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Abstract

The ubiquity of numbers in our culture confers especial importance on the cognitive
mechanisms enabling numerical processing and comparison. When asked to identify the
smaller/larger one of two Arabic numbers in comparison tasks, participants’ performance
improves with increasing numerical distance between the stimuli. This so-called symbolic
distance effect can be attributed to the Discrete Semantic System (DSS), a linguistic and/or
conceptual network of associations. Similar distance effects also occur when elements of non-
numeric ordered lists such as letters and months are compared. This poses the question whether
these distance effects might rely on a more general conceptual or linguistic network of
associations or, in other words, whether the DSS is number-specific or domain-general. If the
numeric and non-numeric distance effects rely on the same mechanism, their slopes would be
expected to correlate. Hence, to address our research question, we subjected adult participants
(n = 65) to three different comparison tasks, using Arabic numbers, letters of the alphabet and
months of the year as stimuli. Subsequently, we calculated the reliability-adjusted correlations
of the distance effect slopes for participants’ error rate and reaction time across the three
domains. In line with previous studies, significant distance effects were observed in all three
domains for both error rate and reaction time. The distance effect slopes correlated moderately
to strongly between numbers and months (error rate and reaction time) and between letters
and months (error rate and reaction time). Further, we found weak correlations between the
error rate distance effect slopes for numbers and letters as well as for the reaction time distance
effect slopes for numbers and months. These results partly support the idea that the DSS drives
symbolic comparisons beyond the number domain, at least in ordered lists as closely associated
with numbers as months. However, participants likely applied different combinations of
strategies to solve the comparison task, such as list retrieval and clustering, across the three
domains, which could explain the imperfect correlations. That is, number and letter comparisons
might rely on two distinct mechanisms, with month comparison partly drawing on both of them.
Future studies should therefore aim to systematically manipulate and disentangle the properties
of different ordered lists to elucidate how the human mind processes numeric and non-numeric

symbolic comparison.
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Zusammenfassung

Die Allgegenwart von Zahlen in unserer Kultur verleiht den kognitiven Mechanismen, die das
Verarbeiten und Vergleichen von Zahlen erméglichen, besondere Wichtigkeit. Wenn
Versuchspersonen dazu aufgefordert werden, die kleinere/groRere zweier arabischer Ziffern zu
identifizieren, nimmt ihre Leistung mit zunehmender numerischer Distanz zwischen den beiden
Stimuli zu. Dieser sogenannte symbolische Distanzeffekt kann dem , Discrete Semantic System*“
(DSS, zu Deutsch: Diskreten Semantischen System) zugeschrieben werden, einem linguistischen
und/oder konzeptuellen Netzwerk von Assoziationen. Tatsachlich tritt ein ahnlicher Effekt auch
auf, wenn Elemente nicht-numerischer geordneter Listen, wie Buchstaben oder Monate,
verglichen werden. Dies wirft die Frage auf, ob diese Distanzeffekte auf einem generelleren
konzeptuellen oder linguistischen Netzwerk von Assoziationen basieren kdnnten; in anderen
Worten, ob das DSS ziffernspezifisch oder doménentbergreifend ist. Falls numerische und nicht-
numerische Distanzeffekte auf demselben Mechanismus basieren, sollten ihre Steigungen
(slopes) korrelieren. Um unsere Forschungsfrage zu beantworten, fihrten wir daher mit
erwachsenen Versuchspersonen (n = 65) drei verschiedene Vergleichstests durch, in denen wir
arabische Ziffern, Buchstaben des Alphabets und Monate des Jahres als Stimuli einsetzten.
AnschlieBend berechneten wir die reliabilitats-korrigierten Korrelationen der Steigungen der
Distanzeffekte fiir die Fehlerrate und die Reaktionszeit der Versuchspersonen lber die drei
Domanen hinweg. Wie in vorherigen Studien konnte ein signifikanter Distanzeffekt in allen drei
Domanen beobachtet werden, sowohl fiir die Fehlerrate als auch fiir die Reaktionszeit. Die
Distanzeffektsteigungen korrelierten moderat bis stark zwischen Ziffern und Monaten
(Fehlerrate und Reaktionszeit) und zwischen Buchstaben und Monaten (Fehlerrate und
Reaktionszeit). Weiters fanden wir schwache Korrelationen zwischen den Fehlerraten-
Distanzeffektsteigungen der Ziffern und Buchstaben als auch fir die Reaktionszeit-
Distanzeffektsteigungen der Ziffern und Monate. Diese Ergebnisse unterstiitzen teilweise die
Idee, dass das DSS symbolischen Vergleichen jenseits der Zifferndomane zugrunde liegt. Jedoch
ist es wahrscheinlich, dass die Versuchspersonen je nach Domane unterschiedliche
Kombinationen an Strategien anwandten, wie etwa das Zuriickgreifen auf Listen oder das
Clustern, was die imperfekten Korrelationen erklaren kénnte. Das heiRt, Ziffern- und
Buchstabenvergleiche konnten auf zwei distinkten Mechanismen basieren, wahrend
Monatsvergleiche von beiden teilweise Gebrauch machen. Zukiinftige Studien sollten daher
anstreben, die Eigenschaften verschiedener geordneter Listen systematisch zu manipulieren und
aufzuschlisseln, um zu klaren, wie das menschliche Gehirn numerische und nicht-numerische

