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ABSTRACT

AN INVESTIGATION OF THE SNARC AND SNARC-LIKE EFFECTS: TIME-
DEPENDENT EFFECTS OF COMPATIBLE AND INCOMPATIBLE STIMULUS-
RESPONSE MAPPINGS

Bulut, Merve

Ph.D. Program in Experimental Psychology

Advisor: Prof. Dr. Seda Dural

January, 2024

SNARC (Spatial-Numerical Associations of Response Codes) is the faster left-hand
responses to smaller and faster right-hand response to larger numbers (Dehaene et al.,
1993). Previous studies revealed that SNARC-like effects are also observed with
conceptual and physical (i.e., non-numerical) magnitudes (Sellaro et al., 2014; Wiihr
and Seegelke, 2018). This magnitude-space relationship is suggested to result from a
small-left and large-right representation in the long-term memory. The current
dissertation study examined the time-dependent effects of stimulus-response
compatibility practices on the SNARC and SNARC-like effects. In the practice,
participants repeatedly performed either compatible (small-left, large-right) or
incompatible (small-right, large-left) stimulus-response associations in a magnitude
classification task. In the transfer session, the task was a magnitude-irrelevant
classification task to measure the SNARC/SNARC-like effects. The time between the



practice and the transfer sessions was manipulated as five minutes, one day, or one
week to examine the long-lasting influences of the practice session. Results revealed
that the stimulus-response associations formed in the practice session successfully
transferred to the magnitude-irrelevant classification tasks in all time intervals for
numerical magnitudes. On the other hand, in conceptual and physical magnitudes, only
the effect of incompatible S-R associations was prominent. These findings strongly
suggest a diverse mechanism in processing numerical and non-numerical magnitudes
and further support the notion that memory processes are highly involved in the spatial

processing of magnitudes.

Keywords: SNARC effect, SNARC-like effect, spatial-numerical associations,
transfer paradigm, practice effect



OZET

BUYUKLUK-UZAM ILISKIiSINE DAIR UZUN SURELI BELLEK TEMSILI iLE
UYUMLU VE UYUMSUZ UYARICI-TEPKI BAGINTILARININ ZAMANA
BAGLI ETKILERININ SNARC VE SNARC-BENZERI GOREVLER
KAPSAMINDA INCELENMESI

Bulut, Merve

Deneysel Psikoloji Doktora Programi

Tez Danigmani: Prof. Dr. Seda Dural

Ocak, 2024

Insanlar goreceli olarak kiiciik sayilara sol biiyiik sayilara ise sag elleri ile daha hizli
tepki vermektedirler (SNARC effect, Dehaene vd., 1993). Onceki ¢aligmalar SNARC-
benzeri etkilerin kavramsal ve fiziksel biiyiikliiklerde (sayisal olmayan) de
gosterildigine isaret etmektedir (Sellaro vd., 2014; Wiihr ve Seegelke, 2018). Bu
etkilerin uzun siireli bellekte halihazirda var olan bir biiyiiklikk-uzam temsilinden
kaynaklandig1 diistiniilmektedir (kiiglik-sol, biiylik-sag). Tez ¢alismasinda bu uzun
stireli bellek temsiline uyumlu ve uyumsuz sekilde olusturulmus uyarici-tepki
bagintilarini igeren bir alistirma gorevinin katilimcilarin SNARC ve SNARC-benzeri
etkileri gosterme bakimindan performanslarini nasil etkileyecegi incelenmektedir.
Alistirma gorevi sirasinda katilimcilar tekrarl olarak uzun siireli bellek temsillerindeki
uyarici tepki bagmtisina uyumlu ya da uyumsuz tepki verdikleri bir degerlendirme

gorevi yapmislardir. Transfer asamasinda ise katilimcilardan biiyiiklik-ilgisiz bir
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smiflandirma gorevi yapmalari istenmistir. Transfer asamasi alistirma gorevinden bes
dakika, bir giin ya da bir hafta sonra verilerek, alistirma gérevinde olusturulan uyumlu
ve uyumsuz uyarici tepki bagmtilarinin uzun siireli etkileri incelenmistir. Bulgular,
sayisal uyaricilar kullanildiginda alistirma gorevinin etkilerinin transfer asamasinda
tiim zaman aralig1 kosullarinda gozlendigini gostermistir. Ote yandan, sayisal olmayan
biiyiikliiklerin kullanildigr deneylerde, yalnizca uyumsuz alistirma gorevi alinan
kosullarda etkiler transfer asamasinda gozlenmistir. Bulgular sayisal ve sayisal
olmayan biiytikliiklerin iglenme siireclerinin farkliligina isret etmekle birlikte, bellek

stireclerinin biiyiikliik-uzam iligkilerini anlamaktaki 6nemine dikkat cekmektedir.

