left mapping (the other session) Also,
subsuming the digits into successive magnitude bins allowed for the orthogonal variation of
magnitude and parity, which was impossible on the basis of individual digits
Comparisons across the two response conditions were based on four-way repeated measures
ANOV As, with the additional factor of effector (2 hand vs eye)
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To statistically evaluate effects on error rates, we first applied the arcsin (Vp) transformation
to the error rates (e g , Bishop, Fienberg, & Holland, 1975, pp 367ff), to achieve approximate
variance equality, and then submitted these transformed values to ANOVAs of the same format
as for RT and SL
Unless noted otherwise, significant results reached at least the 05 level
Results
Manual Responses
Response times. Overall, the participants responded more quickly with their right (438 ms)
than with their left (460 ms) hands (F( 1,15) = 43 61, MSE = 890 44,/>< 001) Also, the two
extreme magnitude bins (0/1 and 8/9) yielded longer RTs than did the three intermediate
magnitude bins (Ζ^,όΟ) = 5 84, MSE = 418 88, ρ < 001) Parity had no main effect on RT
(F(l,15) = 0 53, MSE = 881 1 \,p > 45) but interacted with magnitude (F(4,60) = 6 06, MSE =
4052 79, ρ < 001) - mainly because for both response mappings, in the fourth bin the digit 7 was
classified as odd much more quickly (434 ms) than the digit 6 was classified as even (458 ms),
whereas for all other magnitude bins, odd and even judgments took very nearly the same time
Of most importance to our purposes, there was a strong interaction between response side and
magnitude (/^,όΟ) = 9 95, MSE = 479 12, ρ < 001) As is illustrated in Figure 1 A, the RT
difference between right-hand responses minus left-hand responses decreased monotomcally
with numerical magnitude, the pattern forms a funnel interaction because right-hand responses
were generally faster than left-hand responses This SNARC effect occurs in a similar way tor
odd and even digits separately, so that the triple interaction of response side, magnitude, and
parity was not significant (F(4,60) = 2 47, MSE = 164 55, ρ > 05)
To further quantify the size of this manual SNARC effect, we first regressed, for each
participant individually, the difference of mean right-hand RT minus mean left-hand RT on the
10 values of numerical magnitude (0 - 9, cf Dehaene et al, 1993, Fias et al, 1996) The
obtained regression slope values were then averaged across participants and evaluated by / tests
The mean slope was equal to -5 8 (1(15) = -4 54, SEM = 1 28, ρ < 001), meaning that, on
average, the difference between right-hand versus left-hand RTs decreased by 5 8 ms per digit
Error rates. The overall error rate was 3 1%, and only two effects modulated it
significantly First, a clear SNARC effect (shown m Figure IB) on error rates was obtained
With increasing numerical magnitude, error rates decreased for right-hand responses but
increased for left-hand responses (^(4,60) = 811, MSE = 0 014,ρ < 001) Second, this SNARC
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effect on error rates differed slightly for odd and even digits, resulting in a significant three-way
interaction of response side, magnitude, and parity (F(4,60) = 4.91, MSE = 0.006,/? < .02).

Figure 1. (A) Mean response limes (in milliseconds) in the manual response condition in Experiment 1 for lefthand responses (squares) and rrght-hand responses (dots) as a function of numerical magnitude (B) Error rates (in
percentages) in the manual response condition in Experiment 1 for left-hand responses (squares) and right-hand
responses (dots) as a function of numerical magnitude. (C) Difference in mean response times (RTs, in milliseconds)
between right-hand responses and left-hand responses as a function of number (0, 1, 2, . . . , 9) in the manual response
condition in Experiment 1. Doited line: regression of RT difference on number. (D) Difference in error rates (ERs, in
percentages) between right-hand responses and left-hand responses as a function of number (0, 1, 2,.

., 9) in the

manual response condition in Experiment 1 Dotted line: regression of ER difference on number.

Saccadic Responses
Saccadic latency. Overall, the participants saccaded faster to the right (397 ms) than to the
left (408 ms; F( 1,15) = 4.91, MSE = 2268.25, ρ < .05). Neither numerical magnitude nor parity
exerted a main effect on SL. Only two interaction effects on SL were significant. First, parity
interacted with magnitude (F(4,60) = 5.20, MSE = 1183.96, ρ < .005) - again, mainly because,
for both response sides, the digit 7 was classified as odd much more quickly (381 ms) than the
digit 6 was classified as even (421 ms), whereas for all other magnitude bins, odd and even
judgments took nearly the same time. Second, we found a strong interaction between response
side and magnitude (SNARC effect; F(4,60) = 4.40, MSE = 898.93, ρ < .005). Figure 2A
illustrates that the latency difference between saccades to the right minus saccades to the left
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decreased monotonically with numerical magnitude. This saccadic SNARC effect occurred in a
similar way for odd and even digits separately (F(4,60) = 1.00,/? > .40, for the nonsignificant
triple interaction of response side, magnitude, and parity).
A regression analysis of the type done with manual RTs yielded a mean regression slope
equal to -5.2 (/( 15) = -2.45, SEM = 2.13, ρ < .03). Thus, on average, the onset latency difference
between saccades to the right versus saccades to the left decreased by 5.2 ms per digit.
Error rates. The overall error rate was 8.8%. Error rate decreased with magnitude (F(4,60)
= 4.82, MSE = 0.013, ρ < .005), an effect that was due mainly to the odd digits (F(4,60) = 4.93,
MSE = 0.019, ρ < .005, for the interaction of parity and magnitude). As with manual responses,
there was again a clear SNARC effect (shown in Figure 2B) on saccadic error rates: With
increasing numerical magnitude, error rates decreased for saccades to the right but tended to
increase for saccades to the left (^(4,60) = 5.40, MSE = 0.021, ρ < .001). This SNARC effect on
saccadic error rates was stronger for odd than for even digits, resulting in a significant three-way
interaction of response side, magnitude, and parity (F(4,6G) = 3.08, MSE = 0.018,/? < .05).

Comparisons across Response Conditions
In a final analysis, we compared the observed effects across the two response conditions,
adding effector as a further within-subjects factor. The only effect of this factor on the latency
data was an interaction with response side (Z^MS) = 5.05, MSE = 829.9, ρ < .05): Saccades to
the right were 11 ms faster than those to the left, and this right-side advantage was twice as large
(22 ms) for manual responses. More central to our hypotheses, the SNARC effects on RT and SL
reported above were of similar size and direction in both the manual and the saccadic response
conditions (F(4,60) = 0.09,/? > .98, for the triple interaction of response side, magnitude, and
effector). The same result was obtained when the slope values from the regression analyses of
manual latencies and SLs were compared (/( 15) = 0.40, SEM = 1.56, ρ > .70).
Similar results hold for error rates. The only effect of effector was that, overall, with
saccadic responses more errors were observed than with manual responses (F(l,15) = 7.57, MSE
= 0.201, ρ < .02), perhaps because no immediate error feedback was given in the saccadic
response condition. Again, the SNARC error rate effect occurred in very similar ways under both
response conditions (F(4,60) = 0.74, ρ > .55, for the triple interaction of response side,
magnitude, and effector).
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Figure 2 (A). Mean saccadic onset latencies (in milliseconds) in the saccadic response condition in
Experiment 1 for saccades to the left (squares) and saccades to the right (dots) as a (unction of numerical magnitude
(B) Error rates (in percentages) in the saccadic response condition in Experiment 1 for saccades to the left (squares) and
saccades to the right (dots) as a function of numerical magnitude. (C) Difference in saccadic latencies (SLs, in
milliseconds) between saccades to the right and saccades to the left as a function of number (0, 1,2,

, 9) in the

saccadic response condition in Experiment I Dotted line: regression of SL difference on number (D) Difference in
error rates (ERs, in percentages) between saccades to the right and saccades to the left as a function of number (0, 1,2,.
., 9) in the saccadic response condition in Experiment 1. Dotted line, regression of ER difference on number.

Discussion
The results of Experiment 1 are readily summarized. First, when the participants indicated
the parity of digits manually, a systematic relation was found between the (in principle,
irrelevant) numerical magnitude of the digit and the relative speed of left-hand responses versus
right-hand responses. Specifically, the difference of right-hand RT minus left-hand RT decreased
with increasing numerical magnitude (manual SNARC effect; Dehaene et al., 1993). The
SNARC effect showed up very clearly for error rates as well, so that the latency results cannot be
attributed to simple speed-accuracy tradeoff mechanisms. Also, the manual SNARC effect
occurred for even and odd digits separately in essentially the same manner.
Second, when the participants indicated the parity of a digit by horizontal saccades, the
difference between onset latencies of saccades to the right and saccades to the left also decreased
with numerical magnitude (saccadic SNARC effect): Eye movements to the left started earlier
34

with smaller than with larger numbers, whereas eye movements to the right started earlier with
larger than with smaller numbers This effect was also accompanied by a pattern of error rates
that increased with numerical magnitude for saccades to the left and decreased with numerical
magnitude for saccades to the right
Third, comparisons across the manual versus saccadic response conditions indicated that the
SNARC effect on both latency and error data occurred qualitatively and quantitatively in very
similar ways under both the manual and the saccadic response conditions For example, even the
idiosyncratic finding that the parity of 7 was consistently easier to judge than that of 6 (whereas
for all other magnitude bins, even and odd judgments did not differ) occurred nearly identical in
the manual and saccadic latency and error data
Taken together, these results constitute strong direct evidence against the manual association
hypothesis as an explanation of the SNARC effect Rather, they support the view that in
accessing parity information, a magnitude representation is activated as well and that this
representation of numerical magnitude is inherently space related, independently of the specific
effector system onto which the overt response is to be mapped
These conclusions are also supported by complementary evidence from analyses of the
spatial characteristics of the actual eye movements Specifically, if motor programming and
execution processes played an important role in generating or modulating the saccadic SNARC
effect, one might expect that the effect should also be reflected in the kinematic characteristics of
the executed movements For example, with the digit 9, the amplitudes of saccades to the right
(i.e , in the odd-right condition) might be larger than the corresponding saccadic amplitudes to
the left in the odd-left condition However, the data did not give the slightest indication of any
systematic magnitude-related effect on saccadic amplitudes, a similar conclusion holds with
respect to the duration of the saccades as well Thus, saccades to the left (to the right) are
initiated earlier with numerically small (numerically large) digits, presumably because preceding
representational processing stages are completed earlier, but the temporal and spatial
characteristics of the actual eye movements themselves do not exhibit magnitude-related effects.
This, too, complements and extends the analogous finding, mentioned in the introduction, that
with manual responses the separation of the response buttons does not seem to modulate the size
of the SNARC effect
Given the evidence from Experiment 1 that the SNARC effect indeed reflects an early,
effector-independent representational processing stage, the saccadic response condition can be
exploited to further explore the internal topology of magnitude representations As was discussed
in the introduction, Dehaene (1997, pp 82-83) has put forth the conjecture that there might be a

35

minor vertical axis to our mental number representation, in the sense that smaller versus larger
numerical magnitudes might be preferentially represented as bottom versus top, respectively. In
view of the natural left-/right-hand dichotomy, it is difficult to test this conjecture with manual
responses. Therefore, our Experiment 2 had two aims. First, we wanted to test whether saccadic
responses in a parity task would show a vertical SNARC effect. Second, if this effect does exist,
we wanted to determine whether it would occur in ways functionally similar to the horizontal
saccadic SNARC effect observed in Experiment 1.

Experiment 2
Experiment 2 tested for a vertical saccadic SNARC effect by comparing the latencies of
upward versus downward saccades in a parity task involving numbers of varying magnitude.
Method
Participants
Sixteen (12 female) right-handed students at the University of Nijmegen, 18-42 years of age,
participated in two separate sessions in return for 15 Euro (=$15).
Stimuli and apparatus
The stimuli and apparatus were the same as those in the saccadic response condition in
Experiment 1, except that the left and right response boxes containing the target dot for the
saccades were now replaced with a lower and an upper response box placed 8° below and above
the fixation cross.
Procedure
The experiment consisted of two sessions on separate days, one for each mapping of parity
to response location (even-down/odd-up vs. even-up/odd-down); the order of the mapping was
counterbalanced across participants. The task was to indicate the parity of the number presented
by a vertical saccade. In the even-down mapping, the participants were instructed to saccade to
the center dot in the lower box when the number was even and to the center dot in the upper box
when the number was odd. In the even-up condition, the parity-to-response mapping was
reversed. All other procedural aspects were identical to those for the saccadic response condition
in Experiment 1. Experiment 2 contained no manual response condition. Each complete session
took approximately 90 minutes.
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Preliminary data reduction
A valid trial had to meet the following five criteria (1) The preceding green central cross
was properly fixated during the last 200 ms before the digit appeared, (2) the saccade started
between 200 and 1200 ms after digit onset, (3) the vertical saccade amplitude was between 5°
and 11°, (4) the horizontal saccade amplitude was smaller than 3°, and (5) the saccade duration
was between 20 and 120 ms Across all participants, 26 1% of the trials did not pass one or more
of these criteria, these invalid trials were excluded from all further analyses
Mean SLs and error rates were subjected to repeated measures 2 x 2 x 5 ANOVAs, with
factors of parity (2 even vs odd), direction of saccade (2 downward vs upward), and numerical
magnitude (5 bins 0/1, 2/3, 4/5, 6/7, and 8/9) Comparisons across the saccadic response
conditions in Experiments 1 versus 2 were based on four-way repeated measures ANOVAs, with
the additional between-subjects factor of orientation of response axis (2 horizontal vs vertical)

Results
Saccadic latency
None of the three factors magnitude, saccade direction, and parity had a significant main
effect on SL Figure 3 A illustrates that the onset latency of saccades directed to the bottom
location increased with numerical magnitude, whereas the onset latency of saccades directed to
the top location decreased with numerical magnitude Thus, we obtained a clear vertical SNARC
effect -namely a monotone decrease of the difference between SL for upward saccades minus SL
lor downward saccades as a function of numerical magnitude (f"(4,60) = 2 99, MSE = 545 58, ρ
< 05) When this vertical SNARC effect was considered separately for odd and even digits, its
size was larger for even than for odd digits, yielding a triple interaction of saccade direction,
magnitude, and parity (F(4,60) = 410, MSE = 332 63, ρ < 01 ) As in Experiment 1, odd and
evenjudgments in each magnitude bin were usually equally fast, except again for the magnitude
bin containing the digits 6 (which was the slowest digit overall, 421 ms) and 7 (the fastest digit
overall, 388 ms), yielding a significant magnitude χ panty interaction (F(4,60) = 1 49, MSE =
646 80,p< 001)
A regression analysis of the SLs yielded a mean regression slope equal to -3 0 (i(15) = -3 06,
SEM = 0 98, ρ < 01 ) Thus, on average, the onset latency difference between upward saccades
and downward saccades decreased by 3 0 ms per digit
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Error rates
The overall error rate was 8.2%. None of the factors had a main effect on error rate, but the
interaction of magnitude with saccade direction was significant (F(4,60) = 3.96, MSE = 0.019, ρ
< .01). This vertical SN ARC effect on error rates is shown in Figure 3B, and it occurred
similarly when odd and even digits were considered separately (F{A,6Q) = 0.74, MSE = 0.012, ρ
> .55, for the interaction of saccade direction, magnitude, and parity). The only other significant
effect was an interaction of magnitude with parity (F(4,60) = 3.60, MSE = 0.021, ρ < .02),
reflecting mainly a lower error rate for 7 than for 6.
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Figure 3. (A). Mean saccadic onset latencies (in milliseconds) in Experiment 2 for saccades to the bottom
(squares) and saccades to the top (dots) as a function of numerical magnitude. (B) Error rates (in percentages) in
Experiment 2 for saccades to the bottom (squares) and saccades to the top (dots) as a function of numerical magnitude.
(C) Difference in saccadic latencies (SLs, in milliseconds) between saccades to the top and saccades to the bottom as a
function of number (0, 1, 2 , . . . . 9) in Experiment 2 Dotted line regression of SL difference on number. (D)
Difference in error rates (ERs, in percentages) between saccades to the top and saccades to the bottom as a function of
number (0, 1, 2, . , 9) in Experiment 2 Doited line, regression of ER difference on number.

Comparing the Vertical and Horizontal Saccadic SNARC Effect
In a final analysis, we compared the vertical saccadic SNARC effect as observed in the
present experiment with the horizontal saccadic SNARC effect observed in Experiment 1 by
adding the orientation of the response axis (horizontal vs. vertical) as a between-subjects factor.
The only significant effect of this factor on saccadic latency was a four-way interaction: The
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modulation of the SN ARC effect by parity (i e , that the magnitude χ saccade direction
interaction tended to be larger with even digits) was stronger for vertical than for horizontal
saccades (F(4,\20) = 2 64, MSE = 421 4,ρ < 05) All other main effects or interactions held in a
similar way for both orientations of the response axis, in particular, the SNARC effect (i e , the
magnitude χ saccade direction interaction) occurred similarly for horizontal as well as vertical
saccades (F(4,120) = 0 52, MSE = 722 4, ρ > 70)
These conclusions are further supported when we compare the slope results from the
regression analyses of the horizontal versus vertical saccadic SNARC effects Under both
conditions, the onset latency difference of saccades to the right versus the left or to the top versus
the bottom decreased systematically with numerical magnitude, but the difference between the
slopes for horizontal versus vertical saccades was not significant (i(30) = 0 94, SEM = 2 34, ρ >
35)
A corresponding across-expenments comparison of error rates yielded no significant main
effect or interaction involving the factor of orientation of the response axis
Discussion
The results of Experiment 2 demonstrate, first, that there is a clear association of numerical
magnitude with spatial response codes along the vertical meridian Specifically, when
participants indicate the parity of a digit by vertical saccades, the latency difference between
upward saccades and downward saccades decreases with numerical magnitude (vertical SNARC
effect) Eye movements to the lower response location start earlier with smaller than with larger
numbers, whereas eye movements to the upper response location start earlier with larger than
with smaller numbers This effect is paralleled by an analogous pattern of error rates that
increase with numerical magnitude for saccades to the bottom and decrease with numerical
magnitude for saccades to the top The size of the SNARC effects on both saccadic latency and
response accuracy for vertical saccades is similar to that found for horizontal saccades in
Experiment 1 These results are consistent with the view that numerical magnitude has a twodimensional internal representation, much like an internal number map Alternatively, our results
are also consistent with the assumption of two functionally independent number representations
or even with a single representation that can be adaptively reoriented according to the specific
task demands
Second, the present results again confirm the interpretation that the SNARC effect is not
dependent on, or limited to, overleamed manual motor associations but reflects a space-related
internal representation of numerical magnitude Our results suggest that the organization of this

39

internal representation is not strictly unidimensional - for example, like a mental number line
(Restie, 1970). A more general concept by which to describe this organization might be a
number map or field, the lower left quadrant of which is preferentially associated with smaller
numbers, whereas larger numbers are associated with the right upper quadrant. In this view, the
standard horizontal SNARC effect could reflect the projections of a two-dimensional
representation onto the horizontal axis. The broader implications of these findings will be
discussed in the next section.

General Discussion
Dehaene et al. (1993) first demonstrated that when the parity status of digits has to be judged
in a manual response task, left-hand responses are faster with small than with large numbers,
whereas right-hand responses are faster with large than with small numbers (SNARC effect). As
was reviewed in the introduction, the SNARC effect holds across a range of different conditions,
number notations, and tasks. According to one view, it reflects a genuine left-to-right orientation
of our internal number representation, often likened to the concept of a mental number line (e.g.,
Butterworth, 1999; Dehaene et al., 1993; Restie, 1970). If so, the effect should presumably occur
in a similar way with any effector that is capable of distinct left-right orientations. An alternative
view is based on the observation that many effects are surprisingly effector specific; for example,
Milner and Goodale (1995) have demonstrated how the haptic and visual grasping response can
be systematically dissociated. On this view, the SNARC effect originates with overleamed motor
associations between particular numbers and particular manual responses. Such lateralized motor
associations might have been formed, for example, by our life-long experience with manually
operated number-related devices, such as typewriters or keyboards, and they may have evolved
quite independently of how these numbers are actually internally represented; in fact,
superficially similar manual associations and preferences occur within other, strictly
nonnumerical domains as well (e.g., in handling cutlery).
All studies in which the SNARC effect has been explored so far have relied on manual
responses; therefore, it is difficult to know from extant data to what degree the effect depends on
specific manual associations, although, as was reviewed in the introduction, part of the existing
evidence seems more in line with the number line interpretation. The present study addressed
this issue by using a saccadic response situation and by comparing it with the standard manual
response condition.
The results of Experiment 1 yielded two new major findings. First, a clear SNARC effect
was observed for saccadic onset latency and for saccadic error rate as well; this is a direct
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demonstration that the effect is not limited to experimental conditions in which the participants
indicate their parity decisions manually. Second, this saccadic SNARC effect had the same size
and showed similar characteristics as the standard manual SNARC effect. Clearly, these findings
are further and direct support for the view that the SNARC effect originates with a space-related
central magnitude representation and is then passed on and propagated to later processing stages,
such as response preparation and execution. On the basis of this conclusion, Experiment 2, in
which a saccadic response condition was again used, addressed the open question of whether a
corresponding SNARC effect exists for the vertical orientation as well. The two most important
findings were, first, that this vertical SNARC effect does indeed exist when upward and
downward saccades to the same digits are compared and second, that the size and characteristics
of this effect are quite comparable to those found for horizontal saccades in Experiment 1.
Taken together, both experiments provide strong support for the view that the SNARC effect
is of central representational origin and manifests itself in similar ways with different effectors.
In fact, recent findings of Fischer et al. (2003) suggested that an automatic space-related
representation may even facilitate covert shifts of visual attention in a detection task with no
antagonistic manual responses. This magnitude representation is likely to be richer than a onedimensional number line and could be likened to an internal number map, although two
independent representations, or a single representation with an adaptive task-dependent
orientation, are not ruled out by Experiment 2 either. These conclusions immediately suggest
several relevant and testable predictions for further experiments.
First, if the functional locus of the SNARC effect is indeed at a relatively early,
representational stage of processing, it should in principle be possible to observe its neural
correlates, with temporal onsets that precede the preparation and execution of the overt manual
response. More specifically, it should then be possible to find a significant event-related potential
(ERP) signature of the response side χ magnitude interaction that precedes the start of later
processing stages such as response activation, as indicated by the onset of the lateralized
readiness potential (for details of this ERP-based Chronometrie logic, see Dehaene, 1996; Otten
et al., 1996; Schwarz & Heinze, 1998).
Second, if, indeed, effects of different response mappings are only a manifestation of the
SNARC effect but its origin is at a central representational level, it should in principle be
possible to obtain the effect even without varying and comparing the assignment of lateralized
responses (cf. the study of Fischer et al., 2003, described above). For example, SNARC-like
effects should then arise with lateralized presentations of the digits - even if the responses (e.g.,
verbal) required of the participants are not lateralized. Specifically, small numbers presented to
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the right and large numbers presented to the left should then constitute a presentation format that
is more incompatible with our internal representation of number than is the converse mapping
(cf Tlauka, 2002)
Third, and related to the previous prediction, if the comparison of different hand mappings
per se is (convenient but) not critical to the SNARC effect, it should presumably also be found
by varying the response mappings within a single hand For example, if we were to vary the way
in which odd and even are mapped onto the index and middle fingers of the dominant hand, we
would still expect a SNARC effect if this effect actually originates at more central
representational stages
Fourth, if, as Experiment 2 suggests, numbers are internally represented in a twodimensional map-like structure with a genuine bottom-left to top-right magnitude orientation, we
also would expect a strong SNARC effect for a diagonal saccadic response condition in which
eye movements are either to a lower left or an upper right response location Indeed, if the
separate SNARC effects for each orientation sum or coactivate, this diagonal saccadic SNARC
effect would be predicted to be larger than that for either the horizontal or the vertical dimension
alone Conversely, we would by the same reasoning expect a cancellation or, at least, a
degradation of the separate SNARC effects in each dimension along the negative diagonal from
upper left to lower right saccadic response locations
A final conclusion concerns the question of which tasks we expect to yield a SNARC effect
By far, the greatest number of studies of the SNARC effect have used parity judgments, a task
that is known to be relatively slow when compared with magnitude judgments (e g , Otten et al,
1996, Sudevan & Taylor, 1987) Also, the parity status of a number is logically independent of
its magnitude, but it is still an inherently number-related property, under most experimental
conditions, accessing and retrieving parity information seems difficult or impossible without
activating in parallel magnitude-related information about the number presented (Bachtold et al,
1998, Berch et al, 1999, Butterworth, 1999, Dehaene et al, 1993) If the SNARC effect arises at
a relatively early stage of processing, during which magnitude-related information is
automatically activated, we would expect it to show up even with tasks of (1) a much simpler,
nonnumencal nature and (2) a correspondingly faster time course Fias et al (1996) addressed
the first issue by using a phoneme monitoring task in which participants judged whether the
phoneme /e/ occurred in the name of a visually presented digit Despite the nonnumencal nature
of this task, they obtained a clear SNARC effect, indicative of a fast and automatic activation of
semantic, magnitude-related information, in line with the present conclusions If this
interpretation is valid, the SNARC effect should presumably not be limited to this relatively slow
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nonnumerical task (which is again about 100 ms slower than parity judgments) but should also
occur when more accidental nonnumerical features of digits are to be judged.
In addition, a disadvantage of both the parity and the phoneme tasks in terms of
experimental design is that for every given digit, its parity status or phoneme content is a fixed
property that cannot be experimentally varied. It is precisely this design feature that necessitates
that, across blocks or sessions, the parity- or phoneme-to-response mapping must be varied by
different response instructions. Consider, however, a task in which a completely accidental digit
attribute, such as its color (e.g., red/green), must be judged (Fias, Lauwereyns, & Lammertyn,
2001; Lammertyn, Fias, & Lauwereyns, 2002). This task does not require the comparison of
different response mappings run in separate blocks, because both left and right (or upward and
downward) responses to the same number are naturally obtained within a single block consisting
of a random sequence of colored digits. If the SN ARC effect originates with an early, automatic
activation of a magnitude representation, we would predict a SN ARC effect for purely accidental
digit features as well, a prediction that Fias et al. (2001) have been able to confirm for some
(e.g., orientation), but not for other (e.g., color), features. Fias et al. (2001) and Lammertyn et al.
(2002) have attributed this dissociation to the different amounts by which these features activate
the parietal cortex and, thus, overlap with number processing. Similarly, Pansky and Algom
(2002, note 7) have recently reported the absence of number-space associations for judgments of
the numerosity of digits, indicating that with this particular task, which is relatively elementary
and fast, there is no evidence for an automatic activation of numerical magnitude.
In conclusion, the results of the present experiments provide new and direct evidence that the
number-space associations consistently found in manual parity judgment tasks cannot be
attributed to preferred and overleamed manual motor associations. Rather, the SNARC effect
manifests itself in essentially similar ways with other effectors that are normally less (or not)
systematically associated with small versus large numbers than are hands. Our findings support
the interpretation that in parity judgment tasks, space-related magnitude representations are
automatically activated and modulate the efficiency with which a horizontal or a vertical motor
response is given. The present results also extend our view on the nature of this magnitude
representation: They suggest that it is richer than a strictly unidimensional code, such as a
number line, and is better characterized as a number map. More work will be required to further
test the various and detailed predictions, described above, implied by our conclusions, so as to
better understand how, why, and when our representations of number and space are closely
interlocked.
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Chapter 3: Searching for the functional locus of the SNARC effect'
Abstract
Dehaene, Bossini, and Giraux (1993) showed that when participants make parity judgments,
responses to numerically small numbers are made faster with the left hand, whereas responses to
large numbers are made faster with the right hand (the SNARC [spatial-numerical association of
response codes] effect). According to one view, the SNARC effect arises at an early processing
stage due to (in)congruencies between the digit's side of presentation and its representation on
the mental number line, independently of response effector(s). Alternatively, the SNARC effect
might arise at a later response-related stage due to (in)congruencies between the digit's
representation on the mental number line and the side of response, independently of the side of
presentation. The results of three experiments, using central and lateralized stimuli, and vocal
and manual responses, clearly support the view that the SNARC effect arises at a relatively late
response-related stage, without substantive contributions from earlier processing stages.