symbolische Vergleiche verarbeitet.
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1. Introduction

Numbers pervade almost every aspect of our every-day lives. Both in non-symbolic and symbolic
formats, numbers take on countless roles and functions. The nowadays indispensable symbols
(e.g., “3”) and number words (e.g., “three”) humans have invented to facilitate trading,
storekeeping and, of course, science, are seemingly unique in that they denote a numerosity
rather than another semantic concept or referent. This poses the intriguing question whether
numbers are also exceptional from a cognitive and evolutionary perspective. That is, whether
the merits of numbers are unsurpassed by other ordered lists and to what extent the way we

mentally represent numbers is unparalleled.

These questions are an integral part of the interdisciplinary endeavor of numerical cognition
research. Its subject of investigation, numerical cognition, encompasses the numerical skills
humans and non-human animals exhibit as well as more sophisticated mathematical abilities

arising from these basic capacities (Kadosh & Dowker, 2015).

The centrality of numbers in human culture in conjunction with the question revolving around
how exactly humans cognize and process numbers, which has been approached from a variety of
perspectives, provide fertile ground for the interdisciplinary investigation presented in the

current master’s thesis.

As for many cognitive phenomena, the first discipline to be captivated by numerical cognition
was philosophy. By providing thought-provoking impulses, numerical cognition and the research
thereof can influence major philosophical theories in cognitive science. For instance, a central
theme in philosophy of cognition, embodiment, is colored by numerical cognition. The
embodiment debate revolves around the questions to what extent and how our body shapes our
cognitive experiences and processes (Shapiro, 2007). Despite numbers being regarded as the (or
one of the) most abstract concept(s), some have argued that even numerical cognition is
embodied (Fischer, 2012). For example, the SNARC (space-numerical association of response
codes (Dehaene, 1992)) effect strongly suggests an inherent link between space and numbers.
Both humans and non-human animals have been observed to recognize and respond to small
numbers or numerosities faster and/or more accurately if these are presented on the left and if
one needs to respond on the left, whereas the reverse is true for larger numbers or numerosities

(Rugani & Hevia, 2016; Rugani & Rosa-Salva, 2021). These and other insights into entanglements



between cognition and body (or environment) make numerical cognition highly relevant and

insightful to philosophy (of cognition).

Apart from deeply theoretical and abstract matters, numerical cognition research also carries
profound practical implications for education and therapy. Many seemingly abstract skills
measured in numerical cognition tasks have been shown to correlate with arithmetic
performance in children and adults. For example, individuals’ accuracy in the perception of
numerousness correlates with their math achievement (Halberda et al., 2008) and performance
in both symbolic (Toll et al., 2015) and non-symbolic (Desoete et al., 2012) number comparison
tasks was found to be an important predictor of kindergarteners’ mathematical skills and
disabilities. Additionally, characteristics such as the magnitude of the SNARC effect could even
help to understand and gage cognitive aging (Uittenhove & Lemaire, 2015). In practice, these
and similar findings can be utilized to better characterize and take into account individual

differences in math performance and even pathologies such as dyscalculia.