Anahtar Kelimeler: SNARC etkisi, SNARC-benzeri etkiler, sayi-uzam iliskisi,

transfer paradigmasi, alistirma etkileri
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CHAPTER 1: INTRODUCTION-HOW ARE NUMBERS AND
SPACE RELATED?

1.1. The Number Sense

Humans have an inherent understanding of the numerosity that enables them
to process quantitative information. By using this inherence, humans can grasp the
quantities of the external world with a meaningful mental representation of the

numerical concept.

Dantzig (1967) suggested that there is an innate "number sense” that helps
individuals to systematically perceive their environment. From the evolutionary
perspective, abilities such as counting and estimating the number of predators and
comparing which food source provides more can be evaluated as advantages of
numerical abilities. It can be suggested that the principles of natural selection favored
the ability to represent and understand the numerosity among most animals including
humans. Dehaene (2011) proposed that the number sense of humans is the base of their
complex mathematical abilities. Being able to speak and understand a language is the
key element that humans differentiate from animals on numerical abilities. By using
their skills of creating sophisticated symbolic systems, humans moved beyond the
limits of simple arithmetic and from generation to generation engendered modern

mathematics today.

The primitive ability to understand numbers is not unique to humans, in fact a
widely seen competence across several species. The numerical intuition of rats is well
presented in animal cognition studies. For instance, researchers revealed that rats can
estimate how many times it is required to press the lever to obtain the food (Mechner,
1958; Platt and Johnson, 1971). It is also found that rats can differentiate between two
and eight tones and further infer that the unlearned three tones are closer to two tones
rather than eight (Church and Meck, 1984). This is an implication of an internal
representation of quantities. More interestingly when rats heard a tone and saw a flash
of light consecutively, they added them up together and pressed the lever associated
with "two", meaning that they developed a pure abstract concept of the quantity "two"
independent from its modality (Church and Meck, 1984). Studies revealed several



other species can represent quantities mentally and show signs of basic arithmetic
abilities (for a review see Gallistel 1989; Gallistel 1990).

In addition to the animal studies, several human infant studies show the
inherent understanding of numbers. One of the pioneer studies in infant numerosity,
Strauss and Curtis (1981) revealed that 10-12-month-old infants can differentiate the
number of objects. Their skills in number differentiation extend to auditory stimuli as
well (Bijeljac-Babic et al., 1991). Furthermore, when presented with slides that have
two or three object pictures on simultaneously, 6-8-month-old babies attend to two
objects slide when they hear two drum beats and switch their gaze to three objects slide
with the three drum beats (Starkey et al., 1983; Starkey et al., 1990). This indicates
that babies have an abstract concept of two and three. Furthermore, Wynn (1992)
showed that 5-month-old babies can perform simple addition and subtraction. During
the experiment, infants first saw a hand putting two toys one by one behind a screen
and leaving it empty. After this, two different conditions were created. After the screen
is lowered, there are either one (surprising scenario) or two toys (expected scenario).
Results showed that infants looked at the screen longer in the first scenario compared
to the latter, suggesting that they were expected to see 1+1 = 2 and surprised to see
1+1 = 1. Similar results were also obtained for subtraction.

1.2 Numbers Induce a Sense of Space

Infant numerosity helped us to understand not only the innate number
representation of humans but also opened a way into how this mental representation is
intrinsically related to space. Xu and Carey (1996) showed that infants' arithmetic
abilities depend on a spatial dimension. When objects suddenly appear behind a screen
without following a spatial trajectory (such as a hand putting the toy behind the screen),
the infants do not show any signs of surprise as a result of unexpected situations such
as 1+1 = 1. This finding may sem like a limitation on the infant's arithmetic ability but
in fact, it is resulted from the fact that the numerosity is almost completely dependent
on a spatial continuum. In the outside world, the entities occupy a place in the space.
It seems like the numerical sense creates a simulation of the outside world in which
the numerical properties of discrete entities are represented along a spatial continuum.
For instance, in a study with 3-to-4-year-old children, Shipley and Shepperson (1990)
showed a picture of five identical objects to participants and asked them to count how
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many objects there were in the picture. The trick was that the object was divided into
two. Findings showed that children counted the divided object as two discrete entities
and reported the result as six objects. They ignored the fact that divided parts count up
to one unit. Rather they follow the rule which is "Each discrete entity equals to one
unit”. This incompetence occurs as a result of numerical-spatial continuity in the

children's minds.