' This chapter has been published as: Keus, Ι.M. & Schwarz, W. (2005). Searching for the functional locus of the
SNARC effect: Evidence fora response-related origin. Memory & Cognition, 33, 681-695.
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In recent years, the spatial-numerical association of response codes (the SN ARC effect) has
become an important research tool to explore the cognitive processes that underlie human
number comprehension. This effect was first reported by Dehaene, Bossini, and Giraux (1993),
who presented participants with the digits 0-9 and asked them to indicate the parity (odd vs.
even) of these digits using manual responses (button presses with the left vs. right index finger).
Dehaene et al. (1993) found that, independently of the digit's actual parity status, for numerically
small numbers (such as 1 or 2) left-hand responses were faster than right-hand responses,
whereas for large numbers (such as 8 or 9) right-hand responses were faster than left-hand
responses. In a number of follow-up experiments, Dehaene et al. (1993) further explored this
effect and found that it was independent of handedness and occurred in a similar way with either
digits or number words. Fias, Brysbaert, Geypens, and d'Ydewalle (1996) and Fias (2001)
replicated the basic SNARC effect with both digits and number words. They also showed that
when participants had to perform an explicitly nonnumencal task, such as phoneme monitoring,
a SNARC effect was found with digits (Fias et al., 1996) but not with number words (Fias,
2001).
The SNARC effect with digits suggests that even when numerical magnitude is irrelevant for
the task at hand, an internal magnitude representation is nevertheless automatically activated.
That is, numerical magnitude differentially modulates left-hand versus right-hand response times
(RTs), not unlike in the spatial variants of Stroop-type experiments, in which the irrelevant
spatial location of a written location word interferes with its meaning (Lu & Proctor, 1995;
MacLeod, 1991; Palef & Olson, 1975). This internal representation is often conceptualized as a
"mental number line" (e.g., Butterworth, 1999, chap. 5; Dehaene, 1997, chap. 3; Restie, 1970;
Schwarz & Ischebeck, 2000) and according to an influential interpretation of the SNARC effect
(Bächtold, Baumüller, & Brugger, 1998; Butterworth, 1999; Dehaene, 1997; Dehaene et al.,
1993; Dehaene, Dehaene-Lambertz, & Cohen, 1998; Fias, 2001; Fias et al., 1996; Fias,
Lauwereyns, & Lammertyn, 2001 ; Lammertyn, Fias, & Lauwereyns, 2002), the orientation of
this mental number line is ontogenetically determined by the preferred writing system of the
participant. More specifically, for cultures with left-to-nght writing systems, the mental number
line seems to point from left to right with increasing magnitude. In line with this culturedependent interpretation, Dehaene et al. (1993) found that Iranian participants, accustomed to a
right-to-left writing system and with relatively little exposure to Western culture, tended to
associate large numbers with the left-hand side and small numbers with the right-hand side of
space. Other evidence suggests that the spatial association of individual numbers is not rigid but
flexible to a certain degree. For example, Dehaene et al. (1993; see also Fias et al., 1996; Tlauka,
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2002) showed that within a number context ranging from 4 to 9, the digit 5 is responded to faster
with the left hand than with the right hand However, within the context ranging from 0 to 5, RTs
to the digit 5 are faster with the right than with the left hand This finding suggests a considerable
degree of context-sensitive flexibility in how we represent numerically small versus large
numbers, or in how we map these representations onto laterahzed manual responses
Another important question concerns the functional origin(s) of the SN ARC effect Broadly
speaking, there are at least two possibilities for this functional locus, which are by no means
mutually exclusive (see, e g , Brysbaert, 1995) The SNARC effect could originate in at least one
of two processing stages that seem to be required in tasks in which SNARC effects are typically
observed The first stage is related to the formation of an early mental number representation of
the digit presented to the participant As suggested by the findings reviewed above, numbers
have an early space-related internal representation - independent of the actual response
eventually given - with (at least in Western cultures) an inherent left-to-right organization
During a subsequent response selection stage, this initial space-related representation then needs
to be mapped onto the available responses This later processing stage is related to the ease or
efficiency with which, starting from the initial number representation, we can select one of the
available responses
In an attempt to distinguish between these two possible origins, we studied the separate
effects of stimulus versus response lateralization These manipulations are based on the
assumption that stimulus-related manipulations, such as the lateralization of digit stimuli, should
predominantly influence the time required to form an initial mental number representation,
whereas response-related manipulations, such as the lateralization of the required response,
should mainly influence the ease with which an already created number representation can be
mapped onto laterahzed responses (cf Dehaene, 1996, Sternberg, 1969) More specifically, if a
SNARC effect originates at a relatively early stage of processing (e g , stimulus identification),
one would expect the spatial layout of the stimulus display to modulate the efficiency with which
we can establish an early space-related number representation, which is then further processed at
subsequent stages Specifically, SNARC-like effects could arise at this stage if there is either a
benefit from the congruency between the side of presentation of the digit and the relative
location of the representation of this digit on the mental number line (i e , small numbers in the
left visual field [LVF], large numbers in the right visual field [RVF]), and/or a disadvantage
from the incongruity between side of presentation and location of the mental representation (i e ,
small numbers in the RVF, large numbers in the LVF) In fact, with this interpretation, one
would expect to find SNARC-like effects even when the responses themselves are not laterahzed
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since, according to this early-locus conceptualization, the SNARC effect is related to the relative
ease with which an initial number representation is formed. Once this representation is created,
the duration of all subsequent processing stages (e.g., response selection) should be independent
of how long it took to initially represent these numbers.
Alternatively, the SNARC effect could arise at a later response-related processing stage (e.g.,
response selection or response preparation), because it might be more difficult (i.e., time
consuming) to select, for example, a right-hand response for a small number that is internally
associated with the left side of the mental number line. If this hypothesis is true, the following
two predictions should hold. First, we would expect the SNARC effect to occur only with
lateralized effectors, such as hands and eyes, but not with nonlateralized responses, such as
verbal responses. Second, the way in which the stimuli are presented to the participant (e.g.,
central or lateralized) should not affect the time to translate the initial number representation
onto the corresponding response and thus should not induce a separate or additional contribution
to the SNARC effect.
As also stated above, these early- and late-locus conceptualizations are m no way mutually
exclusive, and it is quite conceivable that functionally separate components of the SNARC effect
arise both during an early processing stage (modulated by laterally presented digits) and during a
later stage of response translation (modulated by lateralized responses). In this case, it would be
important to estimate the relative contribution of these factors and to explore how these
contributions could be experimentally manipulated.
At present, the evidence concerning the issues raised above is inconclusive. Following
Dehaene et al.'s (1993) original demonstration, several studies have replicated a SNARC effect
with centrally presented stimuli and lateralized manual (Fias, 2001; Fias et al., 1996) or saccadic
(Schwarz & Keus, 2004) responses. In the terms used above, these findings imply that a late
response-related functional locus certainly contributes to the SNARC effect. On the other hand,
these experiments do not in themselves rule out an additional early contribution to the SNARC
effect.
The SNARC effect can be considered as a Type 3 ensemble in Kornblum, Hasbroucq, and
Osman's (1990) taxonomy of stimulus-response compatibility effects, since the irrelevant
magnitude information of the stimulus seems to be mentally represented at the left or right side
of space, resulting in dimensional overlap with the (side of the) required response. Another effect
that falls into this Type 3 category is the so-called Simon effect, which has been found in
numerous studies with both auditory and visual stimuli (Craft & Simon, 1970; Hedge & Marsh,
1975; Simon & Small, 1969; Tlauka, 2002; see Lu & Proctor, 1995 for a review). In the standard
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Simon task with visual stimuli, participants have to respond manually to the color of a visual
stimulus, which is either presented in the LVF or the RVF The typical finding is that responses
are faster when the side of presentation and the side of response are compatible (compatible
trials) than when they are incompatible (incompatible trials) Thus, although the side of
presentation of the stimulus is not relevant for the task, it interferes with the processing of the
relevant stimulus attribute (i e , color) Mapelli, Rusconi, and Umiltà (2003) studied the
occurrence of the SNARC and Simon effects in a single experiment using a parity judgment task
with laterally presented stimuli and manual responses Mapelli et al found no interaction
between the SNARC and Simon effects in their Experiment 1, therefore, they suggested that the
effects occur in different stages of processing Since the Simon effect is widely accepted to be
related to the response-selection stage (Lu & Proctor, 1995, Mapelli et al, 2003, Simon &
Berbaum, 1990, Umiltà & Nicoletti, 1990, for a different view, see Hasbroucq & Guiard, 1991),
this would suggest that the SNARC effect is related to a processing stage other than response
selection In a second experiment, Mapelli et al extended their reasoning to the reverse Simon
effect (i e , incompatible trials are faster than compatible trials) and showed that there also was
no interaction between the SNARC and reverse Simon effects
Evidence that can be interpreted as supporting the notion of an early, response-independent
component of the SNARC effect comes from two recent studies by Tlauka (2002, Experiment 2)
and Fischer, Castel, Dodd, and Pratt (2003) Tlauka asked participants to respond to two
numbers (100 and 900) presented in either the LVF or the RVF with their left or right hand,
depending on the identity of the digit In addition to a standard SNARC effect, his results also
showed a SNARC-hke effect that depended on the side of presentation of the numbers
Responses to LVF presentations were found to be faster for the number 100 than for the number
900, whereas RTs to RVF presentations showed the opposite effect This effect is reminiscent of
the SNARC effect in that the interaction between magnitude and side of presentation also
reflects a spatial numerical association However, the important difference to the standard
SNARC effect is that in the SNARC-hke case, the association is not in any way related to the
response layout (e g , laterahzed or central) but merely to the stimulus layout
Fischer et al (2003) used a simple detection task in which participants had to respond to a
target by pressing the spacebar with their preferred hand After they were presented with an
initial display of two boxes placed on the left and right of a central fixation cross, the fixation
cross was replaced by one of four digits (1, 2, 8, or 9) This digit remained on the screen for 300
ms and was then replaced by the fixation cross again After an additional random delay, a target
(a white circle) appeared in one of the two boxes Although participants were told that the digits
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did not predict the location of the target, the magnitude of the digit did modulate detection times
in a SNARC-like manner similar to that in Tlauka's (2002) Experiment 2 Targets in the LVF
were detected faster when preceded by a small digit ( 1 or 2), whereas targets in the RVF were
detected faster when preceded by a large digit (8 or 9)
It should, however, be noted that Tlauka (2002) used a task in which the magnitude of the
number presented is directly response relevant, whereas the typical SNARC effect is studied
with tasks in which numerical magnitude per se is irrelevant and in which typically a larger
range of numbers is mapped onto each of the two responses, whereas Tlauka mapped just one
number onto each response Also, the interaction between side of presentation and numerical
magnitude was only obtained in an experiment using the numbers 100 and 900, but not in a
variant using the numbers 1 and 100 Fischer et al (2003) used a task in which the numerical
magnitude of the digit was irrelevant, but they found SNARC-like effects only when the time for
the presentation of the digit (300 ms) plus the random delay lasted 600 ms or more before the
target was presented In addition, Fischer et al 's imperative stimulus was a white circle, whereas
in standard tasks in which the SNARC effect is found, some attribute of the digit (e g , its parity)
itself is the relevant stimulus. Therefore, it would be important to study the effects of laterahzing
stimuli in a context that is more reminiscent of the standard SNARC setup, in which the stimuli
are digits and one of their attributes is the response-relevant dimension, whereas the magnitudes
of these digits are irrelevant for the performance of the task
The aim of the present experiments was to study the relative importance of chronometncally
early and later contributions to the SNARC effect, with the former thought to be linked to the
formation of an initial space-related mental representation and the latter related to processes of
response translation and activation To this end, we conducted experiments in which participants
made speeded parity judgments As in Dehaene et al 's (1993) original SNARC study, the
presented digits ranged from 0 to 9, but now they were presented 10° into either the LVF or the
RVF In Experiment 1, participants had to respond vocally, by naming the digit's parity. We
reasoned that vocal responses lack the spatial association implicit in manual responses so that the
contribution, if any, of early representational components, thought to be independent of
laterahzed responses, could be evaluated in isolation Side of presentation was varied to see
whether this would modulate the efficiency of forming a space-related number representation in
a SNARC-like manner.
Experiment 2 consisted of four parity-judgment tasks, in which the factors stimulus
presentation (central vs laterahzed) and response effector (vocal vs manual) were orthogonally
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varied In this way, we were able to study the effects of laterahzing stimuli for each response
effector separately and thereby to compare these effects across effectors
If the SN ARC effect also has an early representational component, we would expect to find
a SNARC-like effect as a result of the laterahzed stimuli - even with vocal responses
Specifically, we would expect vocal parity judgments to be faster for numerically small numbers
presented in the LVF as opposed to the RVF For numerically large numbers, we would expect
faster vocal responses for RVF presentations than for LVF presentations Also, for Experiment 2,
we would expect the SNARC-like effects of lateralization of the stimuli to occur when manual
responses are used, in addition to the standard SNARC effect that presumably originates at a
later stage, during which laterahzed responses are activated
On the other hand, if the SNARC effect exclusively reflects the greater ease with which
small (or large) numbers are mapped onto left-hand (or right-hand) effectors, we would expect
no effects of laterahzing the stimuli, and thus no SNARC-like effect in Experiment 1 In
addition, in Experiment 2, we would only expect a standard SNARC effect with laterahzed
responses, but no additional contribution related to the laterahzed stimulus presentation

Experiment 1
Method
Participants
Sixteen (11 female, 5 male) students at the University of Nijmegen, 19-27 years of age,
participated in the experiment They either received a payment of 5 Euro (« $5) or course credit
for their participation
Stimuli and apparatus
The stimuli consisted of the digits 0-9, which were presented against a dark background
using the true type Verdana font Each digit was displayed in green on a 75-Hz, 480 χ 640 pixel
VGA color monitor, the display timing was synchronized with the video refresh cycle The digits
were presented either 10° to the left or right of a central fixation cross and were viewed from a
distance of approximately 50 cm, they subtended 2 5° χ 1 7° The onset of the vocal responses
was registered to the nearest millisecond using an external voice key attached to the computer's
parallel port The type of vocal response (in Dutch, "oneven" or "even") was registered by the
experimenter, who sat behind the participant
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Procedure
The task of the participant was to judge the parity status (odd vs even) of the presented digit.
The participants were instructed to name the parity status as quickly and accurately as possible
In the instructions, the definition of "parity" was given and participants were told explicitly
which numbers are odd and which are even
Each trial started with the presentation of a central white fixation cross, on which the
participants were instructed to focus their gaze during the entire trial After 300 ms, a single digit
was presented to either the left or the right of the fixation cross Both the digit and fixation cross
remained on the screen until a response was given Vocal RTs were defined as the time from the
onset of the digit to the onset of the naming response The next trial started 1200 - 1400 ms
(uniform distribution) later
A single block contained four practice trials (except for the first block, which contained 10
practice trials), which were followed by 50 regular trials. The trials were generated by the
computer in a random order, subject to the boundary condition that within two consecutive
blocks, each digit preceded every other digit exactly once Each digit was presented in each
visual half-field equally often (30 times in each half-field in the entire experiment) Between
blocks, a break of at least 20 seconds could be terminated by the participants pushing a button on
a response keyboard During the break, feedback was given on the screen about the number of
blocks done, the number of remaining blocks, the mean RT of the last block, and the mean RT of
the fastest block so far The experiment consisted of 12 blocks (600 regular trials) and took
approximately 45 minutes

Data analyses
Trials with RTs shorter than 200 ms or longer than 1200 ms (a total of 0 11%) were
excluded from all analyses
Mean RTs were calculated across all correct trials Two different types of errors were
defined' task-related errors such as incorrect or articulative imperfect answers (e g , "oven"), and
nontask-related errors such as premature or delayed triggering (e.g., due to coughs) Error rates
were calculated over only the task-related errors
Mean RTs were subjected to a repeated measures 5 x 2 x 2 analysis of variance (ANOVA),
with the three within-subjects factors magnitude bin (0/1, 2/3, 4/5, 6/7, and 8/9; cf Dehaene et
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al., 1993; Schwarz & Keus, 2004"), parity (odd vs. even), and side of presentation (LVF vs.
RVF).
Error rates were first transformed using the arcsin (Vp) transformation (e.g., Bishop,
Fienberg, & Holland, 1975, pp. 367Tf) to achieve approximate variance equality and then
subjected to an ANOVA of the same format as that for RTs.
Results
Response times
Magnitude had a significant main effect on RT (^(4,60) = 17.3, MSE = 497.5, ρ < .001).
RTs to the magnitude bins 0/1 (561 ms) and 8/9 (547 ms) were slower than those to the three
intermediate magnitude bins (537, 534, and 534 ms, respectively). There was also a significant
main effect of parity (F( 1,15) = 6.36, MSE = 1823.2,/? = .023) in that responses to even numbers
were slower (549 ms) than those to odd numbers (537 ms). The significant interaction between
magnitude and parity (F(4,60) = 7.22, MSE = 503.5, ρ < .001) showed that this difference in RT
between odd and even numbers occurred only with the magnitude bins 0/1 and 6/7; RTs to the
digit 0 (574 ms) were slower than those to the digit 1 (548 ms), and RTs to the digit 6 (550 ms)
were slower than those to the digit 7 (519 ms).
A marginally significant main effect of side of presentation was found (F(l,15) = 4.49, MSE
= 590.1, ρ = .051 ); responses to digits in the LVF (546 ms) were slightly slower than those to
digits in the RVF (540 ms). The interaction between side of presentation and parity was not
significant (^"(1,15) = 0.03).
More central to the purpose of this study was the interaction between magnitude and side of
presentation, which was not significant (F(4,60) = 0.26, MSE = 358.7, ρ = .901). As illustrated in
Figure 1 A, the difference in RTs between LVF and RVF presentations was the same for each
magnitude bin. Also the three-way interaction of magnitude, side of presentation, and parity was
not significant (^(4,60) = 0.612, ρ = .656).

Error rates
The overall error rate was 3.42%, of which 2.49% were task-related errors and 0.93% were
nontask-related errors. The effects reported below refer exclusively to task-related errors. A

" The 10 digits are reduced into five magnitude bins because this allows for the orthogonal variation of magnitude
and parity, which is impossible on the basis of individual digits (c g., the digit 1 is never even). Also, m this way
within any given bin, response times and error rates for left visual field and right visual field presentations are based
on responses to both digits in a bin, which cancels out any main effect of individual digits.
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similar pattern of effects was found with errors as with RTs; therefore, only the effects most
relevant for the purpose of this study will be discussed.
The interaction between magnitude and side of presentation was not significant (F(4,60) =
0.57, MSB = 0.01, ρ = .687), indicating that for each magnitude bin the difference in the number
of errors made with LVF and RVF presentations was the same (see Figure IB). Also, the threeway interaction of magnitude, side of presentation, and parity was not significant (F(4,60) =
0.828, MSB = 301.7, ρ = .512).
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Figure 1 (A) Mean vocal response times in Expenment 1 tbr left visual field and right visual field
presentations as a function of numerical magnitude. (B) Vocal error rates in Experiment 1 for left visual field and
right visual field presentations as a function of numerical magnitude.