Further, numbers have even elicited the interest of linguists. Researchers have inquired, for
instance, whether and how strictly the cognitive processing of numerosities depends on
language. Even though performance in numerical cognition tasks seems to be influenced by
large disparities in “number-sensitivity” of the human participants’ (native) language, some core
capacities appear to be unaffected by such discrepancies. For example, several studies have
probed the numerical competence of indigenous tribes whose languages only differentiate
“one”, “two” and “many” but do not contain a word for exact numerosities beyond two. Despite
these participants being restricted in their manipulation of exact (larger) numerosities, non-
linguistic abilities seem to remain largely unaffected by language (Gordon, 2004; Pica et al.,
2004). In addition, subtle differences in numerical task performance between speakers of
languages that either name the tens or the ones first have been shown to mainly be an artefact

of input and output processes (Brysbaert et al., 1998). Taken together, numerical cognition does

not seem to depend as strongly on language as previously thought.

The dispensability of language in at least some numerical cognition abilities is further backed up
by the ample evidence suggesting quite advanced numerical cognition in non-verbal (or pre-
verbal) beings. Both young human infants and non-human animals have been tested for their
“sense of number”, providing valuable insights into the phylogeny (evolution) and ontogeny
(individual development) of numerical cognition. Findings yielded by these lines of research are
progressively casting doubt on the notion that a sense for numbers is restricted to adult humans

endowed with a sophisticated linguistic numbering/enumeration system.



Being sensitive to quantities is crucial to animals’ survival in the wild. For example, it is
advantageous for animals to be capable of discriminating between two quantities of food and to
compare different food patches (Nieder, 2020). Others have argued that it is even more
important to keep track of individual animals, such as predators and social companions, which
often includes grasping their (approximate) numerosity (Wynn, 1998; Wynn & Bloom, 1992).
Thereby, basic numerical cognition confers an advantage on animals not only when trying to
escape predators but also during decision-making in gregarious species (see also Piantadosi &
Cantlon, 2017). Consequently, numerical cognition constitutes a fitness benefit and should
therefore be favored by natural selection, as more apt individuals will be more likely to escape

from predators or find sufficient food.

Hence, it comes with little surprise that at least basic forms of numerical cognition are
widespread in the animal kingdom. This fact has not escaped the attention of researchers who

have, thus, intensively explored numerical cognition in non-human animals.

Many of these research endeavors have primarily focused on non-human primates and
particularly great apes. For example, monkeys can correctly order arrays of ten to 30 elements
(e.g., dots) in ascending order after having been trained to do so with one to nine elements.
When performing this task, they were equally accurate as adult human participants and, in
addition, the monkeys were faster than their human counterparts (Cantlon & Brannon, 2006). In
a follow-up study, the same monkeys and a human control group also proved capable of
performing mental addition of these arrays. Participants of both species were sequentially
presented with two arrays (e.g., three elements and then five) on a screen. Subsequently, they
could choose between one array representing the correct numerical sum of the two previous
arrays (e.g., eight in this example) and a distractor, i.e., an incorrect sum. Despite having to
transfer the learned rule from the test set to the novel training set (partly containing
combinations subjects had never been trained with) and even though cumulative surface area
was controlled for, the monkeys performed similarly to the human participants (Cantlon &
Brannon, 2007). An investigation of primates’ performance in a simultaneous (i.e., the stimuli
are presented simultaneously rather than sequentially) summation task was performed by
Rumbaugh et al. (1987). Chimpanzees were trained and tested with two trays containing two
wells each. These wells could be filled with chocolate treats, a highly palatable food reward for
chimpanzees. When chocolates were present in both wells of a tray (i.e., four wells in total),

chimpanzees had to “add up” the number of chocolates in the two wells of each tray to be able



to choose the overall larger number of chocolate treats — which they did at high success rates.
However, the authors acknowledge that it remains unclear which cognitive mechanism might
have permitted chimpanzees to succeed in the summation task. For example, the chimpanzees
could have employed between-set counting strategies. Alternatively, they could have even made
use of the overall volume, rather than the numerosity, of the chocolate treats, given that it is not
only methodologically difficult but also ecologically invalid to control for overall volume or

surface area when presenting edible rewards as stimuli.

To avoid these and other pitfalls, a handful of studies have taken a radically different approach
by teaching animal subjects number symbols. In Boysen and Berntson (1989), one female
chimpanzee was trained to associate arrays of edible objects with placards depicting Arabic
numbers from 1 to 3. She successfully transferred what she had learned to a wider range of
numbers (0—15) and objects (e.g., inedible kitchenware). In a next step, she was required to
select the correct sum of oranges hidden at two different locations in the enclosure. The same
was afterwards carried out with the number placards, rather than oranges, being hidden. In both
cases, the subject performed well above chance level in choosing the placard depicting the
correct sum. Boysen and Berntson conclude that the chimpanzee had not only learned the
correspondence between the novel symbols and the numerosity of object arrays but must also
be capable of at least counting between sets, if not mental addition. Like many similar studies,
however, Boysen and Berntson’s only included a very limited sample size (in this case only one
subject) and tested very unique individuals under exceptional conditions. Apes cross-fostered by
humans and trained to communicate with humans are highly influenced by human culture.
Despite the merits of these studies in situating the hard limits of a species’ cognitive capacities
under optimal (training) conditions, it is also worthwhile to disentangle the potential impacts of

culture acting on both humans and human-reared apes.