The spatial dependence of numerical representation is well exhibited by the
phenomenon called the numerical distance effect. The numerical distance effect can
be described as the difficulty experienced by individuals when comparing magnitudes
that are closer (Moyer and Landauer, 1967). Several studies with humans and animals
revealed that when the compared magnitudes are further away, the error rate and
reaction time recover immediately (for a review see Dehaene et al., 1998). One
interesting finding with humans is that the distance effect is also observed in two-digit
numbers (Dehaene et al., 1990). When participants were given 65 as a reference, 79
was judged to be larger a lot faster than 71. It is quite interesting that participants
cannot develop any strategy throughout the experiment. For instance, if they would
only concentrate on the first digit and ignore the second, we would expect faster
responses in general and no reaction time difference between 71 vs. 65 and 79 vs. 65.
These findings imply that the magnitude of the presented number was processed
involuntarily. Dehaene (2011) reported that he even tried to train university students
in number comparison tasks only with the numbers 1, 4, 6, and 9 to escape the distance
effect. After several days and thousands of trials, even though the reaction time of the
participants showed a significant decrease in general, the distance effect remained
constant. The participants cannot help themselves to estimate the magnitude of the
presented number. These findings are fascinating in the way that they reveal how
automatic and involuntary the magnitude comparison is. Simply judging which one is
more is such an easy, primitive, and ancient task for our minds, it seems like it is
controlled by the inborn number processor. Duncan and McFarland (1980) employed
a same-different task in which participants only needed to judge whether the two
presented digits were the same or different to make the task a lot easier and remove
the magnitude processing. Even though the task requires comparing only the physical

appearances of presented digits, the distance effect was still prominent in the response



time of participants. This automatic processing of magnitude estimation seems
independent from the task and appears involuntarily.

Another phenomenon that simultaneously emerges with the distance effect
during number comparison is the magnitude (or size) effect (Moyer and Landauer,
1967). The magnitude effect manifests itself with increasing reaction time when the
compared digits get larger irrespective of their numerical distance. It is a lot easier to
compare 1 vs. 2 than 8 vs. 9. This phenomenon is thought to be resulting from the
limited capacity of the primitive number intuition. Number representation shows a
compressed structure (Dehaene, 2011). While the small magnitudes are represented
with higher precision, the representation of larger magnitudes becomes indistinct. This
is well presented in animal arithmetic abilities as well. Even though pigeons can
discriminate very large numbers such as 45 and 50, their estimation is far from being
precise because of the compressed property of their number representation (Rilling and
McDiarmid, 1965). For instance, the comparison of 49 versus 50 is very difficult for

their approximate system to deal with.

Distance and magnitude effects reflect that the mind stores the numbers not in
a digital but rather in an analog manner. Therefore, the estimation abilities of a
biological mind differ from a digital computer such that numbers have a meaning based
on their representative spatial location in our minds. Dehaene (2011) suggested that
distance and magnitude effects are the results of our subjective mental representation
of quantities that align on a spatial continuum almost like a mental number line (MNL).
Dehaene et al. (1990) noticed an interesting association of responses during a
numerical comparison task. Due to the experimental control, half of the participants
were instructed to respond with the right hand for larger and the left hand for smaller
numbers. For the other half of the participants the instruction was vice versa; the left
hand for larger and the right hand for smaller. The interesting finding was that
participants responded faster to small numbers with their left hand and large numbers
with their right hand. Furthermore, the same findings were obtained when participants
were asked to judge a magnitude-irrelevant aspect of the number (i.e., parity) (Dehaene
et al., 1993). This preexisting association of left-small and right-large implicates that
not only magnitude but also the spatial code of the numbers emerges automatically.

These response patterns are named Spatial-Numerical Association of Response Codes



(SNARC) (Dehaene et al., 1993). Following these findings, Dehaene et al. (1990 and
1993) suggested that the magnitudes may be represented in a left-to-right fashion on
the MNL.

1.3. Number-Space Associations in the Parietal Cortex

Number-space associations are evidenced on their neural substrates as well.
For instance, single-neuron studies with cats (Thompson et al., 1970) and macaque
monkeys (Sawamura et al., 2002; Nieder and Miller, 2004) revealed that there are
number-detecting neurons in the parietal cortex that tuned only for the numerical
information of the presented stimuli (for a review see Nieder, 2005). The activation of
these neurons shows a normal distribution around the tuned numerical magnitude.
Therefore, for instance, the neuron that is sensitive to the number 3 also shows
activation for the 2 and 1 but reaches its peak for the number 3. These single-neuron
activation patterns are astonishing in the way that they provide a possible explanation
for the underlying neural mechanism of the distance effect (for a similar theoretical

explanation of the numerical distance effect see Cohen Kadosh et al., 2005).