Discussion
The results of Experiment 1 show that, in vocal parity judgments, no SNARC-like
interaction effects were found between numerical magnitude and side of presentation, whether
on RTs or on error rates. More specifically, the difference in RTs or error rates between digits in
the LVF and RVF were the same for each magnitude bin, indicating that the effects of magnitude
and side of presentation are additive. In other words, numerical magnitude does not modulate the
effect of side of presentation.
The absence of SNARC-like effects with lateralized stimuli and vocal responses seems to
argue against the view that the SNARC effect, as found by Dehaene et al. (1993), originates at
least in part at a relatively early stage of processing. After all, according to the early-locus view,
SNARC-like effects should have occurred independently of the effector used to respond. Rather,
the results seem to suggest that the locus of the SNARC effect is only at a later stage of
processing, given that SNARC effects do occur with lateralized responses and central stimuli
(Dehaene et al., 1993; Fias, 2001; Fias et al., 1996; Schwarz & Keus, 2004). On the other hand,
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the findings above contrast with the results of Tlauka's (2002) Experiment 2, which yielded an
interaction between numerical magnitude and side of presentation. However, it should be noted
that this interaction was not found in Tlauka's Experiment 1, that his task was not parity
judgment but target identification, and that, instead of using vocal responses, his participants
were required to use manual responses. Thus, one explanation for our results could be that the
SNARC effect does not originate at an early processing stage, but only at a later response-related
processing stage. This, in turn, would suggest that the SNARC-like findings of Tlauka are
attributable to differences between our task and that of Tlauka.
Another potential explanation for our results could be that there might actually be an
interaction between magnitude and side of presentation, but the power of our experiment was too
low to find this interaction effect to be significant. To evaluate this interpretation, we estimated
the statistical power of the magnitude χ side of presentation interaction by the methods described
by Cohen (1995). The index of the empirical size of the interaction effect that we found was only
.05, which is half of what Cohen calls a small effect size (f= .10); correspondingly, the power to
detect this small effect was also very small - namely, .06. However, had the effect been medium
(/"= .25) or large (f= .40 or .50), power would have been higher (.31, .70, and .89, respectively),
and the interaction would have been less likely to go undetected.
In summary, the results of Experiment 1 do not show a SNARC-like effect between
magnitude and side of presentation. To distinguish between the two possible explanations for the
absence of this interaction and to get more conclusive evidence about the locus of the SNARC
effect, we conducted a second experiment, which consisted of four subexperiments, all with a
parity-judgment task.
To address the problem of low statistical power in the first experiment, we replicated
Experiment 1 to see whether we would replicate the additive effects of magnitude and side of
presentation. As a second subexperiment, we replicated Dehaene et al.'s (1993) basic SNARC
experiment by using central stimuli and manual responses.
Tlauka (2002) had found an interaction between magnitude and side of presentation in a task
involving manual responses. To match for this difference in effectors between our experiment
and his, the third subexperiment was an extension of Experiment 1 in which we used manual
responses instead of vocal ones. A further advantage of this setup was that we were able to study
both the interaction between numerical magnitude and visual field (i.e., SNARC-like effect) and
the interaction between magnitude and response (i.e., the standard SNARC effect) at the same
time. Note that this is a replication of Mapelli et al.'s task (2003), although they did not study the
interaction between numerical magnitude and side of presentation.
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The fourth subexperiment was done by using central stimuli and vocal responses In this
way, all four possible combinations of stimulus presentation (central vs lateralized) and effector
(vocal vs manual) were studied

Experiment 2
Method
The experiment consisted of four subexpenments - namely, all combinations of the factors
stimulus presentation (central vs lateralized) and effector (vocal vs manual) This resulted in
central vocal, lateralized vocal, central manual, and lateralized manual tasks
Participants
Twenty-four (21 female, 3 male) right-handed students at the University of Nijmegen, 19-27
years of age, participated m two sessions of the experiment in return for a payment of 15 Euro («
$ 15) or course credit None had participated in Experiment 1
Stimuli and apparatus
The stimuli and apparatus for the (central and lateralized) vocal tasks were as in Experiment
1, except that for the central vocal task, digits were presented centrally (i e , replacing the
fixation cross in the middle of the screen) instead of 10° to the left or right of the central fixation
cross
For the manual tasks, the stimuli were as in the vocal tasks, digits were presented centrally in
the central manual task and presented 10° to the left or right of a central fixation cross in the
lateralized manual task The apparatuses for the manual task were as in Experiment 1, except that
now RTs were recorded using an external response keyboard attached to the computer's parallel
port

Procedure
In all four tasks, the participants had to judge the parity status (odd vs even) of the presented
digits - in the vocal tasks, by naming the parity and in the manual tasks, by making button
presses They were instructed to be as fast and accurate as possible In the instructions, the
definition of parity was given and participants were told explicitly which numbers are odd and
which are even
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For the vocal tasks, RTs were defined as the time from the onset of the digit to the onset of
the naming response. For the manual tasks, RTs were defined as the time from the onset of the
digit to the onset of the button press.
The participants performed two different sessions on two separate days. In each session, they
started with one of the manual tasks, followed by a vocal task, and they finished with the other
manual task. In each session, the participants worked under the same mapping of parity to
response hand for both manual tasks. The order of manual task (central first vs. lateralized first),
order of vocal task (central in first session vs. lateralized in first session), and order of mapping
(even-left in first session vs. even-right in first session) were all counterbalanced across
participants. Each session took approximately 75 minutes.
Central vocal task. Trials were built up in the same way as in Experiment 1 except that
digits now replaced the fixation cross and thus were presented centrally. Blocks were also built
up in the same way as in Experiment 1, but now the task consisted of only six blocks, resulting in
a total of 300 trials.
Lateralized vocal task. Trials and blocks were built up in exactly the same way as in
Experiment 1 but the task consisted of only six blocks, resulting in 300 trials. Side of
presentation of the digit (LVF vs. RVF) was systematically varied in such a way that each digit
was presented in each visual half-field equally often (15 times in each half-field). As an
additional instruction, the participants were instructed to focus their gaze on the fixation cross
during the entire trial.
Central manual task. Trials and blocks were built up in the same way as in the central
vocal task, but the manual task consisted of 12 blocks, resulting in a total of 600 trials. In
addition to the feedback that was given in the vocal tasks, feedback was now given for incorrect
trials by presenting the word "error" for 2 seconds. Between blocks, extra feedback was given
concerning the number of errors in the last block. In the even-left mapping, the participants
pressed the left button of the button box with their left index finger when the digit was even and
the right button with their right index finger when the digit was odd. In the even-right mapping,
this mapping of parity onto response hand was reversed.
Lateralized manual task. Trials and blocks were built up in the same way as in the central
manual task, except that the stimuli were presented left or right of the fixation cross. Side of
presentation of the digit (LVF vs. RVF) was systematically varied in such a way that each digit
was presented in each visual half-field equally often (30 times in each half-field). As in the
central manual task, the participants worked under one mapping of parity to response hand in
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each session In addition, the participants were instructed to focus their gaze on the fixation cross
during the entire trial
During the entire experiment, the experimenter sat behind the participant to note the
responses given during the vocal tasks
Data analyses
For all tasks, trials with RTs shorter than 200 ms or longer than 1200 ms (0 5% for the
central vocal task, 1 15% for the lateralized vocal task, 0 28% for the central manual task, and
0 5% for the lateralized manual task) were excluded from all analyses
Per task, mean RTs were calculated across all correct trials As in Experiment 1, two
different types of errors were defined for the vocal tasks task-related errors and nontask-related
errors Per vocal task, error rates were calculated over only the task-related errors For each
manual task, error rates included all erroneous trials
Central vocal task. Mean RTs were subjected to a repeated measures 5 x 2 ANOVA with
the two within-subjects factors magnitude bin (0/1, 2/3, 4/5, 6/7, or 8/9) and parity (odd vs
even)
Lateralized vocal task. Mean RTs were subjected to a repeated measures 5 x 2 x 2 ANOVA
with the three within-subjects factors magnitude bin, parity, and side of presentation (LVF vs
RVF)
Central manual task. Mean RTs were subjected to a repeated measures 5 x 2 x 2 ANOVA
with the three within-subjects factors magnitude bin, parity, and response hand (left vs right)
Lateralized manual task. Mean RTs were subjected to a repeated measures 5 x 2 x 2 x 2
ANOVA with the four within-subjects factors magnitude bin, parity, side of presentation, and
response hand
For each task, error rates were transformed as in Experiment 1 and then subjected to an
ANOVA of the same format as that for the corresponding RT
Comparisons between tasks. To study the overall effects of lateralizing stimuli and
response effectors, per magnitude bin a single mean was calculated for each participant in
each condition On these means, a 5 χ 2 χ 2 repeated measures ANOVA was performed
with magnitude bin, stimulus presentation (central vs lateralized), and effector (vocal vs
manual) as within-subjects factors
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Results
Central vocal task
Response times. A significant main effect of numerical magnitude was found (F(4,92)
= 15.1, MSE = 362.7, ρ < .001); responses to the magnitude bin 0/1 (544 ms) were slower
than those to the four other magnitude bins (518 - 524 ms). No main effect of parity was
found (F(l,23) = 0.41), but there was a significant interaction between magnitude and parity
(F(4,92) = 4.68, MSE = 402.7,/? = .002); for the magnitude bins 0/1 and 6/7, RTs were
slower for the even numbers, whereas for the magnitude bin 8/9, RTs were slower for the
odd numbers.
Error rates. The overall error rate was 1.95%, of which 1.35% were task-related errors
and 0.6%) were nontask-related errors. Neither numerical magnitude nor parity had
significant effects on error rates (F(4,92) = 2.0, MSE = 0.009, ρ = . 10; and F( 1,23) = 1.02,
MSE = 0.01, ρ = .32, respectively), but an interaction between magnitude and parity was
found (F(4,92) = 3.524, MSE = 0.008, ρ = .01); for the magnitude bins 0/1 and 2/3, more
errors were made with the even numbers, whereas for the magnitude bin 8/9, more errors
were made with the odd numbers.

Lateralized vocal task
Response times. There was a significant main effect of numerical magnitude (^(4,92)
= 12.14, MSE = 675.5, ρ < .001); responses to the magnitude bins 0/1 (571 ms) and 8/9
(562 ms) were relatively slow in comparison with those to the three intermediate bins (550,
551, and 552 ms, respectively). Neither parity, nor side of presentation, nor their interaction
had significant effects on RT (F(l,23) = 1.42, MSE = \699A,p = .246; F(l,23) = 2.47,
MSE = 725.6,ρ = .129; and F(l,23) = 2.1, MSE = 423.6,ρ = .161, respectively). The
interaction between magnitude and parity was found to be significant (F(4,92) = 6.89, MSE
= 785.6, ρ < .001); for the magnitude bins 0/1 and 6/7, responses to odd numbers were
faster, whereas for the magnitude bins 2/3 and 4/5, responses to even numbers were faster.
As in Experiment 1, the interaction between magnitude and side of presentation was not
significant (F(4,92) = 1.85, MSE = 514.0,/? = .127): The difference of naming latencies
between LVF and RVF presentations is not significantly different across the magnitude bins
(see Figure 2 A). Also, the three-way interaction of magnitude, side of presentation, and
parity was not significant (F(4,92) = 0.37, MSE = 588.9, ρ = .828).
Error rates. The overall error rate was 2.47%, of which 1.62% were task-related errors
and 0.85% were nontask-related errors. A similar pattern of effects was found with errors as
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was found with RTs, except that the interaction between magnitude and parity was not
significant (F(4,92) = 2.03, MSE = 0.011, ρ = .096). Most important for our purposes, the
interaction between magnitude and side of presentation was not significant (F(4,92) = 0.36,
MSE = 0.012,/? = .835; see Figure 2B), nor was the three-way interaction among
magnitude, side of presentation, and parity (F(4,92) = 1.17, MSE = 0.015, ρ = .329).
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Central manual task
Response times. A significant main effect of numerical magnitude was found (F(4,92)
= 12.21, MSE = 548.2, ρ < .001); responses to the magnitude bin 0/1 (476 ms) were
relatively slow in comparison with those to the other magnitude bins (454 - 463 ms).
Neither parity, nor response hand, nor their interaction had significant effects on RT
(F(l,23) = 0.28; F(l,23) = 2.39, MSE = 944.4,ρ = .136; and F(l,23) = 1.23, MSE =
11836.5, ρ = .28, respectively). An interaction between magnitude and parity was found
(^(4,92) = 11.8, MSE = 803.1, ρ < .001), mainly due to faster responses to the digit 7 (447
ms) than to the digit 6 (470 ms) and faster responses to the digit 8 (447 ms) than to the digit
9 (479 ms).
More important to our purposes, a significant SNARC effect was found (F(4,92) =
14.52, MSE = 686.8, ρ <. 001). As can be seen in Figure 3A, the difference between righthand responses and left-hand responses decreases as magnitude increases. More
specifically, with small magnitudes left-hand responses tend to be faster, whereas with large
magnitudes right-hand responses tend to be faster. Also, a significant three-way interaction
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with parity was found (F(4,92) = 3.54, MSE = 332.31, ρ =. 01), due to a more pronounced
SNARC effect with even numbers.
Error rates. The overall error rate was 1.86%. A significant main effect of magnitude
was found (F(4,92) = 4.93, MSE = 0.010, ρ =. 001); more errors were made with the
magnitude bin 0/1 (3.2%) than with the other magnitude bins (1.0 - 1.8%). Both parity and
response hand had a significant main effect on error rates (F{\,21) = 29.18, MSE = 0.008,/?
< .001; F(l,23) = 31.92, MSE = 0.021,ρ < .001, respectively). More errors were made with
odd numbers and with right-hand responses. The difference in errors between left- and
right-hand responses was larger for odd numbers than for even numbers (F(l,23) = 7.092,
MSE = 0.014, ρ = .014, for the interaction parity χ response hand). The interaction between
magnitude and parity was also significant (^(4,92) = 4.86, MSE = 0.009, ρ = .001).
Responses to odd numbers were more error prone for the magnitude bins 0/1, 4/5, and 8/9,
whereas there was no difference for the other magnitude bins.
A SNARC effect was also found (F(4,92) = 12.65, MSE = 0.008, ρ < .001). As can be
seen in Figure 3B, the difference between error rates with right-hand responses minus errors
rates with left-hand responses decreases with increasing magnitude; the pattern forms a
funnel interaction, because on average more errors were made with right-hand responses
than with left-hand responses. The three-way interaction with parity was not significant
(f(4,92) = 1.0).
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1
The label "left-hand errors" refers to errors made when the correct response would have been with the left hand
but the participant incorrectly responded with the right hand. Similarly, when making "right-hand errors" the
participant incorrectly responded with the left hand, when the correct response would have been with the right hand.
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Lateralized manual task
Response times. Numerical magnitude had a significant main effect on RT (F(4,92) =
10 36, MSE = 1353 9, ρ < 001), RTs to the magnitude bins 0/1 (517 ms) and 8/9 (519 ms)
were slower than those to the three intermediate bins (500 - 504 ms) No main effects were
found for parity or response hand (all ps > 05), but there was a significant mam effect of
side of presentation (F(l,23) = 6 332, MSE = 1397 9, ρ = 019) as a result of faster
responses to LVF presentations The interaction of parity χ side of presentation was also
significant (F(l,23) = 6 9, MSE = 1569 7,ρ = 015), showing that the difference between
LVF and RVF presentations existed only for even numbers A significant interaction
between magnitude and parity was found (F(4,92) = 12 5, MSE = 1460 8, ρ < 001), mainly
due to faster responses to the digit 7 (487 ms) than to the digit 6 (513 ms) and faster
responses to the digit 8 (506 ms) than to the digit 9 (533 ms)
The interaction between magnitude and side of presentation was not significant
r

(/ (4,92) = 1 57, MSE = 948 4, ρ = 190), as can be seen in Figure 4A, the difference
between LVF and RVF presentations is not modulated by numerical magnitude Also, the
three-way interaction among magnitude, side of presentation, and parity was not significant
{F(4S2) = 0 528, MSE = 600 6, ρ = 715)
As for the interaction between magnitude and response hand, the SNARC effect was
significant (F(4,92) = 5 146, MSE = 1141 7, ρ = 001), as can be seen in Figure 5A, the
difference between right-hand responses and left-hand responses decreases as magnitude
increases
The interaction between side of presentation and response hand was significant (F(l,23)
= 11 04, MSE = 2771 3,p= 003) Left-hand responses were faster to stimuli in the RVF
(503 ms) than to stimuli in the LVF (520 ms), whereas right-hand responses were faster to
LVF presentations (503 ms) than to RVF presentations (509 ms, see Figure 6A) In other
words, a reverse Simon effect was found, showing that trials in which the presentation side
and response side were incompatible were faster than those in which they were compatible
All other two-, three-, and four-way interactions did not reach significance
Error rates. The overall error rate was 2 9% The only significant main effect found
was the effect of magnitude (F(4,92) = 2 728, MSE = 0 016, ρ = 034) More errors were
made with the magnitude bins 0/1 (3 5%) and 8/9 (3 7%) than with the three intermediate
bins (2 4%-2 6%) The interaction between parity and response hand was significant
(F(l,23) = 6 209, MSE = 0 016, ρ = 02), for even numbers, there were no differences
between left- and right-hand responses, but for odd numbers more errors were made with
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right-hand responses. The interaction between magnitude and parity was significant
(^(4,92) = 7.4, MSE = 0.02, ρ < .001); for the magnitude bins 0/1, 2/3, and 6/7 more errors
were made with the even numbers, whereas for the other magnitude bins more errors were
made with the odd numbers.
Similar to the findings with RT, the interaction between magnitude and side of
presentation was not significant for error rates (F(4,92) = 1.82, MSE = 0.018, ρ = .133; see
also Figure 4B), nor was the three-way interaction among magnitude, side of presentation,
and parity (F(4,92) = 0.201, MSE = 0.02, ρ = .937).
As was found for RT, the SNARC effect on error rates was significant (F(4,92) = 3.84,
MSE = 0.017, ρ = .006); as can be seen in Figure 5B, the difference in errors between righthand minus left-hand responses decreased with increasing magnitude.
Similar to the RT results, a reverse Simon effect was found on error rates (F(i,23) =
26.9, MSE = 0.02, ρ < .001 ; see Figure 6B). With left-hand responses, more errors were
made with LVF presentations (3.6%) than with RVF presentations ( 1.8%), whereas with
right-hand responses, more errors were made with stimuli in the RVF (3.9%) than with
stimuli in the LVF (2.4%).
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Comparisons between tasks
There was a significant main effect of stimulus presentation (F(l,23) = 49.98, MSE =
3683.3, ρ < .001); responses to central stimuli were approximately 40 ms faster than those to
lateralized stimuli. There was also a significant main effect of effector (FU,23) = 50.46, MSE =
7438.7, ρ < .001 ); vocal responses were about 55 ms slower than manual responses. A significant
effect of magnitude was also found (F(4,92) = 22.0, MSE = 310.8, ρ < .001); RTs to the
magnitude bins 0/1 and 8/9 were slower than those to the three intermediate bins. The interaction
between magnitude and stimulus presentation was significant (F(4,92) = 8.33, MSE = 107.0, ρ <
.001), due to the fact that the difference in RT between central versus lateralized presentation
was larger for the magnitude bin 8/9 (49 ms) than for all other magnitude bins (about 35 ms).
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Also, the interaction between magnitude and effector was significant (F(4,92) = 4 07, MSE =
113 3, ρ = 004), the difference in RT between vocal and manual responses was larger for the
magnitude bins 0/1 (61ms) and 6/7 (58 ms) than for the other magnitude bins (about 53 ms) All
other two- and three-way interactions were not significant
Discussion
The results of the lateralized vocal task replicated those of Experiment 1 Again, no
SNARC-hke effects were found, neither for RT nor for error rates, between magnitude and side
of presentation with vocal responses and lateralized stimuli In fact, Figures 1 and 2, showing the
(nonsignificant) interaction effect between magnitude and side of presentation for Experiment 1
and for the lateralized vocal task in Experiment 2, are nearly identical Also, in the lateralized
manual task with manual responses and lateralized stimuli, no interaction between magnitude
and side of presentation was found on RT or on error rates Given that the results found in
Experiment 1 are replicated in Experiment 2, the explanation based on a lack of statistical power
for the absence of the interaction between magnitude and side of presentation in Experiment 1
seems unlikely Therefore, our results suggest that other features of Tlauka's (2002) Experiment
2 contributed to his finding of a significant interaction between magnitude and side of
presentation
In contrast, SNARC effects on RT and error rates were found between magnitude and
response hand in the manual tasks To further quantify the SNARC effect, we looked at its size
effect in the two manual tasks To this end, we regressed for each participant the difference
between mean right-hand RT and mean left-hand RT on the 10 values of numerical magnitude
(0-9, cf Dehaene et al, 1993, Fias et al, 1996, Schwarz & Keus, 2004), for each manual task
separately For each task, mean regression slopes were then calculated to obtain a measure of the
size of the effect One-sample / tests showed that the mean regression slopes were significantly
different from 0, for the central manual task, the mean regression slope was - 5 2 (/(23) = -3 5,
SEM = 1 46, ρ = 002), and for the lateralized manual task, the mean regression slope was -2 3
(/(23) = -2 2, SEM = 1 06, ρ = 041 ) A paired-samples / test showed that the two mean
regression slopes differed significantly from each other (/(23) = 2 74, SEM = 1 04, ρ = 012)
Second, to further explore the SNARC effect in the presence of lateralized stimuli, we analyzed
the RTs in the lateralized manual task separately for compatible and incompatible trials These
analyses showed that the interaction between magnitude and response hand (the SNARC effect)
was not found for compatible trials (^"(4,92) = I 54, MSE = 1297 8, ρ = 197), but only for
incompatible trials (F(4,92) = 6 76, MSE = 792 4, ρ < 001) This is in contrast to the results of
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Mapelli et al 's (2003) Experiment 2, in which no interaction between the SNARC effect and the
reverse Simon effect was found
The results found in Experiment 2 are again evidence that seems hard to reconcile with the
early hypothesis of the locus of the SNARC effect, which predicted SNARC-like effects between
magnitude and side of presentation, independent of the effector used to respond Rather, the
results favor the hypothesis that the locus of the SNARC effect is limited to a relatively late
response-related processing stage, given that SNARC effects were found between magnitude and
response hand, but not between magnitude and side of presentation The fact that the SNARC
effect in the lateralized manual task occurred only with the incompatible trials but not with
compatible trials suggests that there was an interaction between the SNARC effect and the
reverse Simon effect This interaction implies that these effects occur at the same stage of
processing (Sternberg, 1969), given that the (reverse) Simon effect is generally attributed to the
response-selection stage (Lu & Proctor, 1995, Mapelli et al, 2003, Simon & Berbaum, 1990,
Umiltà & Nicoletti, 1990), this would imply that the SNARC effect occurs at the responseselection stage as well
In addition to the SNARC effect, a reverse Simon effect was found showing that compatible
trials (e g , RVF presentation and right-hand response) were systematically slower and more
error prone than incompatible trials (e g , RVF presentation and left-hand response) One
explanation for the reversal of the Simon effect in our experiment is suggested by the finding
that the Simon effect seems to be due to a temporal overlap between the processing of the taskirrelevant and task-relevant information of the stimulus (Hommel, 1993, 1994, 1997, Roswarski
& Proctor, 1996, for related views, see also MacLeod, 1991, Schwarz & Ischebeck, 2003) On
the basis of the results in a number of Simon tasks in which he varied stimulus eccentricity,
signal quality, signal-background contrast and temporal buildup of the stimuli. Hommel (1993)
reasoned that every experimental manipulation that increases the time interval between the
formation of a mental representation of the irrelevant stimulus attribute (e g , location) and the
formation of a mental representation of the relevant stimulus attribute (e g , color) decreases the
temporal overlap between these two processes and should therefore produce smaller Simon
effects
Following Hommel's (1993) reasoning, Mapelli et al (2003) hypothesized that the Simon
effect could be reversed if the time interval between the processing of the task-irrelevant and the
task-relevant attributes of the stimuli was made large enough In an attempt to vary this time
interval, they manipulated the eccentricity and size of the stimuli in their parity-judgment task
The results supported their expectations concerning the Simon effect When the digits were
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presented 4° into the LVF or RVF in font size 56, relatively fast RTs were obtained, and both a
standard SNARC and a standard Simon effect were found (Experiment 1) When eccentricity
was increased to 8° and the font size was reduced to 28 to obtain longer RTs, a standard SNARC
effect was still obtained, but now a reverse Simon effect was found (Experiment 2)
If we relate Hommel's (1993) and Mapelh et al 's (2003) results to our own findings, the
reverse Simon effect in our laterahzed manual task could be due to a fairly large time interval
(i e , small or no temporal overlap) between the processing of the irrelevant stimulus location and
that of the relevant parity status If this temporal-overlap view were correct, we should thus be
able to manipulate the experimental conditions in the laterahzed manual task in such a way that
the temporal overlap between the processing of the relevant stimulus information and the
stimulus location would increase enough to find a standard Simon effect To test this prediction,
we conducted a third experiment that was very similar to the laterahzed manual task of
Experiment 2, except that the task of the participant was to judge the digit's color instead of its
parity status This manipulation was based on the assumption that judging color is relatively fast
in comparison with judging parity If indeed this manipulation would shorten RTs and thus
increase the temporal overlap between the processing ot the irrelevant and relevant attributes of
the stimulus, we would expect to find a smaller reverse or even a standard Simon effect in
Experiment 3

Experiment 3
Method
Participants
Sixteen (15 female, 1 male) right-handed students at the University of Nijmegen, 18-26
years of age, participated in the experiment in return for a payment of 5 Euro (» $5) or course
credit None of them had participated in Experiment 1 or 2
Stimuli and apparatus
The stimuli and apparatus were the same as in the laterahzed manual task of Experiment 2
except that stimuli were now presented in either saturated green or red
Procedure
The task of the participants was to judge the color (green vs red) of the presented digits In
the green-left (red-right) mapping, the participants were instructed to press the left button with
their left index finger when the digit was presented in green and to press the right button with
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their right index finger when the digit was presented in red. In the red-left (green-right) mapping,
the mapping of color to response side was reversed. Half of the participants performed the greenleft mapping, and the other half performed the red-left mapping. The participants were instructed
to be as quick and accurate as possible and to focus their gaze on the fixation cross during the
entire trial.
Trials and blocks were built up in the same way as in the lateralized manual task, except that
the stimuli were presented in either green or red. The color of the stimulus was systematically
varied in such a way that each digit was presented in each color equally often (i.e., 30 times in
each color).
The experiment took approximately 45 minutes.
Data analyses
Trials with RTs shorter than 200 ms or longer than 1200 ms (0.5%) were excluded from all
analyses.
Mean RTs were calculated across all correct trials and were then subjected to a repeated
measures 5 x 2 x 2 x 2 ANOVA with the four within-subjects factors magnitude bin (0/1, 2/3,
4/5, 6/7, or 8/9), parity (odd vs. even), side of presentation (LVF vs. RVF), and response hand
(left vs. right). Note that in this experiment, the digit's parity status was irrelevant to the
response, unlike in the previous experiments. However, the factors magnitude bin and parity (see
also Note 1) were chosen to be consistent with the analyses of the previous experiments.
Instead of parity, the color of the digit determined the response. Because the participants
performed only one mapping of color to response hand (i.e., either the green-left or the red-left
mapping), the factors color and response hand were confounded. Since the purpose of this
experiment was to look at the interaction between side of presentation and response hand, we
chose to use the factor response hand instead of the factor color in this analysis.
Error rates were calculated over all erroneous trials, then transformed as in Experiment 1 and
were subjected to an ANOVA of the same format as that for RT.
Results
Response times
None of the four factors magnitude, parity, side of presentation, and response hand had a
significant main effect on RT. Only two interactions were significant.
Most important to the purpose of this experiment, the interaction between side of
presentation and response hand was found to be significant (F(l,15) = 32.42, MSE =
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3246.2, ρ <. 001). A standard Simon effect was found in that left-hand responses were faster
to stimuli in the LVF (403 ms) than those in the RVF (423 ms), whereas right-hand
responses were faster to RVF presentations (384 ms) than to LVF presentations (415 ms;
see Figure 7A).
7

Also, the interaction between magnitude and response hand was significant (/ (4,60) = 3.41,
MSE = 564.7, ρ =. 014); the difference between right- and left-hand responses decreased with
increasing magnitude. The size of this effect was quantified by a mean regression slope of- 1.03
(SD = 2.5). To further explore this SNARC effect, analyses on RT were done separately for
compatible and incompatible trials. These analyses showed that an interaction between
magnitude and response hand was not found for compatible trials (F(4,60) = 0.53, MSE = 866.8,
ρ = .712), but only for incompatible trials (F(4,60) = 3.06, MSE = 619.3,/? = .023).