A highly suitable model species to probe “core” elements of numerical cognition in non-human
animals are young domestic chicks. First of all, being birds, chickens are only distantly related to
humans and non-human primates. This, in turn, makes the discovery of human-like cognitive
abilities in chickens particularly interesting as it suggests that these abilities are either as
evolutionary ancient as the last common ancestor of primates (mammals) and birds, or that they
have evolved (at least) twice independently in reaction to similar environmental challenges.
Second, domestic chicks are precocial. This means that, soon after hatching, they are already
mature enough to move around, forage etc. without requiring assistance or intensive care from
their parents. Consequently, they can be subjected to behavioral experiments soon after

hatching, which allows researchers to investigate (largely) experience-independent “core
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capacities” (Chiandetti & Vallortigara, 2018). In addition, chicks’ propensity to spontaneously
rejoin (the larger group of) artificial imprinting objects (e.g., ping-pong balls) they have been
reared with can conveniently be exploited in (numerical) cognition tests even without extensive
training (Chiandetti & Vallortigara, 2018; Marino, 2017; Regolin et al., 2005; Regolin &
Vallortigara, 1995; Vallortigara et al., 1998). For these reasons, many endeavors to elucidate

numerical cognition in non-human animals have focused on domestic chicks.

One such study has revealed that chicks are capable of discriminating between two small sets of
objects based on numerosity (Rugani et al., 2008). Chicks were trained to peck an array of dots
of specific number (e.g., two) in exchange for a food reward. When presented with two different
arrays, chicks successfully chose the learned numerosity if the number of elements did not
exceed three in either array. This finding was robust even when overall surface area and
perimeter were controlled for (but for a critical discussion of such controls in general see:
DeWind et al., 2015). However, one might wonder whether chicks can also perform such

numerosity-based discrimination without undergoing prior training.

The question whether chicks spontaneously “imprint on a numerosity” and later identify the
imprinting stimulus based on numerosity alone was addressed in Rugani et al. (2010a). In this
study, chicks were reared with one to four artificial imprinting objects varying in shape and
color. This phase was succeeded by a test in which chicks were given the choice between two
sets of objects differing in their numerosity and/or overall volume. Even though chicks chose the
larger number or volume of familiar objects whenever they were reared with sets of identical
imprinting objects, they also seemed capable of recognizing the most familiar set of objects
based on numerosity alone. That is, in one of the experiments, chicks were reared with a
miscellaneous collection of objects differing in shape and color. In the test, the only feature one
of the two sets presented to them shared with the imprinting set was the numerosity (but not
the color or shape). In this condition, chicks spontaneously opted for the numerosity they had

been reared with, irrespective of overall volume of the sets.

Another property of numbers that chicks appear to be able to utilize is ordinality. Roughly,
ordinality refers to the stable ordering of numbers, e.g., that 4 comes after 3 (Gallistel, 1993). To
assess this, chicks were trained to find a hidden food reward in the n' (e.g., 4™) cup in a sagitally
presented sequence of cups (Rugani et al., 2010b). In the test, the only cue chicks could rely on
to find the food was the ordinal position of the cup as a) cups were now presented in a fronto-
parallel line (i.e., the original arrangement was rotated by 90° so that the cups were now aligned
from “left to right” and orthogonally to the direction into which chicks were released) and b) the

inter-element space was varied in some conditions, making it impossible to find the food relying
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on the previous “absolute” position of the baited cup. Astonishingly, chicks succeeded in locating
the baited cup even under these circumstances in the test, suggesting an ability to utilize ordinal
information. Such a conclusion would be in line with the results of a study investigating
transitive inference in adult domestic hens (Hogue et al., 1996). In Hogue et al., hens witnessed a
familiar dominant individual defeat or being defeated by an unfamiliar hen during hierarchy
formation. Remarkably, hens were less likely to afterwards attack the strangers that had
defeated the familiar dominant hen. Although some alternative mechanisms could not
convincingly be ruled out, the hens’ adjustment of behavior hints at their use of transitive

inference during hierarchy formation.