Furthermore, studies with hemi-spatial neglect patients show that the spatial
ignorance of patients extends to the number processing. Zorzi et al. (2002) employed
a numerical interval task resembling the line bisection and asked left-neglected
patients to verbally state the midpoint of number intervals such as 2 and 6. They found
out that similar to the line bisection, their midpoint shifted to rightward (i.e., larger)
numbers. Furthermore, when researchers presented the intervals in a reversed order
such as 6 and 2, the bias shifted to rightward (i.e., smaller) numbers, presenting

evidence for the left-to-right processing of numbers.

An fMRI study by Dehaene et al. (1999) provided both behavioral and brain
imaging evidence for a language-independent numerical intuition. Researchers
revealed that there is a language-independent part of mathematical thinking that is
more relevant to the approximation of magnitudes. On the other hand, knowledge for
exact calculation is stored in a language-dependent format (for more recent evidence,
see Amalric and Dehaene, 2019). More specifically, the intraparietal sulcus (IPS) is
shown to be strongly correlated with the numerical comparison (Cochon et al., 1999;

Pinel et al., 2001; Piazza and Eger, 2015) especially the horizontal segment of it



specialized for numbers and size (Pinel et al., 2004, Cohen Kadosh et al., 2005).
Several studies indicate a common parietal circuit for spatial attention and internal
representation of numbers which is thought to be the underlying neural mechanism of

the magnitude-space associations (see Hubbard et al., 2005 for a review).
1.4. A Deeper Examination of the SNARC Effect

After the study of Dehaene et al. (1993), several studies investigated the
SNARC effect to reveal the nature of the numerical-spatial associations. One of the
most prominent characteristics of the SNARC effect is the automaticity. The
magnitude is automatically processed and interferes with the responses when the task
requires no magnitude judgment (i.e. parity judgment task) (Dehaene et al., 1993) and
even no numerical processing (i.e. phoneme detection in number words) (Fias et al.,
1996). Furthermore, the SNARC effect is not dependent on the binary hand responses
and replicated in several experimental settings (e.g., feet responses, Schwarz and
Miiller; 2006, oculomotor responses, Fischer et al., 2004; pointing responses, Fischer,
2003). It is not unique to Arabic number symbols but also extends to different
numerical modalities (e.g., number words, Fias, 2001; auditory number words and dot
patterns, Nuerk et al., 2004; sign language numbers in deaf signers, Chinello et al.,
2012) (for a review see Fias and Fischer, 2005).

One other distinct characteristic of the SNARC effect is that it is relative rather
than absolute. The SNARC effect appears based on the relative magnitude of the
numerical range given in the experiment (Fias et al., 1996). For instance, when the
given numerical range is between 0-5, 4 and 5 are associated with faster right responses
whereas, in the 4-9 range, these numbers are associated with the faster-left responses
(see Dehaene et al., 1993; Fias et al., 1996). This suggests that any number itself is
necessarily related to the right or left side and the spatial association of a number is

constructed during the task based on the stimuli range.

Moreover, when numbers are taken out of the MNL context, SNARC can be
shaped by the given situation. It can be reversed (i.e., small numbers-faster right-hand
responses and large numbers-faster left-hand responses) by imagining numbers on an
analog clock-face (on which large numbers are on the left side and small numbers are

on the right side) before the task (Béchtold et al., 1998) or reshaped to a non-linear



order in a mobile phone keypad context (on which 7 on the left and 3 on the right on
the contrary to the MNL order) (Mingolo et al., 2021). Furthermore, several studies
revealed that the SNARC effect disappears under various working memory loads
(Herrera et al., 2008; van Dijck et al., 2009; Deng et al., 2017). The involvement of
working memory resources in the emergence of the SNARC effect challenges the pure
MNL explanation and suggests that the spatial coding of numbers is an active process
constructed during task execution rather than passive semantic memory of numbers on
the MNL.