Error rates
The overall error rate was 2.35%, and only two effects modulated it significantly.
Response hand had a significant main effect on error rates (/^(IJS) = 7.74, MSE = 0.01 \,p
= .014); more errors were made with right- (2.7%) than with left-hand responses (2.0%).
As with RT, the interaction between side of presentation and response hand was
significant (F( 1,15) = 8.21, MSE = 0.031, ρ = .012). With left-hand responses, fewer errors
were made with LVF presentations (1.6%) than with RVF presentations (2.4%), whereas
with right-hand responses, fewer errors were made with stimuli in the RVF (2.0%) than
with stimuli in the LVF (3.4%; see Figure 7B).
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Discussion
The results of Experiment 3 showed a clear, robust standard Simon effect, in trials in
which the side of presentation and the response hand (e g , LVF and left-hand response)
were compatible, responses were faster and more accurate than in trials in which they were
incompatible (e g , RVF and left-hand response) This was in contrast to the findings of the
lateralized manual task in Experiment 2, where we found exactly the opposite pattern This
difference in results between the two experiments can be explained by assuming that
temporal overlap between processing of the irrelevant and relevant stimulus attributes plays
a crucial role in the occurrence of the Simon effect Hommel (1993) had suggested that
experimental manipulations decreasing this temporal overlap would result in smaller or
reverse Simon effects (see also Hommel, 1994, 1997, Mapelli et al, 2003, Roswarski &
Proctor, 1996) When applied to our findings, this suggests that, in color judgments, there
should then be a relative large temporal overlap between the processing of the location and
the color of the stimulus, resulting in a standard Simon effect On the other hand, in parity
judgments, there seems to be a relatively small - or no - temporal overlap between the
location and the parity status of the stimuli, which in tum resulted in a reverse Simon effect
Another finding in the color task of Experiment 3 was a SNARC effect between magnitude
and response hand, which, similar to the findings in Experiment 2, occurred only for
incompatible trials but not for compatible trials (but see Fias et al, 2001, Lammertyn et al,
2002) The broader implications of these findings will be discussed in the next section

General Discussion
Dehaene et al (1993) were the first to report that in a parity-judgment task, responses to
numerically small numbers are faster with the left hand than with the right hand, whereas
those to numerically large numbers are faster with the right hand than with the left hand
This effect was labeled the SNARC effect, and in a number of subsequent studies it was
shown that this effect was independent of the handedness of the participants, that it occurred
with both digits and number words, and that it was also obtained with explicitly
nonnumencal tasks (Dehaene et al, 1993, Fias, 2001, Fias et al, 1996)
In the present study, we have attempted to look into the functional origin(s) of the
SNARC effect Two possibilities were suggested, which are by no means mutually
exclusive a relative early processing stage, during which an early space-related mental
number representation of the presented digit is formed, and a later response selection stage,
during which the initial space-related representation is mapped onto the available responses
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The early-locus conceptualization predicted SNARC-like effects at an early processing
stage due to (in)congruencies between the side of presentation of the digit and the relative
location of its internal representation on the mental number line, independent of response
effectors. The late-locus conceptualization, on the other hand, predicts that the SNARC
effect occurs due to (in)congruencies between the location of the mental representation of
the digit on the mental number line and the response side, independent of the way in which
the stimuli are presented to the participant. Most of the studies so far have provided
conclusive evidence for a late response-related origin of the SNARC effect, given that
SNARC effects are typically reported in studies with centrally presented digits and manual
responses (Dehaene et al., 1993; Fias, 2001; Fias et al., 1996; Schwarz & Keus, 2004).
However, these studies do not rule out the possibility of an additional early contribution to
the SNARC effect, because all of them used central stimuli. To explore the possibility of
such an additional early contribution to the SNARC effect, in this study we compared both
central and lateralized stimuli and both manual and vocal responses.
In a parity judgment task with laterally presented digits and vocal responses (Experiment 1
and the lateralized vocal task of Experiment 2), no SNARC-like effects were found between
numerical magnitude of the digits and the side of presentation. Also with lateralized stimuli and
manual responses (lateralized manual task of Experiment 2), no interaction was found between
numerical magnitude and side of presentation. In other words, with both vocal and manual
responses, the effect of side of presentation is not modulated by magnitude. On the other hand,
with both central and lateralized stimuli and manual responses, SNARC effects were found
between numerical magnitude and response hand. In both manual tasks of Experiment 2,
magnitude had a modulating effect on the difference between right- and left-hand responses.
Taken together, these results provide strong evidence that the SNARC effect originates only
at a relatively late response-related processing stage. The absence of the magnitude χ side of
presentation interaction suggests that the SNARC effect does not occur at a relatively early
stimulus-related processing stage, but at a later response-related stage. Furthermore, in the
lateralized manual task of Experiment 2 and in the color task of Experiment 3, SNARC effects
were found, but only for trials in which side of presentation and side of response were
incompatible. In contrast to the findings of Mapelli et al. (2003), our findings suggest an
interaction between the SNARC and the (reverse) Simon effect, implying that these effects occur
at the same stage of processing (Sternberg, 1969). Since the Simon effect is generally attributed
to the response-selection stage (Lu & Proctor, 1995; Mapelli et al., 2003; Simon & Berbaum,
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1990; Umiltà & Nicoletti, 1990), this would imply that the SNARC effect occurs at the responseselection stage as well.
The absence of an additional early contribution to the SNARC effect in this study may be
contrasted with previous findings (Fischer et al., 2003; Tlauka, 2002; see also Brysbaert, 1995)
that could have been interpreted as suggesting an early, response-independent component of the
SNARC effect. However, both studies differ from the typical tasks in which SNARC effects
have been reported. Along with the present findings, this suggests that other nonstandard features
of those studies, discussed in the introduction, are crucial in obtaining SNARC-like findings.
Another difference in results that warrants further study is the SNARC effect in our color
task and its absence in the color tasks of Fias et al. (2001) and Lammertyn et al. (2002). Fias et
al. (2001) argue that the SNARC effect was not found in tasks where color is the relevant
feature, because color processing relies only minimally on parietal sources. This would result in
too little neural overlap between the color and magnitude information (which is assumed to
activate parietal areas) to elicit an observable interference of the relevant and irrelevant
information. Given this explanation, it is surprising that we found a SNARC effect in a color
task, in which the only difference with Fias et al.'s (2001) task was that the digits were now
laterally instead of centrally presented. The difference in results cannot be attributed exclusively
to lateralized stimulus presentation per se, since the SNARC effect was only found with
incompatible trials in the color experiment, whereas the presentation was lateralized in all trials.
Further research will be needed to explain the contradictory results concerning the SNARC
effect in color tasks.
Another effect that was found in our experiments was the interaction between side of
presentation and response hand. With the parity-judgment task of Experiment 2, we found a
reverse Simon effect in the sense that incompatible trials, in which side of presentation and side
of response hand did not match, yielded faster RTs and fewer errors than did compatible trials.
With the color-judgment task in Experiment 3, compatible trials were faster and less error prone
than incompatible trials (standard Simon effect). The opposite effects in the two experiments can
be explained by suggesting that the temporal overlap between the processing of the taskirrelevant and task-relevant information of the stimulus plays a critical role in the occurrence of
the Simon effect (Hommel, 1993; Mapelli et al., 2003). Apparently, when one is making color
judgments, there is a relatively large temporal overlap between the processing of the irrelevant
location and the relevant color of the stimulus, which results in a standard Simon effect. On the
other hand, when one is making parity judgments, there seems to be little or no temporal overlap
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between the processing of the irrelevant location and the relevant parity status of the stimuli,
which results in a reverse Simon effect
The results of this present study suggest that the SNARC effect originates at a relatively late
response-related stage - given the interaction between the SNARC effect and the (reverse) Simon
effect, presumably at the response selection stage One way to obtain further evidence for this
view would be through the use of electroencephalographic measurements. More specifically, we
expect that it should be possible to find a significant magnitude χ side of response interaction in
the event-related potential (ERP) signal If the SNARC effect does indeed originate at a
response-related stage, this interaction should then correspond m time with the beginning of later
response-related processing stages, as may be evidenced by the onset of the lateralized readiness
potential (for details on the Chronometrie logic of ERP, see Dehaene, 1996 and Schwarz &
Heinze, 1998).
In conclusion, the results of the present experiments can be seen as strong evidence against
any early-locus account of the SNARC effect, which assumes that the SNARC effect occurs in a
relative early processing stage Rather, the results favor the hypothesis that the SNARC effect
arises exclusively at a relatively late response-related processing stage (presumably response
selection), most likely due to (in)congruencies between the digit's location on the mental number
line and the side of the required response
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Chapter 4: Psychophysiological evidence that the SNARC effect has its
1

functional locus in a response selection stage
Abstract

When participants judge the parity of visually presented digits, left-hand responses are faster
for numerically small numbers, whereas right-hand responses are faster for large numbers
(SNARC effect; Dehaene, Bossini, & Giraux, 1993). The present study aimed to find more direct
evidence for the functional locus of this effect by recording brain waves while participants
performed speeded parity judgments giving manual responses. Our results show clear and robust
SNARC effects in the response-locked event-related potentials (ERPs) compared to the stimuluslocked ERPs, confirming that the SNARC effect arises during response-related rather than
stimulus-related processing stages. Further analyses of lateralized readiness potentials strongly
suggest that the SNARC effect begins to emerge in a response-related stage prior to response
preparation and execution, more specifically, in a response selection stage.

This chapter has been published as: Keus, I.M., Jenks, Κ M., & Schwarz, W (2005) Psychophysiological
evidence that the SNARC effect has its functional locus in a response selection stage. Cognitive Brain Research, 24,
48-56.
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In daily life, we are constantly confronted with numerical information that we must identify,
process, and act upon in order to understand the world around us and to behave effectively in it
The processing of numerical information has therefore been extensively studied over the past
two decades (for detailed summaries, see Ashcraft, 1992, Butterworth, 1999, Dehaene, 1997,
Gallistel & Gelman, 1992, McCloskey, 1992) One of the most important aspects of numerical
cognition is the processing of magnitude information, which even infants and animals have been
shown to perceive and react to (Dehaene, Dehaene-Lambertz, & Cohen, 1998, Dehaene, Piazza,
Pinel, & Cohen, 2003, Dehaene, Molko, Cohen, & Wilson, 2004)
A particularly intriguing characteristic of how the brain deals with magnitude information is
the SNARC (spatial-numerical association of response codes) effect, which was first
demonstrated by Dehaene, Bossini, and Giraux (1993) These authors showed that when
participants are asked to judge the parity status (odd/even) of a centrally presented digit,
response times (RTs) are modulated by an interaction between numerical magnitude and the
responding hand More specifically, they found that for numerically small numbers (e g , the
number 1), left-hand responses are faster than right-hand responses, whereas for numerically
large numbers (e g , the number 9), right-hand responses are faster than left-hand responses
Following this original demonstration, several other researchers replicated the SNARC effect
and extended it to less numerical tasks (such as phoneme monitoring) and to tasks with response
effectors other than hands (cf Fias, 2001, Fias, Brysbaert, Geypens, & d'Ydewalle, 1996,
Fischer, Warlop, Hill, & Fias, 2004, Keus & Schwarz, 2005, Schwarz & Keus, 2004)
The SNARC effect with parity judgments shows that RTs are systematically modulated by
numerical magnitude, even when magnitude per se is irrelevant for the required task (cf
Dehaene, 1997, Dehaene et al, 1993, Otten, Sudevan, Logan, & Coles, 1996, Schwarz &
Heinze, 1998, Schwarz & Ischebeck, 2003) This finding suggests that an internal representation
of magnitude is automatically activated whenever a number is presented This internal magnitude
representation is often thought of as being a mental number line, along which numbers are
represented in a space-related code from left to right with increasing magnitude (e g ,
Butterworth, 1999, Dehaene, 1997, Dehaene et al, 2003, Dehaene et al, 2004, Restie, 1970,
Schwarz & Ischebeck, 2000)
By running a series of experiments using parity judgments tasks, Keus and Schwarz (2005)
recently tried to determine whether the SNARC effect arises in a late, response-related stage, or
whether there is also an earlier, stimulus-related contribution They reasoned that, in the latter
case, it should be possible to vary the ease with which a number is perceptually mapped onto the
mental number line by presenting digits to either the left or right of a fixation cross It would
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then be expected that responses would be faster when the digit's side of presentation and the
location of the digit on the mental number line were congruent (e.g., presenting the small number
1, which would be internally mapped on the left side of the number line, in the left visual field),
whereas responses would be slower when these two sides were incongruent (e.g., small number 1
presented in the right visual field). The results, however, showed no interaction effects between
magnitude and side of presentation, neither with vocal nor with manual responses, indicating that
there is no early contribution to the SNARC effect. On the other hand, as expected, a regular
SNARC effect between magnitude and response hand was found in all experiments with manual
responses, demonstrating that the SNARC effect arises exclusively in a response-related stage, in
which the mental representation of the number is mapped onto the required manual response and
that response is prepared for and executed. It should be noted that with laterally presented digits,
this magnitude χ response hand interaction was only found in trials in which side of presentation
and side of response are incompatible. The broader implications of this result will be discussed
in more depth below.
Additional evidence that the influence of numerical magnitude on parity judgments arises in
a response-related stage comes from Otten et al. (1996; Sudevan & Taylor, 1987). These authors
also looked at the functional locus of the influence of magnitude on parity judgments, but in a
context other than the SNARC paradigm. In their experiment, the task of the participants varied
across trials. In some trials, participants had tojudge the parity of the presented number, while in
others, the numerical magnitude of the digits had to be categorized as low or high. Otten et al.
found that magnitude interfered with parity judgments, while parity did not interfere with
judgments of numerical magnitude. Moreover, by analyzing event-related potentials (ERPs),
they showed that this magnitude-based interference effect most likely arises during a late,
response-related processing stage.
If we accept that the SNARC effect arises in a response-related stage, the question remains
whether it arises in a response preparation and execution stage (referred to in the following
simply as response preparation stage) or in prior processing stages during which the appropriate
response is selected. More specifically, the question would become: is the SNARC effect related
to the internal selection of the required response in which the mental representation of a digit is
mapped onto the correct response (response selection stage) or does the SNARC effect arise only
at a purely motor-related stage in which the already selected response is prepared and executed
(response preparation stage)?
Some evidence for a response selection origin of the SNARC comes from the study
mentioned above by Keus and Schwarz (2005). As was mentioned, with laterally presented
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digits, they only found a SNARC effect when the side of presentation and the side of response
were incompatible but not when they were compatible. This suggests that the SNARC effect and
another effect, called the Simon effect, interact." The Simon effect is a classical stimulusresponse compatibility effect consisting of faster responses when the side of presentation and the
side of response are compatible, even though side of presentation is irrelevant to the task
(Mapelli, Rusconi, & Umiltà, 2003; Simon & Small, 1969; for a review, see Lu & Proctor,
1995). The Simon effect is generally assumed to arise during the response selection stage of
processing (Lu & Proctor, 1995; Simon & Berbaum, 1990; Umiltà & Nicoletti, 1990; but see
Hasbroucq & Guiard, 1991) and the interaction between the Simon and SNARC effect could be
an indication that the two effects originate within the same processing stage (Mapelli et al., 2003;
Simon & Berbaum, 1990; Sternberg, 1969). Further evidence that the SNARC effect arises prior
to response preparation comes from a study by Schwarz and Keus (2004), who studied the
SNARC effect with eye movements. They reasoned that if processes involved in response
preparation and execution would play an important role in the saccadic SNARC effect, SNARC
effects should also be visible on the kinematics of the eye movements. However, no SNARC
effect was found, neither on saccadic amplitude nor on saccadic duration, suggesting that the
saccadic SNARC effect on onset latencies in their study occurs before response preparation and
execution. However, the suggested functional locus of the SNARC in the above mentioned
studies is in contrast with a recent study by Fischer (2003) in which the SNARC effect was
studied in a pointing task. The results of this study showed, beside a relatively small SNARC
effect on response times (onset latencies of the pointing response), a reliable SNARC effect on
movement times (duration of the pointing movement), suggesting that the SNARC effect occurs
largely in later stages devoted to the preparation and execution of the motor response.
In the present study, we measured ERPs in an attempt to obtain more conclusive evidence of
whether or not the SNARC effect indeed arises only during a response-related stage of
processing. In addition, we also sought to test more convincingly the hypothesis that the SNARC
effect arises at a response selection rather than a response preparation stage. To this end, we
conducted an experiment using a standard SNARC setup in which participants had to judge the
parity status of centrally presented digits (1,2,3,4,6,7,8,9) using manual responses. While the
participants performed this parity judgment task, EEG recordings were made.
To study the temporal signature of the SNARC effect, we compared averaged epochs that
were time-locked either to stimulus onset or to the response (button press) of the participant.
2
The finding of Kcus and Schwarz (2005) of an interaction between the SNARC effect and the Simon effect is in
contrast with the results of Mapelli ct al.'s (2003) study, in which no interaction ellect was found. For a more
detailed description of this difference in results, we refer the reader to Keus and Schwarz (2005).

According to Hackley and Miller (1995, Dehaene, 1996, Osman & Moore, 1993), stimuluslocked and response-locked averages both contain valuable information to answer specific
questions concerning perceptual and motor-related effects Electrical activity close to the timelocking point is thought to be relatively synchronous across trials and therefore signal averaging
will result in less noisy ERPs In contrast, activity that is further away from the time-locking
point is thought to be more dispersed in time and this latency jitter dilutes the signal, yielding
smaller, broader deflections in the averaged ERP Therefore, early stimulus-related effects are
better studied using stimulus-locked averages, whereas response-related effects are better studied
using response-locked averages
According to this logic, the electrophysiological reflection of the SN ARC effect, being a
response-related effect, should be evident in response-locked ERPs and not or to a lesser extent
be evident in stimulus-locked ERPs
The question of whether the SNARC effect is related to the selection rather than to the
preparation of the manual response could be further studied by means of the lateralized readiness
potential (LRP) The LRP is related to the preparation for and execution of a motor response and
is generally interpreted as a reflection of the response preparation stage (Coles, 1989, Hackley &
Miller, 1995) When participants prepare to move their hand, a negative potential occurs at the
scalp, which is maximal at the central site contralateral to this hand The LRP is derived by
calculating the difference between electrical activity measured at the ipsilateral and contralateral
brain sites above the motor cortex (C3' and C4') for both left- and right-hand responses To
average out any lateralization main effects not related to response processes, these differences in
electrical activity between left- and right-hand responses are averaged and the so-obtained LRP
is a reflection of selective response activation (Coles, 1989, Otten et al, 1996, Schwarz &
Heinze, 1998)
However, the standard LRP as described above is principally unable to reveal the
characteristics of the SNARC effect because, while the standard LRP is an average of correct
left- and right-hand responses, the SNARC effect reflects differences between left- and righthand responses Our solution to this problem is to distinguish between congruent and
incongruent trials based on the magnitude of the number and the response hand required, in order
to use LRPs to study the SNARC effect Trials were considered to be congruent when either the
magnitude of the number was numerically small (the numbers 1, 2, 3, and 4) and the correct
response was given with the left hand or when the number was numerically large (6, 7, 8, and 9)
and the correct response was with the right hand Incongruent trials were either trials in which
correct right-hand responses were made to a numerically small number or a correct left-hand
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response was made to a numerically large number The comparison between congruent and
incongruent LRPs then provides an elegant way to further investigate the functional dynamics of
the SNARC effect Note that, just as any other ERP signal, the LRP can be constructed either by
stimulus-locked or by response-locked averaging Given that we expect the SNARC effect to
arise in a response-related stage, response-locked averaging will most likely result in less noisy
LRPs than stimulus-locked averaging and will therefore be more informative for our purposes
For the sake of clarity, it should be mentioned that the term 'onset', when used in reference to
response-locked components, indicates the time between component onset and the overt manual
response
It is important to realize that if the SNARC effect arises only during the final preparation and
execution ot the response, as monitored by the LRP, we should find differences in the onsets
between congruent and incongruent LRPs predominantly in the response-locked LRPs These
differences would then reflect the greater ease and speed with which the preparation and
execution of the manual response occur in congruent trials In contrast, if the SNARC effect is
confined to the response selection stage, then the onsets of congruent and incongruent responselocked LRPs should not differ from each other Given that the LRP is thought to reflect
processes involved in response preparation and execution, the response-locked LRP onset should
be unaffected by processes that occur exclusively prior to the response preparation stage (Coles,
1989, Hackley & Miller, 1995) It would therefore be expected that, although the response
preparation stage for incongruent trials would start later with respect to the stimulus than for
congruent trials, the response preparation stage itself would be identical for the two types of
trials When averaging the data time-locked to the response, this time-shift of response
preparation onset (relative to stimulus onset) should then be eliminated and the response-locked
LRPs should not differ significantly for congruent versus incongruent trials (for a similar logic,
see Mordkoff, Miller, & Roch, 1996, Osman & Moore, 1993)

Method
Participants
Twenty-two (20 female) students of the University of Nijmegen, aged 18 to 30, participated
in the experiment Two of the participants were left-handed All participants had normal or
corrected-to-normal vision None of them had known neurological problems or a history of
psychiatric problems On a single day, participants performed two separate sessions of the
experiment in return for either a payment of 18 Euro (=$ 18) or course credit
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Stimuli and apparatus
The stimuli consisted of the digits 1, 2, 3, 4, 6, 7, 8, and 9, which were presented in black
against a white background. Each digit was displayed in the center of a 67 Hz, 640 χ 480 pixel
black and white monitor; the display timing being synchronized with the video refresh cycle. The
digits were viewed from a distance of approximately 90 cm; they subtended 1.3 χ 1.0°. Button
press onsets were registered to the nearest millisecond (ms) via the computer's parallel port.
Procedure
The task of the participant was to judge the parity (odd/even) of the presented digit. In the
instructions, participants were told explicitly which numbers are odd and which are even.
The experiment consisted of two separate sessions in which the mapping of parity to
response side was varied. In one session, participants performed the mapping even-left (and oddright), and in the other session, they performed the mapping even-right (and odd-left). Half of the
participants performed the even-left mapping in the first session; the other half performed the
even-right mapping in the first session. Order of mapping (even-left first or even-right first) was
counterbalanced across participants.
In the even-left mapping, participants were instructed to press the left button with their left
index finger if the number was even and the right button with their right index finger if the
number was odd. In the even-right condition, the mapping of parity to response hand was
reversed. Participants were asked to respond as quickly as possible, while keeping the number of
errors as low as possible. Response times were defined as the time from the onset of the digit to
the onset of the button press.
Each trial started with a black fixation cross (+) in the middle of the screen. After 300 ms,
this cross was replaced by one of the eight numbers which in turn was response-terminated.
After an interval of 2500 ms, the black cross appeared again to indicate the start of the next trial.
A single block contained 10 practice trials, which were followed by 80 effective trials. In
each session, participants performed six blocks, resulting in a total of 480 trials per session.
Trials were generated by the computer in a random order, subject to the boundary condition that
within each block each digit was presented exactly 10 times. Erroneous responses were followed
by an error message for 1500 ms, which read "wrong response".
Between blocks, there was a self-paced pause and participants could continue by pressing
one of the response buttons. Between the two sessions, there was a break of approximately 15
minutes.
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Participants performed the experiment in a sound attenuating and electrically shielded
chamber. Each session took approximately 45 minutes.
EEG recordings
The EEG was recorded from the scalp with 5 tin electrodes mounted in an elastic electrode
cap. The electrodes were positioned according to standard International 10-20 locations (Jasper,
1958) at the frontal (Fz), central (Cz, C3, and C4), and parietal (Pz) sites. All electrodes were
referenced to the left mastoid and later offline re-referenced to the average of the left and right
mastoid. The electro-oculogram (EOG) was recorded bipolarly; vertical EOG was measured by
placing electrodes above and below the right eye, horizontal EOG by placing electrodes on the
right and left canthi. Both EEG and EOG signals were sampled with 250 Hz and filtered with a
band pass frequency of 0.05 - 35 Hz and a notch filter of 50 Hz. Electrode impedance was at
most 3 ΚΩ. EEG and EOG were sampled continuously and later offline divided into segments.
For stimulus-locked segments, the EEG was divided into segments time-locked to the onset
of the stimulus, resulting in segments of-200 to 1000 ms, with time point 0 as the moment of
stimulus onset. The pre-stimulus interval of 200 ms was used for baseline correction. For
response-locked segments, first the EEG was also divided into segments time-locked to the
stimulus onset and the pre-stimulus interval of 200 ms was used for baseline correction. All
segments were then time-locked to the response, resulting in segments of-1000 to 0 ms before
response execution, with time point 0 as the moment of the button press.3

Data analyses
For each participant, mean RTs and mean EEG signals, both stimulus-locked and responselocked, were calculated over the correct trials only. Trials in which the base-to-peak EOG
amplitude exceeded 100 μΥ were excluded from averaging for both RT and EEG (on average
18.5%). Also, trials with RTs shorter than 200 ms or longer than 1000 ms were excluded from all
analyses (on average 1.1 %).
Behavioral data. Mean RTs were subjected to a repeated measures 4 x 2 x 2 ANOVA, with
the three within-subject factors Magnitude Bin (4: 1/2, 3/4, 6/7, and 8/9; cf. Dehaene et al.,

3
In case of the response-locked ERPs and LRPs, the baseline period is different with respect to the moment of the
button press in every trial, because segments are lime-locked to the response only after baseline correction. Consider
trial χ in which the manual response occurs 400 ms after stimulus onset and trial y in which the response occurs 700
ms after stimulus onset In trial x, the baseline period is 600-400 ms before the response, whereas in trial y, it is 900700 ms before the response Therelore, it is not possible to depict a common baseline period in the response-locked
figures.
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4

(1993); Keus & Schwarz, 2005; Schwarz & Keus, 2004), Parity (2: odd versus even), and
Response Side (2: left versus right hand).
Error rates were first transformed using the arcsin (Vp) transformation (Bishop, Fienberg, &
Holland, 1975, pp. 367ff) to achieve approximate variance equality and then subjected to an
ANOVA of the same format as for RT.
EEG data. For both stimulus-locked and response-locked EEG averages, repeated measures
ANO V As were done of the same format as for RTs on each epoch of 4 ms.
For the lateralized readiness potential (LRP) analyses, trials were first categorized as being
either congruent or incongruent, based on the magnitude of the stimulus and the required
response (see Introduction). For both congruent and incongruent trials, stimulus-locked and
response-locked LRPs were calculated for each time point using the following definition (Coles,
1989; Osman, 1998; Rugg & Coles, 1995):

LRP = ( M e a n ( C 4 - CSKn-handresponsts + Mean (C3 - C 4 ) r,ghi-hand responses) / 2.