Finally, chicks have also been shown to perform simple proto-arithmetic operations on small
numerosities (Rugani et al., 2009). In Rugani et al.’s experiment, the chick was facing two screens
that the chick knew to contain some of the artificial imprinting objects it had been reared with.
The experimenter then visibly moved some of the objects (hanging on a thread) from one screen
to the other screen. Based on their innate tendency, chicks were expected to rejoin the group
that was larger after the transitions if they are able to perform these simple, approximate
additions and subtractions. And indeed, chicks proved capable of handling small numerosities up

to three even when other cues, such as the direction of the last transfer, were controlled for.

In summary, rather than being unique to humans, many basic cognitive abilities allowing the
representation, processing and manipulation of numerosity are widespread and, presumably,
phylogenetically ancient. The next chapter is dedicated to a task that assesses one of the most
fundamental and evolutionarily adaptive (Nieder, 2020) components of numerical cognition:

quantity comparison.

As the name suggests, comparison tasks require (human and non-human) subjects to compare
two simultaneously or sequentially presented stimuli. Typically, these are presented on a screen
and subjects are asked to select the smaller or larger one of the stimuli/sets via the screen or via
response buttons. From these responses, subjects’ error rate and reaction time can be

calculated for each stimulus pair.

Apart from many of the animal studies mentioned above (e.g., Rugani et al., 2008), numerous
studies with human participants have employed comparison tasks. In these tasks, the type of
stimuli to be compared varied widely. Not only did the stimuli include discrete entities like dots

on a screen (Kolkman et al., 2013; Lourenco et al., 2012; Toll et al., 2015) or sequentially played
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tones (Barth et al., 2005) but also continuous, physical features like the length of lines

(Tudusciuc & Nieder, 2010).

Crucially, as opposed to (most) non-human animals (but see Terrace et al., 2003) and human
infants, adult humans can not only be subjected to such non-symbolic comparison tasks (in
which approximate numerousnesses of objects are to be compared (Dos Santos, 2022)) but can
also be asked to select one of two number symbols representing exact numerosities (for a

definition of symbolic and non-symbolic comparisons see: De Smedt et al., 2013).

Symbolic comparison tasks work analogously to non-symbolic comparison tasks, except for the
way the quantities are presented. Instead of arrays of objects, participants are asked to select
the smaller or larger one of two numbers (i.e., number symbols such as “3”). While this precisely
taps into numerosity comparison, excluding any sort of continuous variables or other confounds
present in non-symbolic comparison, such symbolic comparison tasks require the mastery of

number symbols and are thus limited to (educated) humans.

Interestingly, the relationship between subjects’ performance in symbolic and non-symbolic
comparison tasks still remains poorly understood. That is, while some have found an intra-
individual correlation between the performances in these two tasks (Gilmore, 2015; Toll et al.,
2015), others have not (Holloway & Ansari, 2015; Maloney et al., 2010). Despite this, two effects
consistently occur when participants’ error rate and reaction time are analyzed in both symbolic

and non-symbolic comparison tasks: the distance effect and the size effect.

The term distance effect refers to the observation that participants’ error rate and reaction time
decrease as the numerical distance between the two stimuli to be compared grows (Dehaene et
al., 1998; Moyer & Landauer, 1967). For example, determining that nine (the number symbol “9”
or an array consisting of nine dots) is larger than two (the number symbol “2” or an array
consisting of two dots) is easier than making the same judgment about eight and nine. These
results are commonly interpreted as comparing “far” stimulus pairs being easier than comparing

“close” stimulus pairs.

Analogously, the size effect predicts that the task’s difficulty increases with the magnitude of the
numbers to be compared (Dehaene et al., 1998). That is, participants are more accurate and
faster in trials involving smaller numbers (e.g., two and four) than when two larger numbers
(e.g., seven and nine) are presented. However, the present thesis focuses primarily on the

distance effect.
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Distance effects have been reported for both symbolic and non-symbolic comparison tasks. Early
evidence comes from Moyer and Landauer (1967) who found a distance effect for adult humans’
reaction time and error rate when number symbols were compared. Similar findings have been
obtained in the absence of symbolic or linguistic stimuli. For example, the abovementioned
study in which chimpanzees learned to add up chocolate treats in the wells of two trays
(Rumbaugh et al., 1987) as well as Cantlon and Brannon’s (2006) comparative study on monkeys
and humans both revealed a distance effect. In conjunction with results from human cultures
largely lacking number words (Gordon, 2004; Pica et al., 2004), these and similar findings have
prompted many to attribute the distance effect to a mechanism common to symbolic and non-

symbolic magnitude processing in humans and animals (Gallistel & Gelman, 2000; Walsh, 2003).