Dehaene et al. (1993) suggested that the left-to-right direction of the MNL is
influenced by the reading/writing direction habits of individuals. This explanation
seems valid given that the SNARC effect shows variabilities in cultures where the
reading/writing direction is from right to left (e.g., Dehaene et al., 1993; Zebian, 2005;
Shaki et al., 2009), although it is reliably obtained in Western cultures in which the
reading/writing direction is from left-to-right (for a review see Wood et al., 2008; for
an online replication Cipora et al., 2019). However, it is important to note that reading
and writing habits alone cannot fully account for the variabilities in the SNARC effect
found in some cultures. For instance, Ito and Hatta (2004) observed a vertical SNARC
effect, characterized by faster upper-key responses for larger numbers and faster
lower-key responses for smaller numbers, in Japanese participants who read and write
in both left-to-right and top-to-bottom directions. Their observation revealed a notable
inconsistency between the reading/writing direction and the SNARC phenomenon.
Furthermore, Bulut et al. (2023) recently reported no reliable SNARC effect among
Turkish speakers despite their left-to-right reading and writing direction, suggesting

that some other cultural factors might be involved in the spatial coding of numbers.

The evidence summarized above suggests that the origin of the SNARC effect
cannot be attributed to a single factor. On the contrary, the SNARC effect is seemingly
a flexible cognitive strategy that is influenced by both short-term experiential (e.g.,
working memory load or experimental condition), long-term habitual (e.g. reading
habits or culture), and even interaction of these factors. A solid example showing the
interaction of these factors was well presented by Fischer et al. (2010). Researchers
employed English (i.e., left-to-right) speaking (who show SNARC effect) and Hebrew
(i.e., right-to-left) speaking (who do not show SNARC effect) (see Shaki et al., 2009;



Zohar-Shai et al., 2017 Experiment 1) participants. Before performing a parity
judgment task, participants read a text in which small and large numbers were given
at the left and right ends of the lines to induce SNARC-congruent and SNARC-
incongruent conditions. Reading the SNARC-incongruent text successfully reversed
the SNARC effect in Hebrew speakers but only reduced the regular SNARC effect in
English speakers, suggesting that long-term reading habits of individuals (left-to-right
or right-to-left) determined the effect of short-term influences of experimental

condition.
1.5. SNARC Effect in Non-Numerical Magnitudes

Non-numerical magnitudes are also found to show SNARC-like effects. In a
study with centrally presented object names that differ in their typical size (e.g. ant,
key, truck, and bear), participants were asked to compare the magnitudes of given
objects with a reference object (e.g. sheep, wardrobe) as small/large by using left/right
keys (Sellaro et al., 2015). Results revealed a significant SNARC-like effect.
Furthermore, researchers found similar results when they conducted the same
experiment with pictures of objects. Note that the picture sizes were identical.
Therefore, the association between spatial codes and objects originated from the
conceptual size of objects. Researchers further obtained the SNARC effect when they
asked participants to classify objects as living/non-living, meaning that non-numerical
magnitudes can also processed automatically during a semantic task in which
magnitude information is irrelevant. Withr and Seegelke (2018) obtained similar
results with square shapes that differ in size during both a size comparison and color
classification task, expanding the left-to-right orientation to physical size as well.
These SNARC-like effects can be evaluated as instances of a general quantity system
that is proposed by Walsh (2003). He suggested that SNARC can be a part of more
general response codes, the so-called SQUARC (Spatial-Quantity Associations of
Response Codes). These findings point out that left-to-right orientation may not be

special for numbers but also a property of the general magnitude system.
1.6. The Aim of the Present Dissertation

Based on the evidence summarized above, the SNARC effect is suggested to

be a flexible cognitive strategy that can change/reverse based on the experiment



context. The present dissertation aimed to examine this flexibility systematically by
using stimulus-response compatibility (SRC) paradigms. Therefore, two studies were
conducted. In Study 1 (Chapter 2), SRC practices that include either SNARC-
compatible or SNARC-incompatible stimulus-response maps in a magnitude
classification task were given to the participants. The effect of these practices was
examined in a separate session where participants performed a magnitude-irrelevant
classification task. To examine the long-lasting effects of these practices, the time
between two tasks was manipulated as five minutes, one day, or one week. Study 2
(Chapter 3) examined the flexibility of the SNARC-like effects in the same paradigm.
The aim was to reveal the possible similarities/differences between numerical and non-
numerical magnitude information processing within the SRC paradigms. Therefore,

conceptual and physical magnitudes were used.



CHAPTER 2:STUDY 1-LONG-LASTING EFFECTS OF
STIMULUS-RESPONSE COMPATIBILITY PRACTICES ON THE
SNARC EFFECT

2.1. Introduction
2.1.1. SRC Effects

The SNARC effect is closely related to the SRC effects. SRC refers to a
phenomenon that which some of the responses to stimuli are fas