With this definition, negative (positive) values of LRP indicate a selective activation of the
correct (incorrect) response.
For each epoch of 4 ms, separately for the congruent and incongruent LRPs, one-sample /
tests were done to evaluate whether the LRP diverged significantly from zero. Paired-sample /
tests were done to test the differences between congruent and incongruent LRPs (two-sided
testing).
For both the ERP and LRP analyses, effects were considered reliably significant only if, for
at least five consecutive epochs, significant differences were found at the 0.05 level (e.g.,
Dehaene, 1996; Kok, Ramautar, De Ruiter, Band, & Ridderinkhof, 2004; Otten et al., 1996;
Schwarz & Heinze, 1998).
Results5
Behavioral results
The interaction between magnitude and response side on RTs was found to be significant
(F(3,63) = 18.523, MSE = 565.3, ρ < .001 ). As illustrated in Figure 1 A, there is a clear SNARC
effect on RTs; for the smallest magnitude bin (1/2), left-hand responses are 22 ms faster than
4
The eight digits are reduced into four magnitude bins because this allows for the orthogonal variation of
magnitude and parity, which is impossible on the basis of individual digits (e.g , the number 1 is never even).
5
Given that the purpose ot'this study was to examine the SNARC effect, wc will discuss only the results pertaining
to this question. The statistical results of the other effects arc available from the authors by request
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right-hand responses, whereas for the other magnitude bins (3/4, 6/7, and 8/9), right-hand
responses are faster than left-hand responses (differences of respectively 6 ms, 9 ms, and 31 ms).
Also, the three-way interaction between magnitude, parity, and response side was significant
(F(3,63) = 6.06, MSE = 270.5, ρ = .001), indicating that the strength of the SN ARC effect varied
somewhat for even versus odd numbers.
The SNARC effect could also been seen in the difference between congruent and
incongruent trials; a paired-sample / test showed that congruent (506 ms) trials were faster than
incongruent trials (520 ms; t{21 ) = 4.206, SEM = 3.32, ρ < .001 ).
Next, we regressed, for each participant separately, the difference between mean right-hand
RT minus mean left-hand RT on the 8 numbers (cf. Dehaene et al., 1993; Fias et al., 1996; Keus
& Schwarz, 2005; Schwarz & Keus, 2004). A mean regression slope was then calculated to
obtain a measure of the size of the effect. On average, the difference in RT between right-hand
and left-hand responses decreased by 6.5 ms per digit (/(21) = -4.730, SEM = 1.38,/? < .001).
For error rates, the interaction between magnitude and response side was also significant
(F(3,63) = 5.595, MSE = 0.013,/? = .002), yielding a clear SNARC effect on error rates (see
Figure IB). For the magnitude bins 1/2 and 3/4, most errors were made with right-hand
responses, whereas for the magnitude bins 6/7 and 8/9, most errors were made with left-hand
responses.6 The three-way interaction with parity was not found to be significant (F(3,63) =
1.389, MSE = 0.006,/; = .254).
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Magnitude bin

Figure 1. (A) Mean response limes (in ms) for left-hand (squares) and right-hand responses (dots) as a function
of numerical magnitude. (B) Error rates (in %) for left-hand (squares) and right-hand responses (dots) as a function
of numerical magnitude

6
The label 'left-hand errors' refers to errors made when the correct response would have been with the left hand but
the participant incorrectly responded with the right hand. Similarly, when making 'right-hand errors', the participant
incorrectly responded with the left hand, when the correct response would have been with the right hand.
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Electrophysiological results
7

Event-related potentials (ERPs). The stimulus-locked averages revealed no significant
interaction between magnitude and response side at Cz (see Figure 2A) and Fz, indicating that
there is no SNARC effect at these electrodes when signals are averaged time-locked to the
stimulus. However, at Pz, significant SNARC effects were found with stimulus-locked averages
between 200-239 ms and 520-635 ms after stimulus onset (see Figure 3A).
Compared to the stimulus-locked averaged, response-locked averages showed a much more
robust pattern of SNARC effects. At Cz, SNARC effects were found in the time windows 376349 ms, 344-289 ms, 268-233 ms, and 100-49 ms before response execution (see Figure 2B), and
at Pz, SNARC effects were found between 452-433 ms, 380-283 ms, and 272-169 ms before the
response was given (see Figure 3B).
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Figure 2. (A) Stimulus-locked interaction contrast (in μΥ) between numerical magnitude and response hand
at central electrode site Cz as a function ot'time. The interaction contrast is calculated as the mean activity on
congruent trials minus the mean activity on mcongruenl trials. Deviations from zero indicate an interaction between
magnitude and response hand (i.e., the SNARC effect). Significant deviations from zero are indicated by lines (p <
.05). (B) Response-locked interaction contrast (in μΥ) between numerical magnitude and response hand at central
electrode site Cz as a function of time. Significant deviations from zero are indicated by lines (p < .05).

7
Because the RT analyses showed that responses occur on average at approximately 515 ms after stimulus onset,
time windows later than 560 ms (two standard deviations above the largest across participants mean) after stimulus
onset and earlier than 560 ms prior to response execution are less intormativc for our purposes and will therefore not
be discussed

84

Β

A
Λ

Aft

-

\ Λ

*
=
s

;Ε

'
ΛΛ
ΛΛ~ /Γ^

- V

Νyvvy

J

-Λ

Ν
\

ν

•

^

/

\Ι

\

/Ι
/(

V

ί\

*

Μ \ Λ/\
'

\ /
\/ \

ν

.

*'

Λ

\Λ
ν ^ -

=
2
€

Γ
"·

Figure 3. (A) Stimulus-locked interaction contrast (in μΥ) between numerical magnitude and response hand
at parietal electrode site Pz as a function ot time The interaction contrast is calculated as the mean activity on
congruent trials minus the mean activity on incongruent trials. Deviations from zero indicate an interaction between
magnitude and response hand (i e , the SNARC effect) Significant deviations from zero are indicated by lines (p <
05). (B) Response-locked interaction contrast (in μΥ) between numerical magnitude and response hand at parietal
electrode site Pz as a function of time. Significant deviations from zero are indicated by lines (p < .05).

Given that the mean manual response time was 515 ms, the stimulus-locked SNARC effect at Pz
between 200 and 239 ms after stimulus onset most likely corresponds to the response-locked
SNARC effect at Pz in the window 380-283 ms before response execution.

Lateralized readiness potentials (LRPs). Stimulus-locked analyses showed that, for
congruent trials, there is a significant negative deflection of the LRP starting at 240 ms after
stimulus onset, indicating activation of the correct response, lasting up to 483 ms. For
incongruent trials, this significant negative deflection starts at 204 ms and lasts up to 507 ms
after stimulus onset. Comparing the two LRP signals did not result in significant differences
between 204 and 240 ms, suggesting that the onsets of the two LRPs are the same, but did result
in a difference between 504 and 527 ms, suggesting that the incongruent LRP ended later than
the congruent LRP. Also, there was a significant difference between the congruent and
incongruent LRPs between 284 and 331 ms, in which the LRP for the congruent trials was more
negative than for the incongruent trials (see Figure 4A). For response-locked analyses, the only
significant difference in the LRP between congruent and incongruent trials was between 100 and
81 ms before response execution, in which the LRP for the incongruent trials was more negative
than that for the congruent trials. For both congruent and incongruent trials, a significant
negative deflection started at, respectively, 200 and 196 ms before response execution and ended
9 ms before response execution (see Figure 4B).
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Figure 4. (A) Stimulus-locked LRPs (in μΥ) for congruent (solid line) and incongruent trials (dolled line)
as a function oftimc. Significant differences between data poinls are indicated by lines (/? < .05) (B) Responselocked LRPs (in μΥ) for congruent (solid line) and incongruent trials (doited line) as a function oftimc. Significant
differences between data points are indicated by lines (p < .05).

To further study the effects of congruency between magnitude bin and response hand, we
studied the difference between congruent and incongruent trials for each of the following number
combinations: 1/9, 2/8, 3/7, and 4/6. The largest SN ARC effect would be expected for the
combination 1/9, because these numbers are the most extreme numbers of the stimulus set. For
this combination, the congruent stimulus-locked LRP started and ended significantly earlier than
the incongruent stimulus-locked LRP. Response-locked LRPs were identical, except for a small
period 100 ms before response execution in which the incongruent LRP is significant more
negative. For both stimulus-locked and response-locked LRPs, the difference between congruent
and incongruent trials becomes smaller with each combination, with the stimulus-locked and
response-locked LRPs being identical for congruent and incongruent trials when using the
combination 4/6.
No positive deflections in either the stimulus-locked or the response-locked LRPs were
observed for the incongruent LRP, indicating that participants did not initially activate the
incorrect response during incongruent trials.

General discussion
The present study investigated the SNARC effect, which was first demonstrated by Dehaene
et al. (1993). Recent related experiments by Keus and Schwarz (2005) suggest that this effect
arises purely during a response-related stage of processing. The purpose of the present study was
to find psychophysiological evidence for such a response-related functional locus of the SNARC
effect. In addition to this general aim, we were more specifically interested in the question of
whether the SNARC effect is simply a reflection of processes involved in a predominantly
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motor-related response preparation stage or if it reflects an earlier response-related stage
involved m response selection This was done by recording EEG at several sites on the scalp of
participants, who performed a manual parity judgment task
The behavioral data revealed a clear SNARC effect for both RTs and error rates For small
numbers, left-hand responses were faster and less error prone than right-hand responses, whereas
for large numbers, right-hand responses were faster and less error prone
A comparison of the SNARC effect as reflected in the stimulus-locked and response-locked
averages confirmed our previous expectation that the effect arises at a response-related stage of
processing (Dehaene, 1996, Hackley & Miller, 1995, Osman & Moore, 1993) With responselocked ERPs, robust SNARC effects were found at sites Cz and Pz, starting 380 ms before
response execution and lasting for 140 ms or more The small SNARC effect found at Pz with
stimulus-locked ERPs seems to be a weakjittered reflection of the much larger response-locked
effect The second period of a stimulus-locked SNARC effect at Pz is found between 520 and
635 ms after stimulus onset Since a response is given on average 515 ms after stimulus onset,
this finding also corresponds with the finding that the SNARC effect is a response-locked effect
These findings are in correspondence with those of Otten et al (1996), who used a setup other
than the SNARC paradigm and also demonstrated that the interference of magnitude information
in parity judgment tasks has a response-related origin
In order to distinguish whether the SNARC effect is related to the selection rather than to the
actual preparation and execution of the manual response, LRPs were studied, based on a
categorization of trials into congruent and incongruent trials The response-locked LRPs for
congruent and incongruent trials were found to be nearly identical, indicating that for both types
of trials, the preparation and execution of the required response starts equally long before the
overt manual response is executed and thus the response preparation stage has the same duration
The response-locked LRP, reflecting the response preparation stage, should be unaffected by
processes that occur exclusively prior to this stage (Coles, 1989, Hackley & Miller, 1995,
Mordkoff et al, 1996, Osman & Moore, 1993) The similarity between the response-locked
LRPs for congruent and incongruent trials indicates that the SNARC effect does not emerge
during the response preparation stage, and must therefore reflect prior processes involved in the
selection of the correct response This is in correspondence with the finding that the response
preparation stage (as indexed by the onset of the response-locked LRPs) started 200 ms before
response execution, whereas the SNARC effect on response-locked ERPs begins 380 ms before
response execution, thus starting much earlier than the response preparation stage
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The behavioral data showed that incongruent trials were slower than congruent trials and this
difference in RT can also be seen in the stimulus-locked LRPs, where the LRP for incongruent
trials starts and ends later than that of the congruent trials.
The finding that the SNARC effect arises in a response selection stage prior to the response
preparation stage fits well with the findings of Keus and Schwarz (2005). These authors found an
interaction between the SNARC effect and the Simon effect, which may be taken as an
indication that not only the Simon effect but also the SNARC effect arises during the response
selection stage (Mapelli et al., 2003; Simon & Berbaum, 1990; Sternberg, 1969). However, it
should be noted that the amplitude of the response-locked LRP was more negative for
incongruent trials over a period of 20 ms; therefore, it cannot be concluded that the SNARC
effect is completely restricted to stages prior to the response preparation stage, but the small
period of difference in amplitude suggests that the occurrence of the SNARC effect in the
response preparation stage is relatively small.
In conclusion, our results confirm the suggestion of Keus and Schwarz (2005) that the
SNARC effect arises during late, response-related processing stages, with no indication of a
contribution arising during earlier perceptual or representational processing stages. In addition,
our results strongly suggest that the SNARC effect begins to emerge during a response selection
stage prior to the response preparation stage. In other words, the SNARC effect seems to be
related to the mapping of the mental representation of a number onto to the correct response
rather than to the actual preparation and execution of the required response. The SNARC effect
is generally taken as evidence that numerical magnitude is automatically activated even when
magnitude is irrelevant to perform the task at hand (Dehaene, 1997; Dehaene et al., 1993; Otten
et al., 1996; Schwarz & Heinze, 1998; Schwarz & Ischebeck, 2003). The present study suggests
that this automatically activated magnitude information starts to cause interference during the
response selection stage prior to response preparation.
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Chapter 5: Automatic magnitude-related motor activation explains apparent
1

contradictions
Abstract

Various studies have demonstrated that the spatial-numerical association of response codes
(SNARC) effect occurs in response-related processing stages (e.g. response selection) prior to
response preparation and execution. However, the results of a pointing task by Fischer (2003)
contradict this proposed functional locus. Two experiments were conducted to solve this
apparent contradiction. The results of these experiments suggest that the SNARC effect on
movement execution in pointing can be attributed to a specific kind of error that is
predominantly made in incongruent SNARC trials. These initial errors result when participants
initially move to the incorrect side before redirecting the movement to the correct side. The dualroute architecture proposed to underlie the SNARC effect (Gevers, Caessens, & Fias, 2005) can
account for the occurrence of initial errors, by assuming that on incongruent trials, in which these
errors are made, the unconditional fast magnitude route already activates the incorrect response
before the conditional parity route has completed the response selection of the correct response.

1
This chapter is submitted as: Keus, Ι.M. & Jenks, K.M. Automatic magnitude-related motor activation explains
apparent contradictory results concerning the SNARC effect.
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For as long as philosophers have pondered human thought, the topic of mathematics and the
role it plays in abstract thought has been discussed. It is therefore not surprising that questions
related to how numerical information is represented and processed have become a focus of
interest to researchers (for detailed summaries, see Butterworth, 1999; Dehaene, 1997; Gallistel
& Gelman, 1992). One topic in numerical cognition that has received much attention over the
last few years is the SN ARC (Spatial-Numerical Association of Response Codes) effect, which
was first observed by Dehaene, Bossini, and Giraux (1993). They demonstrated that, when
participants have to judge the parity status (odd/even) of a centrally presented digit, response
times to numerically small numbers (e.g. 1) are faster with the left hand than with the right hand,
whereas response times to numerically large numbers (e.g. 9) are faster with the right hand than
with the left hand. Since this original demonstration, the SNARC effect has been extensively
studied (cf. Fias, 2001; Fias, Brysbaert, Geypens, & d'Ydewalle, 1996; Keus & Schwarz, 2005;
see Hubbard, Piazza, Pinel, & Dehaene, 2005, for an excellent review). Nevertheless, some
questions concerning the SNARC effect remain unanswered. This study was conducted in an
attempt to solve one inconsistency that has arisen as a result of apparently contradictory results
stemming from recent studies concerning the functional locus of the SNARC effect.
Keus, Jenks, and Schwarz (2005) obtained evidence that the SNARC effect arises in a
response selection stage of processing by recording event-related potentials (ERPs) and
lateralized readiness potentials (LRPs) from participants performing a parity judgment task. In
addition to the characteristic SNARC effects on response times and error rates, they found
manifestations of the SNARC effect on ERPs and LRPs. Robust SNARC effects were found
with response-locked ERPs but not with stimulus-locked ERPs, indicating that the effect arose at
a response-related stage of processing. Furthermore, they observed that the onset and duration of
the response-locked LRPs were similar for SNARC congruent trials (trials with either a small
digit and a left-hand response or a large digit and a right-hand response) and SNARC
incongruent trials (trials with either a small digit and a right-hand response or a large digit and a
left-hand response). Because the LRP is generally thought to reflect response preparation and
execution (cf. Coles, 1989; Hackley & Miller, 1995), these results indicate that the SNARC
effect arises in processing stages prior to the response preparation and execution stage.
Consequently, these authors concluded that the SNARC effect emerges during a response
selection stage prior to the response preparation and execution stage and that the effect is related
to the selection of the response rather than to the actual preparation and execution of a response
(for similar results see Gevers, Ratinckx, de Baene, & Fias, 2006).
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In conjunction with this conclusion about the functional locus of the SNARC effect are the
results of two eye movement studies on the SNARC effect (Fischer, Warlop, Hill, & Fias, 2004;
Schwarz & Keus, 2004). In these experiments, participants were shown a single digit in the
center of a computer screen and two response boxes placed to the left and the right of the digit.
The participants had to determine the parity (odd vs. even) of the centrally presented digit and
then to saccade to either the left or the right response box, based on a predetermined response
rule. A clear SNARC effect was observed on saccadic onsets; for small numbers, decision times
for saccades to the left were smaller than decision times for saccades to the right, whereas for
large numbers this pattern of decision times was reversed. In contrast, no SNARC effects were
observed on either saccadic amplitudes or saccadic durations, indicating that the magnitude of
the digit did not affect the actual execution of the saccades (Schwarz & Keus, 2004).
Evidence that seems to contradict the findings that the SNARC effect occurs prior to
response execution comes from of a pointing study by Fischer (2003). In this pointing task,
participants had to indicate the parity of a centrally presented digit (1, 2, 8, or 9) by moving their
index finger from a central start box to either a left or right response box. More specifically, the
participants first touched the start box on a computer touch-screen upon which a single digit was
presented. They were instructed to release the start box and move their finger to the selected
response box, after they had both determined the digit's parity and selected the response box to
touch. Response times (RTs) registered the time from the onset of the digit to the release of the
start box and were taken as an indication of response selection. Movement times (MTs)
measured the time from the release of the start box to the touch down on one of the response
boxes and were taken as an indication of response execution. In his Experiment 1, Fischer
observed a SNARC effect on MTs but not on RTs, which was interpreted as an indication that
the SNARC effect occurred in the response execution and not in the response selection stage.
Fischer pointed out that the absence of a SNARC effect on RTs might be explained by
participants releasing the start box before they had fully determined the parity of the digit.
Response selection would then take place during the pointing movement, causing RT and MT to
be unreliable measures of response selection and response execution, respectively. To control for
this possibility, Fischer included catch trials in Experiment 3 to prevent participants from
releasing the start box before they had selected a response. In these catch trials, a letter (T, Z, B,
or P) was presented and participants had to keep in contact with the start box until the letter
disappeared again. The results of this follow-up experiment revealed a SNARC effect on both
RTs and MTs, indicating that the results of Experiment 1 could, at least in part, be explained by
postponed response selection processes. Nevertheless, even in Experiment 3, the results seem to
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suggest that the SNARC effect occurs not only during response selection but also during
response execution.
To summarize, the conclusions based on the results of the pointing task (Fischer, 2003) are
in contrast with the conclusions based on both EEG and eye movement studies (Fischer et al.,
2004; Gevers, Ratinckx, et al., 2006; Keus et al., 2005; Schwarz & Keus, 2004); the former
suggest that the SNARC effect occurs both in response selection and response execution,
whereas the latter suggest that the SNARC effect occurs exclusively prior to response
preparation and execution. Because the results of both the eye movement and EEG studies on the
SNARC effect provide rather convincing converging evidence for a response selection locus of
the SNARC effect, the present study was conducted to further investigate the pointing task in an
attempt to resolve the apparent contraction between the findings mentioned above.
First, in Experiment 1 we repeated the pointing task with catch trials to see whether we
would replicate the results observed in Fischer's (2003) Experiment 3. In addition, we addressed
an important issue concerning the SNARC effect within a single hand. The results of Fischer's
pointing task were obtained by having participants perform one block of trials with their left
hand and one with their right hand. The data of the two hands were then averaged and subjected
to further analyses. However, a recent pilot study demonstrated that the SNARC effect is not
necessarily the same for the left and the right hand. In this single-hand experiment, we asked the
participants to perform a standard SNARC task, with the exception that, instead of using both
hands, they were required to respond with either the left or the right hand. As a consequence of
this setup side of response was defined within a single hand. More specifically, when using the
left hand, the left button was pushed with the middle finger and the right button was pushed with
the index finger. When using the right hand, the left button was pushed by the index finger and
the right button was pushed by the middle finger. The results showed a regular SNARC effect
when participants used their right hand to respond, but no SNARC effect when they used their
left hand. These findings show that, because the SNARC effect within a hand was present only
when participants used their right hand, averaging across hands can be problematic. Therefore, in
Experiment 1, we studied the SNARC effect separately for the left and the right hand to
determine whether we would observe a differential effect of used hand on the SNARC effect in a
pointing task.
In Experiment 2, we studied the possibility that even when catch trials are included,
participants may release the start box prior to completing response selection and that, as a
consequence, the SNARC effect on MT actually reflects response selection instead of response
execution. To further explore this possibility Experiment 2 was conducted, in which participants
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were instructed to indicate the parity of the digit by moving a computer mouse from a central
start location to one of two response boxes It was then possible to determine in which direction
the movement was initiated and at which response box it ended

Experiment 1: Pointing task
Method
Participants
Sixteen (14 female, 2 male) students at Radboud University in Nijmegen, aged 19 to 27,
participated in the experiment in return for a payment of 5 Euro (= $5) or for course credit All
participants were right-handed and had normal or corrected-to-normal vision
Stimuli and apparatus
The stimuli consisted of the digits 1, 2, 8, and 9 and the letters T, Z, B, and P, which were
presented in white against a black background Each stimulus was displayed in the center of a
100-Hz, 800 χ 600 pixel ELO touch screen The stimuli were viewed from a distance of
approximately 40 cm and subtended 2 1° χ 1 Γ At the bottom of the screen, three green boxes of
3 by 3 cm were presented, with the middle box (start box) centered on the screen The response
boxes were placed 7 cm to the left and right of the start box The distance between the borders of
the screen and the boxes was 4 5 cm

Procedure
The task of the participant was to judge the parity (odd/even) of the presented digit In the
instructions, the participants were told explicitly which numbers are odd and which are even
The experiment consisted of two separate sessions in which the mapping of parity to
response side was varied In one session, the participants performed the mapping even-left (and
odd-right) and in the other session they performed the mapping even-right (and odd-left) In the
even-left mapping, the participants were instructed to move to and touch the left response box
with their index finger when the number was even and to move to and touch the right response
box when the number was odd In the even-right session, the mapping of parity to response side
was reversed Within each session, the participants performed two blocks with their left hand and
two blocks with their right hand Order of mapping (even-left first vs even-right first) and order
of used hand (left hand first vs right hand first) were counterbalanced across participants
Throughout the whole experiment, the three green boxes were presented in the lower part of
the screen Each trial started with the presentation of a white fixation cross (+) in the middle of
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the screen. The participants were instructed to touch the start box in response to this fixation
cross. After the start box was touched for 500 ms, the fixation cross was replaced by either a
letter or a digit. In response to a letter, the participants had to keep touching the start box until
the letter disappeared (after 1500 ms). When a digit was presented, the participants were required
to keep in contact with the start box until they determined the parity of the digit and then move to
the appropriate response box. The digit disappeared after one of the response boxes was touched.
The next trial started with a new fixation cross 1000 ms after the letter or digit disappeared.
The participants were explicitly instructed to wait with releasing the start box until they had
selected the correct response box to touch. Both RTs and MTs (as defined in the introduction)
were registered.
Each session consisted of four blocks of 100 trials, of which the first two blocks and second
two blocks were performed using the same hand. The first 20 trials of the first block with a given
hand and the first five trials of the following block were considered practice trials and excluded
from further analyses. Trials were generated by the computer in a random order, subject to the
boundary condition that, within each block, each digit was presented 20 times and each letter
five times. Erroneous responses were followed by an error message for 500 ms, which read
"error".
Between blocks, there was a self-paced pause that participants could terminate by touching
the screen. Between the two sessions, there was a break of approximately 10 minutes. Each
session took approximately 20 minutes.

Data analyses
As a first step, for each participant, both RT and MT outliers were determined, based on the
digit trials. To control for speed differences between hands, mean and standard deviations for RT
and MT were calculated for each hand condition separately. Trials with either RTs or MTs below
or above 2 standard deviations from the appropriate mean were considered outliers. Outlier rates
across participants were 4.0% for RTs and 4.5% for MTs. For (non-outlier) digit trials a total of
2.34% of trials were considered incorrect. On average 0.66% of trials was considered incorrect,
because participants touched the wrong response box, and 1.68% of the trials was considered
erroneous, because participants touched outside the area of the response box. On average,
participants released the start box in response to a letter on 6.0% of the letter trials. Mean RT on
these incorrect letter trials was 480 ms. Both incorrect trials and outliers were excluded from
further analyses, resulting on average in 32 effective trials for each combination of digit, used
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hand, and response side. Because of the small number of errors, error rates were not analyzed
further.
Mean RTs and MTs were subjected to separate repeated measures ANOVA's with used hand
(left vs. right hand), numerical size (small vs. large), parity (odd vs. even), and response side
(left side vs. right side) as within-subjects factors. Paired-sample t tests were conducted
separately for small and large numbers to test the effect of response side on RTs and MTs,
respectively, within each numerical size. Because differences between the left and the right side
are predicted to be negative for small numbers and to be positive for large numbers, the p-values
of these tests are reported one-sided. The size of the SNARC effect on RT and MT will be
quantified as the difference in respectively RT and MT between congruent and incongruent
trials. As a final analysis, a paired-sample / test was done to compare the size of the SNARC
effect on RT with the size of the effect on MT.

Results2
Response times. A regular SNARC effect was found between numerical size and response
side (F( 1,15) = 21.7, MSE = 807.3, ρ < .001 ; see Figure 1 A). For small numbers, deciding that a
response to the left side was required was 20 ms faster than deciding that a response to the right
side was required (p < .001). In contrast, for large numbers, decisions for a response to the right
side were 13 ms faster than decisions for a response to the left side (p = .016). The size of this
SNARC effect was 16 ms, with, on average, congruent trials taking 516 ms and incongruent
trials taking 532 ms to be completed.
The three-way interaction of numerical size, response side, and used hand was not
significant (FOJS) = 0.4), indicating that the SNARC effect on RT was similar for responding
with the left hand or with the right hand.
Movement times. As with RTs, a SNARC effect was found between numerical size and
response side {F( 1,15) = 26.0, MSE = 150.9, ρ < .001 ; see Figure 1B). For small numbers,
movements to the left side tended to be 8 ms faster than movements to the right side (p = .034).
In contrast, for large numbers, movements to the right side were 8 ms faster than movements to
the left side (p = .011). On average, movements in congruent trials took 284 ms to be completed
and 292 ms in incongruent trials, resulting in a SNARC effect of 8 ms.

2
Wc will discuss only the resulti, pertaining to the SNARC effect. The statistical results of the other effects are
available trom the authors by request.
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The left- and the right-hand SNARC effects on MTs were similar, as was indicated by the
nonsignificant three-way interaction of numerical size, response side, and used hand (F(I,15) =
0.11).
Comparing the SNARC effects on RTs and MTs. The SNARC effect on RT (16 ms) was
slightly larger in size than that on MT (8 ms), a difference that was only marginally significant (p
= .067, two-sided).
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Figure 1 (A) Mean response times (in milliseconds) in Experiment 1 for left-side responses and right-side
responses as a function of numerical size (small vs large) (B) Mean movement times (in milliseconds) in experiment 1
for left-side responses and right-side responses as a function of numerical size (small vs large).

Discussion
The results of Experiment 1 replicate Fischer's (2003) finding of SNARC effects on both RT
and MT. Furthermore, the results show that, for both RT and MT, the SNARC effect is identical
for pointing with the left hand and for pointing with the right hand. The latter finding is in
contrast with the finding of the single-hand experiment described in the introduction, in which a
SNARC effect was present when the right hand was used to respond, but absent when the left
hand was used to respond. This divergence might be attributed to a different definition of side of
responding in the two experiments: In the single-hand experiment side of responding was
defined within a hand, whereas in the pointing task side of response was defined by direction of
movement. The absence of a SNARC effect in the single-hand experiment when participants
used their left hand to respond suggests that the instructions in that experiment did not create a
clear distinction between a left side and a right side response within the left hand. In contrast, in
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the pointing task a movement has to be made to a left or right target, thereby creating a clear
distinction between the left and the right side of responding. The exact mechanisms responsible
for the difference in the pilot study and the current study need to be studied further. In any case,
we note that in a pointing task identical SNARC effects are obtained for either hand.
Most relevant for the purpose of this study is the fact that we replicated Fischer's (2003)
findings, which at first glance seems to provide evidence for the view that the SNARC effect
also occurs during response execution. However, as discussed in the introduction, these findings
are in contrast with the other studies on the functional locus of the SNARC effect (Fischer et al.,
2004; Gevers, Ratinckx, et al., 2006; Keus et al., 2005; Schwarz & Keus, 2004). Because the
findings of these latter studies demonstrate convincingly that the SNARC effect occurs before
response execution, we assume that the findings in the pointing task do not reflect a genuine
SNARC effect on response execution. In contrast, the observation of SNARC effects on both RT
and MT suggests that (at least) on some trials, even with catch trials and careful instructions, the
participants performed part of response selection during the time of the actual movement. It is
possible that on some trials the participant released the start box before selecting a response,
thereby postponing the selection of the response into MT. The proportion of errors on the letter
trials, which were included to avoid premature release of the start box, was relatively large
(6.0%) in comparison to the proportion of errors on the digit trials (2.34%). Along with the
observation that RTs for letter trials were approximately 40 ms faster than those for digit trials,
these findings raise the possibility that the participants indeed on some trials released the start
box before finishing the response selection.
Some of the participants reported that, on some trials, they would initiate a movement
toward one side and would then, while performing the movement, redirect it toward the other
side. The term initial errors will be used to describe such trials, in which the movement is
initially directed toward the incorrect response box and then redirected toward the correct
response box, resulting in a correct response at the end of the trial. The occurrence of such initial
errors might be an explanation for the SNARC effect on MTs, as was observed in Experiment 1,
if the initial direction of the movement on trials with initial errors would vary systematically with
the numerical size of the digits. Trials with initial errors should logically result in longer MTs,
because the length of the movement is longer due to the initial movement to the incorrect side. If
initial errors would more often occur with incongruent than with congruent trials, then MTs
would be longer for incongruent trials than for congruent trials, resulting in a SNARC effect on
MT.
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In Fischer's (2003) pointing task and our replication, it is not possible to determine with
certainty how often initial errors were made. Although initially the movement is directed toward
the incorrect response side, the end result is a correct, though slower, response. In order to
capture this initial movement, we designed a sliding task, in which the participants had to move a
cursor, from the start box, across the screen to either the left or the right response box by moving
a computer mouse.1
The purpose for Experiment 2 was to determine, by registering more information about the
trajectory of the movement, whether the participants indeed made initial errors on some trials.
Furthermore, if indeed initial errors were made, the characteristics of these errors will be studied
in more detail.

Experiment 2: Sliding task
Method
Participants
Sixteen (14 female, 2 male) students at Radboud University in Nijmegen, aged 18 to 28,
participated in the experiment in return for a payment of 5 Euro (« $5) or for course credit. All
participants were right-handed, had normal or corrected-to-normal vision, and had not
participated in Experiment 1.
Stimuli and apparatus
Stimuli and apparatus were the same as in Experiment 1, except that, instead of using the
touch screen to respond, responses were now given by moving a cursor with a 100-Hz Compaq
two-button computer mouse. The cursor was a white circle (diameter of 15 mm) displayed on the
screen to indicate position.

Procedure
The procedure was similar to that in Experiment 1, except for the way in which the
participants had to respond. The participants were instructed to slide the white circle onto the
start box in response to the fixation cross and then press the left mouse button and keep it
pressed. After the mouse button had been pressed for 500 ms, a letter or digit appeared on the
screen. In response to a letter, the participants were instructed to keep the white circle in the start
3
Initially a pilot study was done in which the participants were required to respond by moving their finger across
the touch screen. However, the participants indicated that it was difficult to make smooth movements across the
screen while maintaining contact with the screen at all times. Therefore, it was decided to redesign the task to make
it more comfortable to the participants and siili be able to obtain evidence for initial errors
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box and to release the mouse button after the letter disappeared again In response to a digit,
participants had to decide on the parity of the digit and then, after the selection of the response
direction, slide the circle to either the left or the right response box, depending on the mapping of
parity to response side Once they had slid to the response box, they could release the mouse
button RT was defined as the time from the onset of the digit to the moment that the circle was
moved out of the start box MT was defined as the time from the moment that the circle was slid
from the start box to the moment that the circle was slid into one of the response boxes
All participants performed the task with the right hand, because all of them had indicated
this hand to be the most efficient in handling a mouse
The experiment consisted of 600 trials, which were divided into six blocks of 100 trials In
three consecutive blocks, the participants performed the even-left (odd-right) mapping and in the
other three blocks they performed the even-right (odd-left) mapping The first 20 trials of the
first block of a given mapping and the first five trials of the following blocks were considered
practice trials and excluded from further analyses Order of mapping (even-left first vs evenright first) was counterbalanced across participants The experiment took approximately 40
minutes

Data analyses
Trials were considered outliers when RTs were shorter than 100 ms or longer than 1000 ms
or when MTs were shorter than 20 ms or longer than 500 ms Outlier rates across participants
were 2 4% for RTs and 1 8% for MTs For (non-outlier) digit trials a total of 1 82% of trials were
considered incorrect On average 1 76% of trials were considered incorrect, because participants
slid the circle to the incorrect response box, and 0 06% of the trials were considered erroneous
because participants did not slide the circle into the response box On average, on 4 1% of the
letter trials, participants moved the mouse out of the start box in response to a letter Mean RT on
these incorrect letter trials was 423 ms
Of the remaining trials, participants made on average 2 0% initial errors, thus trials in which
the movement was initially directed toward the wrong side, but then was redirected toward the
correct side Both incorrect trials and outliers were excluded from further analyses, resulting on
average in 50 valid trials for each combination of digit and response side Because of the small
number of errors, error rates were not further analyzed
Data analyses were identical to those in Experiment 1, except that the factor used hand was
removed from analyses, because participants used only their right hand to respond
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Results
Response times. A significant interaction between numerical size and response side was
found (Fi 1,15) = 15.5, MSE = 851.6, ρ = .001); this SNARC effect is illustrated in Figure 2A.
For small numbers, decisions to slide to the left were made 18 ms faster than decisions to slide to
the right, but this difference was only marginally significant (p = .07). In contrast, for large
numbers, decisions to slide to the right were 23 ms faster than decisions to slide to the left (p =
.001). On average, RTs for congruent trials (542 ms) were faster than those for incongruent trials
(562 ms).
Movement times. There was no significant interaction between numerical size and response
side on MTs (F(l,15) = 1.35, MSE = 32.1,/? = .264), indicating that the difference between
movements to the left and movements to the right was not modulated by numerical size (see
Figure 2B). In other words, MTs for congruent trials (142 ms) were identical to those for
incongruent trials (143 ms).
Initial errors. Although initial errors occurred in only 2.0% of the trials, the occurrence of
these errors varied systematically with the compatibility of the trials; more initial errors (68%)
were made with incongruent trials than with congruent trials (32%); ^(15) = 53.02, ρ <.001).
Because of this systematic variation between compatibility of the trials and the occurrence of
initial errors, we studied the SNARC effect in the presence of initial errors, by calculating mean
RTs and MTs based on all correct trials plus the trials with initial errors and then subjecting these
means to repeated measures ANOVA's as described above.
A SNARC effect was observed on RT (F(l,15) = 13.9 MSE = 804.4,/? = .002), but this
SNARC effect (18.7 ms) was significantly smaller than the SNARC effect observed when initial
error trials were excluded (20 ms; ρ = .015). Of greatest importance in the present context, with
the inclusion of the initial error trials, the SNARC effect on MT was significant (F( 1,15) = 5.1,
MSE = 118.1, ρ = .039), with congruent trials being 5 ms faster than incongruent trials.
To further study the characteristics of the initial error trials, paired-sample I tests were
performed separately for congruent and incongruent trials to test the difference in respectively
RTs and MTs between trials without initial errors and trials with initial errors. For congruent
trials, there was no difference between RTs for trials with initial errors and RTs for trials without
A
Because not all participants made initial errors on both congruent and incongruent trials, we chose to perform
paircd-sample I tests to study the characteristics of initial errors In addition, a repealed measures ANOVA was done
with trial type (congruent vs incongruent) and response (correct vs. initial error) as within-subjects factors on
respectively the RT and MT data of the 11 participants who made initial errors on both congruent and incongruent
trials. For RT, a significant interaction was found between trial type and response (/r(l,IO)=8.678, MSE = 2683.4,ρ
= .015) demonstrating a similar pattern of RTs as was shown by the I tests mentioned in the results. Also similar to
the results of the t tests, there was a significant effect of response on MT (^(Ι,ΙΟ) = 317.4, MSE = 1588.4, ρ < 001)
due to longer MTs for initial error trials, but neither an effect of trial type nor an interaction effect between trial type
and response on MT (both p's > .25).
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initial errors (/(11) = 0.45, SEM = 24.9,ρ = .663). However, for incongruent trials, RTs for trials
with initial errors were 61 ms shorter than those for trials without initial errors (/(13) = 3.42,
SEM = 17.8,/? = .005). For both congruent and incongruent trials, MTs were longer for trials
with initial errors than MTs for trials without initial errors (difference of 234 ms, t{\ 1)= 11.8,
SEM = 19.8, ρ <.001, and of 198 ms, i(13) = 16.1,SEM = 12.3,/? <.001, respectively).
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Figure 2. (A) Mean response times (in milliseconds) in Experiment 2 for left-side responses and right-side
responses as a tunclion of numerical size (small vs. large) (B) Mean movement times (in milliseconds) in experiment 2
for left-side responses and right-side responses as a function of numerical size (small vs large).

Discussion
The results of Experiment 2 show that, when controlling for trials with initial errors, there is
a SNARC effect on RT but not on MT, demonstrating that numerical size information
systematically modulates response selection but not the actual response execution. In contrast to
the results of the pointing task in Experiment 1, these findings are in line with the EEG and eye
movement studies mentioned in the introduction (Fischer et al., 2004; Gevers, Ratinckx, et al.,
2006; Keus et al., 2005; Schwarz & Keus, 2004). In the present experiment we obtained a
SNARC effect on decision times to slide, but not on the duration of the actual sliding movement.
These findings are similar to, for example, the study by Schwarz and Keus (2004), in which a
SNARC effect was observed on decision times to initiate a saccade but not on the duration of the
saccade.
However, in the present experiment a different pattern of effects was observed when we did
not control for trials with initial errors. The results showed that the occurrence of initial errors
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varied systematically with the compatibility of the trials and that, when including trials with
initial errors, SNARC effects were observed on both RT and MT. In other words, the SNARC
effect on MT, observed in the sliding task when initial errors are not controlled for, can be
attributed to the occurrence of such errors. These observations, along with the participants'
report of initial errors in Experiment 1, suggest that the SNARC effect on MT in the pointing
task is also attributable to the occurrence of initial errors.
The broader implications of these findings will be discussed in the next section.

General discussion
Both in Fischer's study (2003) and in the pointing task of Experiment 1, SNARC effects
were observed on both RTs and MTs. Fischer (2003) took these observations as evidence that the
SNARC effect occurred in both the response selection and response execution stages of
processing. However, results of other studies on the SNARC effect (Fischer et al., 2004; Gevers,
Ratinckx, et al., 2006; Keus et al., 2005; Schwarz & Keus, 2004) challenged this assumption and
were more in line with the view that the SNARC effect occurs exclusively prior to response
preparation and execution.
One explanation for this apparent discrepancy between results was that, in the pointing tasks,
on some trials, participants initiated a movement before response selection was completed and,
consequently, the SNARC effect on MTs reflected response selection processes rather than
response execution processes. The present Experiment 2 provides evidence for this idea of
postponed response selection. The results of this experiment show that, with sliding, participants
sometimes initiated a response before the response selection based on parity was completed. This
tendency resulted in so-called initial error trials, in which initially a movement to the incorrect
side is made and then during the movement is redirected toward the correct side. Trials with
initial errors had significantly longer MTs than trials without these errors and were more
common for incongruent trials than for congruent trials. As a result, when there was no control
for initial errors trials, mean MTs were longer for incongruent trials than for congruent trials and
thus a significant SNARC effect on MT was observed. In contrast, when trials with initial errors
were excluded, no SNARC effect on the duration of the sliding movement was observed. These
findings, along with the participants' reports of making initial errors in the pointing task, suggest
that the SNARC effect on MT in pointing can be attributed to these initial errors, which can be
taken as a sign of postponed response selection.
Gevers, Caessens, and Fias (2005) proposed a dual-route architecture underlying the
occurrence of the SNARC effect, in which magnitude and parity information are processed in
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parallel up to response-related stages. In their model, the task-irrelevant magnitude information
is processed fast along an unconditional route and automatically primes a response based on the
spatial code conveyed by the numerical size of the digit (i.e. left response for numerically small
numbers, right response for large numbers). In contrast, parity information is processed more
slowly along a conditional route and a response is selected based on the task requirements. On
congruent trials, the two routes will require the same response resulting in relatively fast
response times, whereas on incongruent trials the two routes will require different responses
resulting in relatively slow response times. Gevers, Ratinckx, et al. (2006) found support for this
dual-route architecture in an EEG study in which participants had to judge the parity of the digits
1, 2, 8, and 9. In accordance with expectations based on a specific dual-route architecture (cf. De
Jong, Liang, & Lauber, 1994), they observed an initial deflection toward the incorrect response
in the response-locked LRPs for incongruent trials and an initial deflection toward the correct
response in the response-locked LRPs for congruent trials. Based on these findings, the authors
concluded that, via the unconditional route, the magnitude of the digit had primed and activated
the response associated with the numerical size of the digit before a response based on parity was
prepared.
Our observation of trials with initial errors on incongruent trials in Experiment 2, in which
the participants initially move toward the incorrect response side, is reminiscent of the initial dip
toward the incorrect response in the incongruent trials in the study by Gevers, Ratinckx, et al.
(2006). In line with the dual-route reasoning, the occurrence of initial errors could be attributed
to the priming of the response by the magnitude information of the number. More specifically, in
an incongruent trial the magnitude information would trigger a response to the incorrect side and,
when processed quickly enough, would initiate a response toward this side. The redirection of
the movement is then made as soon as the slower route, in which parity is processed, indicates
that the response should have been to the other side.
Further support that the faster magnitude route is responsible for the initial errors on
incongruent trials comes from the observation that RTs for incongruent trials with initial errors
are approximately 60 ms faster than those for incongruent trials without initial errors. Also, the
SNARC effect on RTs was smaller when initial error trials were included than when they were
not. This can be attributed to the findings that, whereas for congruent trials RTs are equally fast
for trials with and without initial errors, for incongruent trials RTs were faster for initial error
trials. When including initial error trials, RTs to incongruent trials are then relatively fast and,
consequently, the difference in RT between congruent and incongruent trials is reduced (i.e. the
SNARC effect).
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It should be noted that some initial errors were made on congruent trials as well, which can
m principle not be explained by the magnitude route priming a response; in congruent trials the
magnitude route should have primed the correct response, whereas the initial errors show that in
these trials the incorrect response was initially activated. However, for congruent trials RTs were
similar for trials with initial errors and trials without these errors. This suggests that in these
trials, rather than that response selection was not yet completed, either parity was determined
incorrectly or parity was mapped incorrectly onto the required response side and, consequently, a
response was initiated to the incorrect response side. The redirection toward the correct side
during the movement could then be explained by assuming that participants corrected their error
during the sliding movement.
Furthermore, we were not able to observe whether in some congruent trials the magnitude
route primed the correct response before the parity route activated a response. Although this
would be expected given the results of Gevers, Ratinckx, et al. (2006), due to the setup of the
sliding task it is not possible to distinguish whether response selection in a congruent trial is
based on magnitude information or on parity information, because both routes would activate the
same response. However, congruent trials m which the response was based on magnitude
information should not affect our conclusions about the (absence of the) SN ARC effect on MTs.
These trials would have smaller RTs, because the response was initiated faster, resulting in a
larger SNARC effect (i.e. difference between congruent and incongruent trials) on RT, but
would not affect MT, since the total length and duration of the sliding movement itself would be
the same.
Taken together, the results of Experiment 2 are in agreement with the results of other studies
on the functional locus of the SNARC effect (Fischer et al., 2004; Gevers, Ratinckx, et al., 2006;
Keus et al., 2005; Schwarz & Keus, 2004), suggesting that the effect occurs before response
preparation and execution regardless of whether responses in a parity judgment task are made
with manual button presses, saccadic eye movements, or pointing and sliding movements.
Furthermore, the occurrence of initial errors in incongruent trials can be accounted for by a dualroute architecture of the SNARC effect, in which magnitude information is processed faster than
parity information, resulting in a response activation based on magnitude information before the
response selection based on parity information is completed (Gevers et al., 2005; for a similar
model concerning congruency effects of numerical and physical size see Schwarz & Ischebeck,
2003).
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Chapter 6: General discussion
The main focus of this thesis has been on the SN ARC effect, which describes the
observation that responses to numerically small numbers are made faster when the required
response is to the left side, whereas responses to large numbers are made faster when the
required response is to the right side (Dehaene, Bossini, & Giraux, 1993). In all experiments
described in this thesis, the SNARC effect was studied by asking participants to perform parity
judgment tasks, except for one experiment in Chapter 3 in which a color judgment task was used.
The results of these experiments have revealed some of the main characteristics of the SNARC
effect and have served to illuminate some of its implications for numerical cognition.
In Chapter 2 both manual and saccadic response conditions were used in which participants
were asked to indicate the parity of a centrally presented single digit by responding with either
their hands or their eyes. SNARC effects on response latencies were obtained both when
participants made manual button presses to respond and when they made saccadic eye
movements to respond. These findings support the view that the SNARC effect reflects a spacerelated mental representation of numerical magnitude that is independent of the effectors used to
respond with. In addition, the observation of both horizontal and vertical SNARC effects
demonstrated that the direction of our mental representation of magnitude is not restricted to a
horizontal orientation. The results of Chapter 2 have been confirmed by a number of studies. For
example, Fischer, Warlop, Hill, and Fias (2004) also obtained a horizontal SNARC effect on
saccadic latencies and Schwarz and Müller (2006) provided further evidence for the notion that
the SNARC effect is independent of effectors by demonstrating SNARC effects with both
manual and pedal responses. Furthermore, similar to the vertical SNARC effect observed in
Chapter 2, Ito and Hatta (2004) observed a SNARC effect in the vertical direction in an
experiment in which manual responses were given.
In Chapter 3, we varied the presentation of the stimuli by presenting a single digit either
centrally or laterally in the left visual field (LVF) or the right visual field (RVF). In addition,
different response conditions were used by asking participants to give either manual or vocal
responses. No SNARC-like effects were obtained between the numerical size of the digit and the
side of presentation in any of the three experiments. However, in all manual response conditions,
both with central and with lateralized stimuli, regular SNARC effects were observed between
numerical magnitude and response hand. These observations suggest that the effect only arises in
response-related processing stages.
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In Chapter 4 manual response times and electrophysiological data were collected during a
standard SNARC experiment. The results of this experiment confirmed the response-related
nature of the SNARC effect by showing that the signature of the effect in the EEG was more
robust in the response-locked than in the stimulus-locked event-related potentials (ERPs).
Examination of the lateralized readiness potentials on congruent trials (left hand response for
small digits; right hand response for large digits) and incongruent trials (left hand response for
large digits; right hand response for small digits) revealed that the SNARC effect arises in a
processing stage devoted to response selection prior to stages involved in response preparation
and execution (for similar conclusions see Gevers, Caessens, & Fias, 2005 and Gevers, Ratinckx,
De Baene, & Fias, 2006).
The results of a study by Fischer (2003), in which the SNARC effect was studied by means
of a pointing task, were not completely in agreement with the findings of the previous chapters.
In contrast, the results of Fischer's pointing task, showing a SNARC effect on movement times,
suggested that the SNARC effect also affected response execution. In Chapter 5 two experiments
were conducted to resolve this apparent contradiction. Both manual response times, thought to
reflect the completion of the response selection stage, as well as manual movement times, as an
indication of response execution, were measured. The results suggest that the SNARC effect on
the execution of the movement, as observed in the pointing task, can be attributed to a specific
type of error. These so-called initial errors trials, in which the initial movement is made toward
the incorrect response side and later redirected toward the correct response side, occurred more
often for incongruent than for congruent trials. Total movement length and thus movement times
were longer when these errors were made, because the movement was redirected during the trial,
and as a result movement times for incongruent trials were longer than those for congruent trials
(i.e. the SNARC effect). When properly controlling for trials with initial errors, no SNARC
effect was observed on movement times, indicating that the SNARC effect indeed arises prior to
response execution, which is in agreement with the conclusions in Chapter 4.
The studies presented in this thesis constitute only a portion of the impressive amount of
studies on the SNARC effect over the past 10 years. In the remainder of this chapter, therefore, a
more complete outline of the studies on the SNARC effect will be given. This overview will also
include some issues concerning the SNARC effect that still need to be investigated.
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Automatic activation of magnitude information
It should be noted that, although in the studies presented in this thesis the SNARC effect has
always been studied by using visually presented Arabic digits, the effect has been shown to
occur when numbers are presented in different notation or in different modalities as well. For
example, SNARC effects have also been observed when the parity of number words has to be
judged, although the effect seems to be smaller with number words than with digits (Dehaene et
al., 1993; Fias, 2001). Furthermore, SNARC effects are also obtained when participants have to
judge the parity of auditorily presented numbers, indicating that the effect is independent of the
modality of the stimuli (Castronovo & Seron, 2004; Nuerk, Wood, & Willmes, 2005).
The SNARC effect observed in parity judgment tasks indicates that magnitude information
systematically modulates parity judgment times, even though magnitude information is in
principle irrelevant to the task. Therefore, the occurrence of the SNARC effect is generally taken
as evidence that magnitude information is automatically activated (Dehaene et al., 1993; Fias,
Brysbaert, Geypens, & d'Ydewalle, 1996; Fischer et al., 2004; Nuerk et al., 2005; Schwarz &
Keus, 2004). Further evidence for the automatic activation of magnitude information comes from
studies showing that the SNARC effect can even be obtained when participants have to perform
a completely nonnumerical task like phoneme monitoring (Fias et al., 1996) orjudging the
orientation of an object superimposed on a digit (Fias, Lauwereyns, & Lammertyn, 2001).
However, with other nonnumerical tasks, like color judgments, the SNARC effect does not
consistently occur (in a color judgment task by Fias et al., 2001, no SNARC effect was observed,
whereas Keus & Schwarz, 2005, obtained a SNARC effect in a color judgment task).
Unsurprisingly, the SNARC effect is also observed in tasks in which magnitude information
is necessary to perform the task (e.g., numerical comparison; Bächtold, Baumüller, & Brugger,
1998; Castronovo & Seron, 2004; Dehaene, Dupoux, & Mehler, 1990; Gevers, Verguts,
Reynvoet, Caessens, & Fias, 2006; Vuilleumier, Ortigue, & Brugger, 2004). However, the
SNARC effect in numerical comparison tasks seems to be different than the SNARC effect
observed in parity judgment tasks. Gevers, Verguts, et al. (2006) directly compared the effects
obtained in the different tasks by looking at the shape of the SNARC effect in both tasks. For
each task, they subjected, separately for each participant, the difference between mean right-hand
RT and mean left-hand RT lo a regression analysis with numerical size as predictor (cf. Dehaene
et al., 1993; Fias et al., 1996; Schwarz & Keus, 2004). Using this method, they established that
the difference between right-hand and left-hand RT in the parity judgment task was best
described by a regression equation with numerical size as a continuous variable. In contrast, the
difference between right-hand and left-hand RT in the numerical comparison task was best
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described by a regression equation with numerical size as a categorical variable with two levels
(small vs. large). Consequently, Gevers, Verguts, et al. concluded that the SNARC effect on
parity judgment times has a continuous shape, whereas the SNARC effect on numerical
comparison times has a categorical shape.
In all of the studies discussed above the SNARC effect is manifested as an interaction
between numerical magnitude and side of responding. However, some studies have shown that
the presentation of the stimuli can also trigger SNARC-like effects. For example, a study by
Fischer, Castel, Dodd, and Pratt (2003) showed that detection times for targets in the LVF or the
RVF were modulated in a SNARC-like manner by the presentation of digits. When preceded by
a small digit, targets in the LVF were detected faster than targets in the RVF, whereas when
preceded by a large digit, targets in the RVF were detected faster than targets in the LVF.
Dehaene and Akhavein (1995) presented participants with pairs of numbers (either digits and/or
number words) and asked them to judge whether the numbers were numerically the same or
different. They observed that, for trials in which the distance between the numbers was large,
responses were faster when the smaller number was presented on the left and the larger number
on the right (e.g. 1 9) than when the smaller number was presented on the right and the large
number on the left (e.g. 9 1). Lavidor, Brinksman, and Göbel (2004) asked participants to
perform a numerical comparison task in which they had to judge whether two-digit numbers,
presented in either the LVF or the RVF, were smaller or larger than a fixed mental standard. For
large distances, an interaction between numerical magnitude and side of presentation was
observed, revealing that response times for small numbers were faster when presented in the
LVF and response times for large numbers were faster when presented in the RVF.

The orientation of our mental number line
The left-side advantage for small numbers and the right-side advantage for large numbers
observed in the SNARC effect are often taken as evidence that the mental magnitude
representation can be thought of as ordered from left-to-nght (Dehaene et al., 1993; Fias et al.,
1996).1 However, this orientation seems to hold only for cultures with a left-to-right reading and
writing system. For example, whereas French participants showed a regular SNARC effect when
judging parity, Iranian participants, who are used to a right-to-left reading and writing system,
showed a less clear pattern with a tendency for a reverse SNARC effect (Dehaene et al., 1993).
1
Following the observation of the SNARC effect with numbers, researcher tried to determine whether the spatial
organization of the internal representation was restricted to numbers or extended to other sequences as well. These
studies showed that the spatial organization of internal representations is also observed with other sequences, such
as letters of the alphabet, months of the year, days of the week (Gevers, Reynvoet, & Fias, 2003, 2004), and pitch
height (Rusconi, Κ.wan, Giordano, Umiltà, & Butterworth, in press).
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Similarly, in contrast to American participants (Dehaene & Akhavein, 1995), Arabic
participants, asked to judge whether two digits in a pair were the same or different, were faster
when the small digit was presented at the right and the large digit was presented at the left (e.g.
9 1) than with the reverse order of presentation (e.g. 1 9; Zebian, 2005). These differences in
results between participants of left-to-right and right-to-left writing cultures suggests that the
orientation of the mental number line is culturally determined and related to the direction of
reading and writing in a culture.
However, even within a single culture, the spatial coding of magnitude on the mental
number line seems to be a relative rather than a fixed property. For example, in a parity judgment
task with the digits 0 to 5, the digits 4 and 5 were responded to fastest with the right hand,
whereas in a parity judgment task with the digits 4 to 9, the digits 4 and 5 were responded to
fastest with the left hand (Dehaene et al., 1993; Fias et al., 1996). In addition, although the leftto-right orientation in Western cultures seems to be the default orientation for the mental number
line, this orientation is not fixed and can differ depending on the task requirements (Gevers &
Lammertyn, 2005). For example, Bächtold et al. (1998) asked participants to judge whether a
presented digit indicated a time earlier or later than six o'clock. In accordance with the spatial
presentation of the numbers on a clock face, participants responded faster with their left hand to
large numbers and with their right hand to small numbers resulting in a reverse SNARC effect.
In addition, the orientation of the mental number line is not strictly horizontal, as was shown by
the vertical SNARC effect on saccadic latencies in Chapter 2 of this thesis (Schwarz & Keus,
2004; for a similar result with manual responses see Ito & Hatta, 2004).

A recent model of the SNARC effect
Recently, a computational model of the SNARC effect was proposed that can account for its
basic characteristics (Gevers, Verguts, et al., 2006; see also Gevers et al., 2005; Gevers,
Ratinckx, et al., 2006). This model, also discussed in Chapter 5, is based on the assumption that
the SNARC effect results from parallel activation of two different processing routes. For
example, in a parity judgment task, magnitude information is processed via an unconditional
route and parity information is processed via a conditional route. The unconditional magnitude
route is thought to be fast and automatically primes the response associated with the number.
Because of the spatial orientation of our mental magnitude representation, left-side responses are
activated when small numbers are presented and right-side responses are activated when
relatively large numbers are presented. In parallel, the slower conditional parity route is
activated, priming a response based on the task requirements. In a congruent trial both routes
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lead to the same response resulting in fast responses, whereas in an incongruent trial the routes
lead to different responses and relatively longer response times
This model makes specific predictions concerning the signature of the SN ARC effect on the
laterahzed readiness potential (LRP), which is generally taken as a reflection of a processing
stage involved in response preparation and execution For an incongruent trial the LRP should
show an initial deflection toward the incorrect response, which is based on the fast taskirrelevant magnitude route, before the response based on the slower parity route is initiated In
contrast, for a congruent trial the LRP should show an initial deflection toward the correct
response These predictions were confirmed by a study of Gevers, Ratinckx, et al (2006) in
which they observed exactly this pattern of results in participants who performed a parity
judgment task However, in Chapter 4 of this thesis (Keus, Jenks, & Schwarz, 2005) a similar
study was conducted in which no signs of these initial deflections toward the (in)corTect response
for (in)congruent trials were observed
A possible explanation for these differences is that it seems that the presence of an initial
deflection toward the side primed by the magnitude information would depend on the relative
speed with which the magnitude information is processed When the magnitude route is
processed very fast a response based on this information is initiated, while the response selection
based on parity is not completed yet, resulting in the observation of an initial deflection in the
LRP However, when the magnitude and parity routes are completed at about the same time, the
response will be initiated based on the parity information and not on the magnitude information
and no initial deflection in the LRP will be observed The two studies examining the SNARC
effect on LRPs used different stimuli, while Keus et al (2005) used the digits 1 to 9 (excluding
5), Gevers, Ratinckx, et al (2006) only used the digits 1, 2, 8, and 9 One could argue that in the
latter case magnitude information can be considered a categorical rather than a continuous
variable and can therefore be processed faster In the Gevers, Ratinckx, et al study the
occurrence of initial deflections could be attributed to the relatively faster processing of the
magnitude information, whereas in the Keus et al study magnitude information may be
processed too slowly to result in initial deflections
The assumption that the presence (and size) of an initial deflection toward the response
primed by magnitude is dependent upon the relative speed with which magnitude information is
processed, might be studied by looking at repetition effects Studies of repetition effects in
numerical comparison tasks suggest that when the number is repeated in the following trial (e g
2 preceded by 2 or "two" preceded by 2) response times are faster than when the number is not
(but the response is) repeated (e g 4 preceded by 2 or "four" preceded by 2) due to relatively
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faster processing of the magnitude information in the repeated trial (Schwarz & Ischebeck,
2000). Repetition effects could also be studied in tasks in which magnitude information is the
irrelevant stimulus attribute. For example, in a SNARC experiment, in addition to categorizing
trials only as congruent or incongruent, a distinction could be made between trials in which the
number from the previous trial is repeated and trials in which the number is not repeated. Given
that magnitude information is processed faster in repetition trials, the magnitude route would be
completed relatively fast and initial deflections would be expected in the congruent and
incongruent repetition trials, whereas no (or smaller) initial deflections would be expected in
congruent and incongruent trials of the response repetition and response shift conditions.
It should be noted that a parity judgment task would not be the ideal task for this kind of
experiment, since parity is a fixed property of a number. When the same number is presented on
consecutive trials both magnitude information and parity status are repeated and it could be that
as a result both the unconditional and conditional route would be (equally) faster than when the
number is not repeated. To circumvent this problem it would be best to use a task in which the
numbers have to be judged on a completely arbitrary stimulus attribute, such as the orientation of
an object superimposed on the number (see Fias et al., 2001, for this orientation judgment task).
With such a task, number repetitions and orientation repetitions could be varied independently,
so that the speed of the unconditional and conditional route can be manipulated independently.

Issues that need further consideration
Despite the vast amount of research on the SNARC effect, some questions concerning the
effect remain unanswered. Several of these issues will be shortly discussed below.
Fias et al. (2001 ) observed a SNARC effect with some nonnumerical tasks (e.g. orientation
judgments), but not with others (e.g. color judgment). To explain these observations, the authors
suggested that an observable SNARC effect would only be elicited when the task-relevant and
task-irrelevant stimulus information would be processed in the same brain areas. The authors
argued that in the orientation judgment task parietal areas are involved in the processing of both
magnitude and orientation information, resulting in interference between the two streams of
information and consequently in a SNARC effect. On the other hand, no SNARC effect should
be observed in a color judgment task, because color processing relies mainly on occipital areas
and only minimally on parietal areas and, therefore, there would be too little neural overlap
between color and magnitude processing to cause interference. However, in light of recent
findings, this interpretation needs to be reconsidered. Not only did Keus and Schwarz (2005)
obtain a SNARC effect in a color task with lateralized stimuli and manual responses, results of a
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study by Claeys et al. (2004) suggest that, in contrast to the assumption of Fias et al. (2001 ), the
parietal lobes are involved in tasks in which color is the relevant attribute.
Another issue that warrants further study is the SNARC-like effect between numerical size
and side of presentation (i.e. visual field) described above (Dehaene & Akhavein, 1995; Fischer
et al., 2003; Lavidor et al., 2004). These SNARC-like observations are in sharp contrast with the
absence of such interaction effects in Chapter 3. Whereas Lavidor et al. (2004) observed, for
large distances, a LVF advantage for small numbers and a RVF advantage for large numbers in a
numerical comparison task, in Chapter 3 no such interactions between magnitude information
and side of presentation were observed when participants had to perform a parity judgment or a
color judgment task. A potential explanation for the differences in results could be the use of
different tasks in the studies. When a task requires explicit processing of the magnitude
information, like in the case of numerical comparison (Lavidor et al., 2004) and in judging
whether two numbers are numerically the same or different (Dehaene & Akhavein, 1995), there
is interference between magnitude information and side of presentation. In contrast, in tasks in
which magnitude information is irrelevant to the task, like in parity judgment or in color
judgment tasks (Keus & Schwarz, 2004), no interference between magnitude information and
side of presentation is observed. Whether indeed the occurrence of SNARC-like effects between
magnitude information and side of presentation depends on the extent to which magnitude
information is relevant to the performance of the task remains open for further study. However,
further studies on this topic have to take into account that in the experiment by Fischer et al.
(2003) magnitude information was not relevant to perform the detection task and yet an
interaction between numerical size and side of presentation was observed.
In Chapter 2 of this thesis, it is suggested that numbers might be internally represented as a
two-dimensional number map instead of as a mental number line. If so, it should be possible to
observe a diagonal SNARC effect, when participants are asked to make saccades to either a
lower-left or an upper-right location (Schwarz & Keus, 2004). This prediction was tested in a
pilot experiment with a similar setup as the experiments in Chapter 2, except that participants
had to saccade to a lower-left or to an upper-right location on the screen. A diagonal SNARC
effect was observed, with saccades to the lower-left location being initiated faster for small
numbers and with saccades to the upper-right location being initiated faster with large numbers.
A comparison of the horizontal, vertical, and diagonal SNARC effects on saccadic latencies
revealed that the effects were of the same size, suggesting that in the diagonal task there was no
"co-activation" advantage when both the horizontal and vertical dimension could be used.
However, because the task could also be done by relying on only a one-dimensional orientation,
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the results do not answer the question whether numbers are represented as a mental number map,
or as a mental number line that can alter its orientation upon task requirements Further research
will be needed to investigate whether our mental representation of magnitude is one-dimensional
or perhaps multidimensional
Studies on the SNARC effect have mainly focused on positive single-digit numbers
However, some experiments using negative numbers or two-digit numbers have been conducted
to test whether SNARC effects can be obtained when these numbers are used as stimuli Studies
demonstrating distance effects for two-digit numbers show that numbers larger than 10 can also
be thought of as being represented along the mental number line (Dehaene et al, 1990, Hinrichs,
Yurko, & Hu, 1981) However, results are not conclusive about whether these two-digit numbers
automatically elicit spatial associations For example, although Dehaene et al (1990) observed
that in a numerical comparison task with two-digit numbers the larger-right mapping was
performed faster than the larger-left mapping, no SNARC effect was observed when participants
were asked to judge the parity of two-digit numbers (Dehaene et al, 1993) In addition, some
attempts are made to study the mental representation of negative numbers Results from a recent
study (Fischer & Rottmann, 2005) provided some evidence suggesting that negative numbers do
not automatically elicit spatial associations, but seem to be placed on the mental number line as
well Further experiments will be needed to get more conclusive evidence about how negative
numbers and two-digit numbers and spatial information are associated

Conclusions and future perspectives
Over the last 10 years the SNARC effect has been extensively studied Results of these
studies demonstrate that, independent of the modality of the numbers and the effectors used to
respond with, numbers automatically activate spatial associations, even if this spatial information
is not relevant to perform the task Further evidence for this association between numbers and
space comes from studies demonstrating that patients with unilateral left neglect due to lesions in
the right parietal lobe exhibit representational neglect for numbers, as if they neglect part of the
mental number line For example, Zorzi, Priftis, and Umiltà (2002) demonstrated that when these
patients were asked to judge the midpoint of a number interval (eg 11-19), they systematically
misplaced the midpoint to the right of the correct midpoint Similar results were observed by
Vuilleumier et al (2004), who asked patients with unilateral left neglect to decide whether a
presented digit was larger or smaller than a fixed standard Numerical comparison times were
longer for numbers directly to the left of the mental standard, independent of whether a mental
standard of five or of seven was used Furthermore, brain-imaging studies demonstrate that
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similar regions in the intraparietal sulcus of the parietal lobes are activated bilaterally when
numerical information and spatial information are processed. The observed associations between
numbers and space have therefore been suggested to be a direct consequence of how numerical
and spatial information are cortically represented (Gevers & Lammertyn, 2005; Hubbard, Piazza,
Pinel, & Dehaene, 2005).
Whereas previous research on the SNARC effect was mainly directed toward determining
and explaining the characteristics of the effect in detail, recently very promising developments
have taken place. To better understand mathematical delays and/or mathematical disabilities
observed in children and adults, several studies have tried to use the SNARC effect to test
whether in such cases the mental representation of numerical magnitudes is intact. For example,
Bull, Marschark, and Blatto-Vallee (2005) compared the performances of deaf and hearing
students on a numerical comparison task and a color judgment task. In the numerical comparison
task, similar distance and SNARC effects were obtained for both the deaf and hearing students,
but deaf participants were overall slower in performing this task. In the color task, however, no
differences with respect to processing time were observed. These results suggest that the delays
in the mathematical abilities observed with deaf participants cannot be attributed to differences
in the mental representation of magnitude per se, but may be attributable to differences in the
efficiency with which these representations are accessed and processed. In another study,
Bachot, Gevers, Fias, and Roeyers (2005) compared the performance on a numerical comparison
task of children with combined visuo-spatial and numerical disabilities to the performance of
children without these disabilities. In both groups distance effects were observed, but the
SNARC effect was only observed for the control group and not for the disability group. These
results were taken as an indication that the disability group had specific difficulties with the
spatial organization of the mental number line.
In conclusion, the overview of studies on the SNARC effect presented above has
demonstrated that in the last 10 years many questions concerning the effect have been answered,
although some questions remain as yet unanswered. Further research will likely focus on these
unresolved issues and expand on the exciting first attempts to use the SNARC effect as a
diagnostic tool. The studies in the present thesis have contributed to the knowledge about the
SNARC effect and, thereby, to the understanding of how numerical information is mentally
represented. These mental representations form the building blocks not only of calculations,
estimations, and numerical comparisons that are so essential in our daily lives but also of the
elaborate and sophisticated mathematical skills that helped to make possible the scientific and
technological accomplishments that have shaped the world in which we live.
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Samenvatting / Summary in Dutch
Dagelijks gebruiken we informatie die wordt uitgedrukt in getallen zoals informatie over
tijden, data, leeftijden, afstanden en salaris En op zulke informatie voeren we, vaak zonder ons
er van bewust te zijn, numerieke operaties uit, bijvoorbeeld wanneer we uitrekenen hoeveel
dagen we nog moeten werken voor het weekend is of wanneer we ons salaris met dat van de
buurman vergelijken Getallen zijn dan ook haast niet weg te denken uit onze moderne
maatschappij en het is moeilijk voor te stellen hoe we normaal zouden kunnen functioneren
zonder een elementaire kennis van getallen en kennis over hoe met getallen om te gaan
In het verleden werden numerieke vaardigheden vaak beschouwd als culturele uitvindingen
die uniek waren voor mensen Maar, hoewel de meer complexe numerieke en wiskundige
vaardigheden van mensen culturele prestaties zijn en afhangen van taalvaardigheid, wordt er
tegenwoordig aangenomen dat niet alle numerieke vermogens specifieke prestaties van mensen
zijn. Over het algemeen wordt er gedacht dat een elementaire capaciteit om aantallen te
begrijpen en ze te manipuleren ten grondslag ligt aan de meer gedetailleerde, ingewikkelde en
verfijnde mathematische vaardigheden van mensen Deze fundamentele numerieke vermogens
zijn niet uniek voor mensen, maar worden beschouwd als een deel van onze evolutionaire
nalatenschap (Dehaene, 1997, 2001, Dehaene, Dehaene-Lambertz, & Cohen, 1998, Gallistel &
Gelman, 1992; Nieder, 2005)
Dit idee dat mensen door evolutie zijn uitgerust met een biologisch gedetermineerd systeem
om numerieke informatie te verwerken komt van verscheidene onderzoeksdisciplines Bewijs
voor deze gedachte komt onder andere van gedragonderzoeken met preverbale kinderen die laten
zien dat jonge kinderen van een paar maanden oud al elementaire numerieke vaardigheden
bezitten Een onderzoek van Lipton en Spelke (2003) toont bijvoorbeeld aan dat kinderen van 6
maanden oud onderscheid kunnen maken tussen 8 en 16 geluiden Resultaten van een onderzoek
van Wynn ( 1992) laten zien dat kinderen van 5 maanden oud simpele rekenkundige operaties,
zoals simpele optel- en aftrekproblemen, kunnen uitvoeren Deze en andere onderzoeken met
jonge, preverbale kinderen (Starkey & Cooper, 1980, Starkey, Spelke, & Gelman, 1983, Wynn,
1996, Xu & Spelke, 2000, Xu, Spelke, & Goddard, 2005) geven aan dat jonge kinderen al vrij
snel na de geboorte elementaire numerieke vaardigheden bezitten, al zijn deze vaardigheden dan
nog niet volledig ontwikkeld Het vroege ontstaan van zulke vaardigheden suggereert dat een
basiskennis van aantallen en van hoe met deze aantallen om te gaan een aangeboren capaciteit is
Ander bewijs voor de claim dat het verwerken van aantallen inherent is komt van
onderzoeken met dieren die laten zien dat er voorlopers van numerieke vaardigheden te vinden
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zijn bij dieren (Boysen & Bemtson, 1989; Church & Meek, 1984; Femandes & Church, 1982;
Hauser, MacNeilage, & Ware, 1996; Mechner, 1958; Mechner & Guevrekian, 1962; Meck &
Church, 1983; Mitchell, Yao, Sherman, & O'Regan, 1985; Roberts, Macuda, & Brodbeck, 1995;
Rumbaugh, Savage-Rumbaugh, & Hegel, 1987). Deze onderzoeken tonen aan dat dieren, zoals
ratten, duiven, dolfijnen en apen, numerieke vaardigheden bezitten die vergelijkbaar zijn met de
numerieke vaardigheden van jonge kinderen. Daarnaast laten dieronderzoeken ook zien dat het
vermogen om numerieke informatie vast te stellen ecologische voordelen heeft. Zo kunnen
numerieke beoordelingen assisteren bij het maken van vecht- of vluchtbeslissingen, bij voedsel
zoeken en bij het ouderschap (Nieder, 2005).
De bevindingen van onderzoeken bij dieren en jonge kinderen duiden er op dat een abstracte
amodale representatie van numerieke hoeveelheid (magnitude) de grondslag vormt voor de
elementaire numerieke vaardigheden die geobserveerd worden in dieren en jonge kinderen. Er
wordt verondersteld dat deze magnitude-representatie van dieren en jonge kinderen vergelijkbaar
is met de magnitude-representatie die het fundament vormt voor de numerieke capaciteiten van
volwassen mensen, zelfs al zijn sommige van die vermogens veel ingewikkelder en verfijnder
dan die van dieren of kinderen (Dehaene, 1997, 2001 ; Dehaene et al., 1998; Nieder, 2005). Deze
opvatting wordt gesteund door onderzoeken die sterke parallellen vinden tussen menselijke en
dierlijke numerieke vermogens en suggereren dat dieren, jonge kinderen en volwassen aantallen
op een gelijke manier verwerken (e.g. Brannon & Terrace, 1998, 2000; Washburn, 1994).
Een duidelijke overeenkomst tussen mensen en dieren met betrekking tot het verwerken van
aantallen is te zien in de prestaties op numerieke discriminatietaken die worden gekenmerkt door
"afstand-" en "grootte"-effecten. Het afstandeffect uit zich in systematisch langere responstijden
en meer fouten als gevolg van een afname van de numerieke afstand tussen twee aantallen. De
term grootte-effect verwijst naar de bevinding dat, voor gelijke numerieke afstand tussen twee
aantallen, de responstijden langer worden en er meer fouten gemaakt worden naarmate de
numerieke grootte van de aantallen toeneemt. Deze effecten worden zowel gevonden wanneer
dieren numerieke discriminatietaken uitvoeren (Mechner, 1958; Mitchell et al., 1985; Washburn
& Rumbaugh, 1991) als wanneer mensen dit soort taken uitvoeren (Buckley & Gillman, 1974;
van Oeffelen & Vos, 1982).
Er wordt aangenomen dat dieren, jonge kinderen en volwassenen een universeel systeem
delen om numerieke aantallen te representeren. Dit analoge magnitudesysteem representeert
aantallen mentaal als continue grootheden. Het systeem stelt geen limiet aan het aantal objecten
dat het kan representeren maar wordt wel systematisch minder precies met toenemende
aantallen. Het systeem wordt gezien als de basis voor de prestaties van dieren, jonge kinderen en
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volwassenen op numerieke discnminatietaken en als de grondslag van de afstand- en grootteeffecten die in deze taken gevonden worden (Dehaene, 1997, Feigenson, Dehaene, & Spelke,
2004, Nieder, 2005)
Vanzelfsprekend gaan de numerieke vaardigheden van volwassenen veel verder dan de
elementaire, benaderende en met-symbolische numerieke vaardigheden die mensen met dieren
gemeenschappelijk hebben Door gebruik te maken van symbolen om aantallen weer te geven,
zoals Arabische cijfers en telwoorden, zijn mensen in staat preciezere, complexere en meer
gecompliceerde numerieke en wiskundige operaties uit te voeren Onderzoeken met symbolische
aantallen tonen echter aan dat ook wanneer cijfers of telwoorden worden gebruikt het analoge
magnitudesysteem wordt geactiveerd Zo worden de eerder genoemde afstand- en grootteeffecten ook gevonden wanneer cijfers worden gebruikt om aantallen uit te drukken
De eerste demonstratie van het afstandeffect met cijfers werd gegeven door Moyer en
Landauer (1967) Deze onderzoekers presenteerden de proefpersonen met cijferparen en vroegen
hun aan te geven welk getal van het paar numeriek groter was (numerieke vergelijkingstaak)
Moyer en Landauer observeerden dat responstijden langer waren en er meer fouten gemaakt
werden wanneer de numerieke afstand tussen twee cijfers klein was (eg 7 vs 9) dan wanneer de
numerieke afstand groter was (eg 2 vs 9) Verscheidene vervolgonderzoeken hebben
aangetoond dat het afstandeffect ook optreedt wanneer getallen boven de 10 worden aangeboden
(Dehaene, Dupoux, & Mehler, 1990, Hinnchs, Yurko, & Hu, 1981) en wanneer telwoorden
worden gebruikt als stimuli (Dehaene, 1996) Ook het grootte-effect wordt gevonden wanneer
proefpersonen gevraagd worden een numeriek onderscheid te maken tussen cijfers Banks, Fujn
en Kayra-Stuart (1976) vonden dat, wanneer de afstand tussen twee cijfers constant werd
gehouden, de responstijden in een numerieke discriminatie taak sneller waren voor kleine
getalparen (eg 1 vs 2) dan voor grote getalparen (eg 8 vs 9)
De afstand- en grootte-effecten met aantallen in symbolische notatie worden beschouwd als
bewijs dat cijfers en telwoorden intem worden getransformeerd op een analoge representatie van
numerieke magnitude die minder precies wordt naarmate de getallen groter worden (Dehaene,
2001,Gallistel&Gelman, 1992, Moyer & Landauer, 1967, Restie, 1970) Deze magnituderepresentatie lijkt automatisch te worden geactiveerd als er een cijfer gepresenteerd wordt aan de
proefpersoon, gezien het feit dat afstandseffecten ook worden gevonden bij met-numerieke taken
(e g Dehaene & Akhavein, 1995, Hemk & Tzelgov, 1982)
De interne representatie van numerieke magnitude kan worden voorgesteld als een mentale
getallijn, waarop getallen worden geplaatst door het corresponderende deel van de mentale
getallijn te activeren (Dehaene, 1992, 2001, Gallistel & Gelman, 1992, Restie, 1970) Het
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afstandeffect kan dan bijvoorbeeld verklaard worden door het feit dat twee getallen die dicht bij
elkaar liggen meer overlappende activatie hebben dan twee getallen die verder van elkaar liggen
en daardoor moeilijker te onderscheiden zijn
Resultaten van brain-imaging en laesieonderzoeken bij mensen suggereren dat gebieden in
de parietale cortex van het brein betrokken zijn bij getalverwerking Meer gedetailleerd laten de
resultaten van dit soort onderzoeken zien dat het horizontale segment van de intraparietale sulcus
in beide hemisferen een rol speelt in het vormen van een analoge representatie van numerieke
magnitude, onafhankelijk van de notatie (symbolisch vs met-symbolisch) en modaliteit (visueel
vs auditief) waarin de getallen gepresenteerd worden (Dehaene, Piazza, Pinel, & Cohen, 2003)
Aanvullend bewijs voor de veronderstelling van een interne continue representatie van
numerieke magnitude komt van het SNARC (spatiale-numeneke associatie van responscodes)
effect dat voor het eerst gerapporteerd werd door Dehaene, Bossini en Giraux (1993) Deze
onderzoekers presenteerden de cijfers 0-9 visueel aan proefpersonen en vroegen hun de
panteitstatus (even of oneven) van het aangeboden getal te bepalen door middel van een manuele
respons (knop indrukken met linker of rechter wijsvinger) Dehaene et al vonden dat,
onafhankelijk van de panteitstatus van het aangeboden getal, voor numeriek kleine getallen (e g
1 of 2) responsen met de linkerhand sneller waren dan responsen met de rechterhand, terwijl
voor grote getallen (e g 8 of 9) responsen met de rechterhand sneller waren dan responsen met
de linkerhand
Na deze eerste demonstratie van het SNARC effect zijn er een groot aantal
vervolgonderzoeken gedaan die aantonen dat het SNARC effect ook optreedt wanneer
telwoorden visueel worden aangeboden (Dehaene et al, 1993, Fias, 2001) en wanneer getallen
auditief worden aangeboden (Castronovo & Seron, 2004, Nuerk, Wood, & Willmes, 2005) Het
SNARC effect wordt met alleen gevonden in taken waarbij de numerieke grootte van het getal
irrelevant is voor de taak (e g bij het beslissen of een getal even of oneven is), maar ook
wanneer de grootte van het getal wel relevant is voor de taak, bijvoorbeeld m numerieke
vergelijkmgstaken (Bachtold, Baumuller, & Brugger, 1998, Castronovo & Seron, 2004, Dehaene
et al, 1990, Gevers, Verguts, Reynvoet, Caessens, & Fias, 2006, Vuilleumier, Ortigue, &
Brugger, 2004) Ook treedt het SNARC effect op bij compleet met-numerieke taken, zoals
wanneer proefpersonen gevraagd worden te bepalen of een bepaalde klank voorkomt in de naam
van het getal dat als cijfer werd aangeboden (Fias, Brysbaert, Geypens, & d'Ydewalle, 1996)
Het optreden van het SNARC effect wordt gezien als bewijs dat getallen automatisch
worden gerepresenteerd als continue magnitudes en, daarnaast, dat deze magnitudes zijn
geordend langs een hypothetische mentale getallijn van links naar rechts met oplopende
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magnitude (Dehaene et al., 1993; Fias, et al., 1996; Fischer, Warlop, Hill, & Fias, 2004; Nuerk et
al., 2005). Deze links-naar-rechts oriëntatie lijkt alleen te gelden voor culturen met een linksnaar-rechts lees- en schrijfsysteem. Onderzoeken met Iraanse en Arabische proefpersonen, die
gewend zijn aan een rechts-naar-links lees- en schrijfsysteem laten een tendens zien voor een
omgekeerd SNARC effect, waarbij kleine getallen geassocieerd worden met rechts en grote
getallen met links (Dehaene et al., 1993; Zebian, 2005).
Het bovengenoemde SNARC effect heeft de focus gevormd van dit proefschrift, waarin de
karakteristieken van het effect verder zijn uitgezocht. Zo is in hoofdstuk 2 gekeken of het
SNARC effect inderdaad een weerspiegeling is van een ruimtegerelateerde representatie van
numerieke magnitude. Een alternatief idee was dat het SNARC effect effector specifiek is en het
gevolg is van aangeleerde associaties tussen handen en getallen. Denk hierbij bijvoorbeeld aan
keyboards waarop de cijfers 1-9 van links naar rechts staan en de kleine cijfers vaak getypt
worden met de linkerhand en de grote cijfers met de rechterhand. Om onderscheid te maken
tussen deze twee theorieën werden de proefpersonen gevraagd om in twee verschillende
condities te bepalen of het aangeboden getal (0-9) even of oneven was. In de manuele conditie
moesten de proefpersonen met behulp van manuele responsen (reactie met de linkerhand of met
de rechterhand) reageren op de pariteitstatus van het aangeboden getal. In de oculaire conditie
moesten de proefpersonen reageren door een oogbeweging naar links of naar rechts te maken.
Proefpersonen deden mee aan twee verschillende sessies; in een sessie moest een linkerrespons
gegeven worden in reactie op een even getal en een rechterrespons in reactie op een oneven
getal. In de andere sessie was deze pariteit - responskan! regel omgedraaid. De resultaten lieten
duidelijke SNARC effecten zien in zowel de manuele als de oculaire conditie. In beide condities
waren linkerresponsen sneller voor kleine getallen dan voor grote getallen, terwijl
rechterresponsen sneller waren voor grote getallen dan voor kleine getallen. Ook werden in beide
condities voor kleine getallen minder fouten gemaakt wanneer er een linkerrespons vereist werd,
terwijl er voor grote getallen minder fouten gemaakt werden wanneer er een rechterrespons
vereist werd. Deze resultaten laten zien dat het SNARC effect onafhankelijk is van de effector
waarmee gereageerd wordt en tonen aan dat het effect beschouwd kan worden als een
weerspiegeling van onze mentale ruimtegerelateerde representatie van numerieke magnitude.
In een tweede experiment werd vervolgens gekeken of het SNARC effect alleen optreedt in
de horizontale richting of ook in de verticale richting. Daartoe werd een experiment gedaan
waarin de proefpersonen werden gevraagd aan te geven of het getal even of oneven was door
oogbewegingen naar boven of beneden te maken. Ook wanneer responsen in de verticale richting
gegeven moesten worden werden er SNARC-achtige effecten gevonden op responstijden en
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foutenpercentages, waarbij kleine getallen geassocieerd werden met responsen naar beneden en
grote getallen geassocieerd werden met responsen naar boven. De vondst van een verticaal
SNARC effect laat zien dat de richting van de interne magnitude-representatie niet beperkt is tot
een horizontale oriëntatie.
In hoofdstuk 3 is ingegaan op de vraag in welke stadium van het verwerkingsproces het
SNARC effect optreedt. Daartoe werden een aantal experimenten gedaan waarin zowel de wijze
waarop de cijfers (0-9) werden aangeboden (centraal/gelateraliseerd) als de wijze waarop de
proefpersonen moesten reageren (vocaal of manueel) werden gevarieerd. De gedachte hierachter
was dat stimulusgerelateerde manipulaties voornamelijk effect zouden moeten hebben op de tijd
die het kost om een mentale magnitude-representatie te vormen. Daarentegen zouden
responsgerelateerde manipulaties hoofdzakelijk effect moeten hebben op het gemak waarmee
een reeds gevormde mentale representatie kan worden gekoppeld aan een respons. Gezien het
feit dat het SNARC effect wordt gevonden in experimenten met centraal gepresenteerde stimuli
en geiateraliseerde (manuele of oculaire) responsen kan gesteld worden dat het SNARC effect
gerelateerd is aan responsprocessen, zoals het bepalen van de juiste respons en/of het
voorbereiden en uitvoeren van de respons. In dit hoofdstuk werd gekeken of daarnaast vroege
stimulusgerelateerde processen, zoals stimulus identificatie, een additionele bijdrage hebben aan
het SNARC effect. In experiment 1 werd een getal links of rechts van een centraal fixatiepunt
aangeboden (geiateraliseerde stimuluspresentatie) en werden de proefpersonen gevraagd te
bepalen of het aangeboden getal even of oneven was door het woord even of oneven uit te
spreken (centrale respons). De resultaten lieten geen SNARC-achtige effecten zien tussen grootte
van het getal en zijde van presentatie op responstijden of foutenpercentages. Met andere
woorden, het verschil in responstijden of foutenpercentages tussen linker visueel veld en rechter
visueel veld presentaties werd niet gemoduleerd door de numerieke grootte van het aangeboden
getal. Experiment 2 was een uitbreiding van het eerste experiment waarbij in vier verschillende
subexperimenten de wijze van stimuluspresentatie (centraal/gelateraliseerd) en de wijze van
responderen (vocaal/ manueel) orthogonaal werden gevarieerd. Wanneer manuele
(geiateraliseerde) responsen gebruikt werden om de pariteitstatus van het aangeboden getal te
bepalen werden SNARC effecten tussen getalgrootte en responszijde gevonden op zowel
responstijden als foutenpercentages. Deze standaard SNARC effecten werden zowel in de
conditie met centraal aangeboden getallen als in de conditie met gelateraliseerd aangeboden
getallen geobserveerd. Echter, noch in de vocale conditie met geiateraliseerde stimuli noch in de
manuele conditie met geiateraliseerde stimuli werden SNARC-achtige effecten tussen
presentatiezij de en getalgrootte gevonden op responstijden of foutenpercentages. Een derde
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experiment met een kleurdiscriminatietaak, waarbij de proefpersonen moesten aangeven of een
aangeboden getal rood of groen was, repliceerde de eerder gevonden resultaten met betrekking
tot het SNARC effect nogmaals. De resultaten van deze drie experimenten tonen aan dat het
SNARC effect zijn oorsprong heeft in een relatieflaat responsgerelateerd stadium in het
verwerkingsproces, zonder een additionele bijdrage van eerdere stimulusgerelateerde
verwerkingsstadia.
In hoofdstuk 3 werd duidelijk dat het SNARC effect optreedt tijdens responsgerelateerde
verwerkingsstadia. In hoofdstuk 4 is vervolgens uitgezocht of het effect optreedt in een stadium
waarin de respons wordt voorbereid en uitgevoerd (responspreparatiestadium) of in daaraan
voorafgaande stadia waarin de correcte respons geselecteerd wordt. Om dit uit te zoeken werd
een experiment gedaan met een standaard SNARC opzet waarbij de proefpersonen werden
gevraagd de pariteit van het aangeboden getal te beoordelen door middel van manuele responsen.
Terwijl de proefpersonen deze taak uitvoerden werd er EEG gemeten. Om het temporele patroon
van het SNARC effect te bestuderen werden "event-related potentials" (ERPs) en "lateralized
readiness potentials" (LRPs) berekend door EEG segmenten zowel te middelen ten opzichte van
het begin van de stimulus (stimulus-locked) als ten opzichte van de respons (respons-locked).
Een vergelijking van de stimulus-locked versus de respons-locked ERPs liet zien dat de
duidelijkste SNARC effecten gevonden werden in de respons-locked ERPs. Deze bevindingen
bevestigen de conclusie van hoofdstuk 3 dat het SNARC effect een responsgerelateerd effect is.
Om antwoord te geven op de vraag in welke responsgerelateerd stadium het SNARC effect
ontstaat werden de trials van het experiment opgedeeld in congruente en incongruente trials op
basis van getalgrootte en responshand. Congruente trials zijn trials waarin het getal klein is en
een respons gegeven wordt met de Imkerhand en trials waarin het getal groot is en de respons
gegeven wordt met de rechterhand. Incongruente trials bestaan uit trials met een klein getal en
een respons met de rechterhand en uit trials met een groot getal en een respons met de
linkerhand. Er werden geen verschillen gevonden in de begintijden van de respons-locked LRPs
(m.a.w. de tijd tussen het begin van de LRP en de daadwerkelijke observeerbare respons) tussen
congruente en incongruente trials. Aangezien de LRP wordt gezien als een reflectie van
processen die betrokken zijn bij responsvoorbereiding en -uitvoering duiden deze resultaten er
op dat de voorbereiding en uitvoering van de gevraagde respons in incongruente trials net zo
lang duurden als in congruente trials. De gelijkheid tussen de respons-locked LRPs voor
congruente en incongruente trials geven aan dat het SNARC effect niet ontstaat in hel
responspreparatiestadium maar in daaraan voorafgaande stadia die betrokken zijn bij het
selecteren van de juiste respons.
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In hoofdstuk 4 werd duidelijk dat het SNARC effect optreedt tijdens verwerkingsstadia
voorafgaande aan responspreparatie en -uitvoering De resultaten van een onderzoek van Fischer
(2003), waarbij het SNARC effect werd bestudeerd met behulp van een "pointingtaak" (waarin
de proefpersonen een wijsbeweging naar links of naar rechts moeten maken), zijn echter met in
overeenstemming met de conclusies van hoofdstuk 4. De resultaten van Fischer's pointingtaak
lieten namelijk een SNARC effect op bewegingstijden zien en deden dus vermoeden dat het
SNARC effect ook optreedt tijdens responsuitvoering
Het eerste experiment van hoofdstuk 5 was een replicatie van Fischer's pointingtaak, waarin
proefpersonen werden gevraagd de panteitstatus te bepalen van een aangeboden getal (1, 2, 8 of
9) door hun wijsvinger van een centraal punt op het beeldscherm te bewegen naar een punt links
of rechts op het beeldscherm Op deze manier werden zowel responstijden (tijd tussen het begin
van de stimulus en de start van de beweging) als bewegingstijden (tijd tussen het begin en het
einde van de beweging) gemeten De resultaten van deze taak lieten een SNARC effect zien op
zowel responstijden als bewegingstijden en suggereerden, in contrast met de conclusies van
hoofdstuk 4, dat het SNARC effect ook optreedt tijdens de responsuitvoering
Een andere verklaring voor de gevonden resultaten was echter dat de proefpersonen de
responsselectie uitstelden tot de daadwerkelijke beweging met als gevolg dat bewegingstijd geen
goede meting is van responsuitvoering Proefpersonen gaven namelijk aan dat zij op sommige
trials een beweging begonnen in de incorrecte richting en dan de richting van de beweging
veranderden naar de correcte zijde De term "initiatiefouten" werd gekozen om trials te
beschrijven waarin de beweging in eerste instantie de verkeerde richting opgaat en dan wordt
gewijzigd naar de goede richting en dus resulteert in een correcte respons Als het optreden van
dit soort initiatiefouten systematisch zou variëren met het type trial (congruent of incongruent)
dan zouden deze initiatiefouten een verklaring kunnen zijn voor het SNARC effect op
bewegingstijd Trials met initiatiefouten hebben logischerwijs langere bewegingstijden omdat de
lengte van de beweging langer is door de eerste beweging in de incorrecte richting Als
initiatiefouten vaker zouden voorkomen in incongruente trials dan in congruente trials dan
zouden de bewegingstijden voor incongruente trials langer zijn dan die voor congruente trials en
zou er een SNARC effect op bewegingstijd gevonden worden Om deze verwachting te toetsen
werd een tweede experiment uitgevoerd waarin de proefpersonen een muiscursor over het
scherm moesten bewegen om aan te geven of het aangeboden getal even of oneven was. Op deze
manier werd meer informatie over het traject van de beweging verkregen en kon uitgemaakt
worden of en hoe vaak initiatiefouten optraden
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Wanneer trials met initiatiefouten werden uitgesloten van de analyses werd er wel een
SNARC effect gevonden op responstijden maar niet op bewegingstijden. Echter, wanneer trials
met initiatiefouten wel werden meegenomen in de analyses werden er SNARC effecten
gevonden op zowel responstijden als bewegingstijden. De SNARC effecten op bewegingstijden
in het eerste en het tweede experiment lijken dus te kunnen worden toegeschreven aan het feit
dat proefpersonen initiatiefouten maken bij het uitvoeren van de taak. Trials met initiatiefouten
waren vaker incongruente trials dan congruente trials en hadden langere bewegingstijden dan
trials zonder initiatiefouten met als gevolg dat er een SNARC effect op bewegingstijden
geobserveerd werd wanneer niet gecontroleerd werd voor initiatiefouten. Wanneer wel
gecontroleerd wordt voor initiatiefouten komen de resultaten van experiment 2 overeen met de
bevinding van andere onderzoeken dat het SNARC effect optreedt in verwerkingsstadia
voorafgaande aan responsvoorbereiding en -uitvoering.
Gevers, Caessens en Fias (2005) hebben een model voorgesteld dat de basiskarakteristieken
van het SNARC effect kan verklaren. Het model is gebaseerd op de aanname dat het SNARC
effect het resultaat is van parallelle activatie van twee verschillende verwerkingsroutes. De
taakirrelevante magnitude-informatie wordt snel verwerkt langs één route en activeert
automatisch een respons gebaseerd op de spatiale code die door de numerieke grootte van het
getal geïmpliceerd wordt (linkerrespons voor kleine getallen, rechterrespons voor grote getallen).
Via de andere route wordt pariteitinformatie minder snel verwerkt en wordt een respons
geselecteerd op basis van de taakeisen. In congruente trials zullen beide routes tot dezelfde
respons komen met als gevolg relatief snelle responsen. In incongruente trials zullen de routes tot
verschillende responsen komen met als gevolg relatief langzame responsen.
Dit model kan ook het optreden van initiatiefouten verklaren door het ontstaan van dit soort
fouten toe te schrijven aan het feit dat de magnitude-informatie van het aangeboden getal via de
snelle route een respons activeert. In een incongruente trial zou de magnituderoute een respons
naar de incorrecte zijde activeren en, wanneer deze informatie snel genoeg zou worden verwerkt,
zelfs een respons in die incorrecte richting initiëren. Het wijzigen van de richting van de
beweging wordt dan gemaakt als de tragere route, waarin de panteitstatus wordt vastgesteld,
aangeeft dat de respons naar de andere kant zou moeten worden gemaakt.
Het duale-route model maakt specifieke voorspellingen over het patroon van het SNARC
effect in de LRPs. Voor incongruente trials zou de LRP eerst een deflectie moeten laten zien in
de richting van de incorrecte respons, die gebaseerd is op de snellere taakirrelevante
magnituderoute, voordat de respons gebaseerd op de pariteitroute wordt geïnitieerd. Voor
congruente trials zou er daarentegen een aanvankelijke deflectie in de richting van de correcte
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respons in het LRP te zien moeten zijn Gevers, Ratinckx, De Baene en Fias (2006) bevestigden
deze voorspellingen met een experiment waarin EEG gemeten werd terwijl proefpersonen een
panteitstaak uitvoerden Echter, in hoofdstuk 4 van dit proefschrift werd een vergelijkbaar EEG
experiment gedaan waarin geen tekenen van aanvankelijke deflecties in de richting van de
(in)correcte respons voor (in)congruente trials werden geobserveerd
De grote hoeveelheid onderzoek naar het SN ARC effect in de afgelopen 10 jaar heeft laten
zien dat getallen automatisch spatiale associaties activeren, zelfs als deze spatiale informatie niet
relevant is voor de taak die moet worden uitgevoerd Additioneel bewijs voor deze associatie
tussen getallen en spatiale informatie komt van patientenonderzoeken die aantonen dat patiënten
met unilateraal links "neglect" als gevolg van laesies in de rechterpanetaalkwab
representationeel "neglect" voor getallen vertonen alsof ze een deel van de mentale getallijn
negeren (Zorzi, Pnftis, & Umiltà, 2002) Er wordt gedacht dat de geobserveerde associaties
tussen numerieke en spatiale informatie een direct gevolg zijn van hoe deze informatie corticaal
gerepresenteerd is (Hubbard, Piazza, Pinel, & Dehaene, 2005)
Hoewel het grote aantal onderzoeken antwoord heeft gegeven op veel van de vragen over het
SNARC effect blijven sommige vragen tot op heden nog onbeantwoord Een voorbeeld hiervan
is de discrepantie tussen de LRP resultaten in hoofdstuk 4 van dit proefschrift en de resultaten
van het Gevers, Ratinckx, et al (2006) onderzoek Meer onderzoek zal nodig zijn om dit soort
discrepanties te verklaren Daarnaast zal toekomstig onderzoek zich hopelijk richten op de
uitbreiding van de eerste pogingen om het SNARC effect als een diagnostisch instrument te
gebruiken (cf Bachot, Gevers, Fias, & Roeyers, 2005)
In dit proefschrift is geprobeerd een bijdrage te leveren aan de kennis over het SNARC
effect en, daardoor, aan het begrijpen van hoe het brein numerieke informatie representeert en
hoe zulke informatie wordt verwerkt
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