The most widely advocated among the proposed mechanisms is the so-called analogue number
system (also referred to as approximate number system; ANS). The analogue number system is
believed to support magnitude processing in animals and humans and to ultimately give rise to
humans’ sophisticated mathematical (e.g., arithmetical) abilities (Cantlon et al., 2009; Feigenson
et al., 2004; Gallistel & Gelman, 2000). The representations underlying the processing of

magnitudes via the analogue number system are inexact and, therefore, noisy.

This noisiness inherent to analogue magnitude processing is believed to be the root of the
distance and size effects. According to the analogue number system, the noisiness of magnitude
representations and, consequently, the difficulty of comparisons tasks, adhere to the Weber-
Fechner law (Fechner, 1860). The Weber-Fechner law posits that the ratio between the two
stimuli (magnitudes or psychophysical properties such as the weight of objects) determines the
discriminability of the two stimuli. Analogously, the noisiness increases with growing magnitudes
of the discriminations. Hence, both the distance and the size effect can be attributed to the

ratio-based functioning of the ANS.

At the same time, the presence of these effects has also been taken as evidence for the crucial
role of the ANS in both symbolic and non-symbolic number processing (e.g., Cantlon et al.,
2009). That is, given that the distance effect occurs in both non-symbolic (in humans and
animals) and symbolic number comparison tasks, it might seem plausible to assume that
symbolic comparisons too are handled by the ANS, in virtue of the magnitudes they represent.
However, this conclusion has been challenged by more recent evidence supporting an

alternative explanation for the symbolic distance effect: the discrete semantic system.
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In contrast to the ANS, the discrete semantic system (DSS) attributes the symbolic distance and
size effects to a network of semantic associations between nodes representing the digits (Krajcsi

et al., 2016).

Such a semantic network has already been proposed for other types of mental representations.
For example, the mental lexicon (Taft, 2015) is believed to be organized as a mental collection of
words and their building blocks (Manova & Knell, 2021). Similarly, Ashcraft (1987) proposed a
semantic network for arithmetic fact knowledge to account for differences in the difficulty of
arithmetic problems. But how could a semantic network bring about the distance and size

effects?

The DSS posits that the distance effect is the result of the associations between number nodes
and concepts such as “small” or “large” (Krajcsi et al., 2016). Number symbols representing
smaller magnitudes (e.g., “2”) should be more closely associated with the concept of “small”
than those representing larger magnitudes (e.g., “9”). Therefore, the associations we have with
“2” and “9” overlap less than those of “2” and “3”, leading to a higher degree of semantic
similarity in the latter case. In consequence, successfully discriminating more distant number

pairs in a symbolic comparison task is easier (i.e., participants’ error rate and reaction time will

be lower) than discriminating close pairs.

While the distance effect can be accounted for by strength of association, the DSS ascribes the
size effect to statistical frequencies of occurrence (Krajcsi et al., 2016). Given that we encounter
smaller numbers more frequently, they might be easier to activate and process (cf. Ashcraft,
1987). As a result, comparisons involving smaller numbers (e.g., “2” and “4”) are easier and

faster to solve than those involving larger numbers (e.g., “7” and “9”).

A corollary of the predictions made by the DSS is that the processing of symbolic magnitudes
fundamentally differs from that of non-symbolic ones. On the one hand, the DSS does not deny
the role of the ANS in non-symbolic magnitude processing. For such purposes, humans might still
recruit the same mechanisms as non-human animals. On the other hand, the DSS does assert
that humans’ processing of symbolic numbers — and therefore also what mechanisms are at
work in symbolic comparison tasks — is crucially different from the system(s) dealing with non-
symbolic magnitudes. Even though such a claim might seem counter-intuitive at first, in light of

striking similarities such as the presence of the distance and size effects in both symbolic and
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non-symbolic comparison tasks, the following pieces of empirical evidence firmly undergird the

predictions made by the DSS and invalidate those of the ANS.

The ANS postulates the same cause to underlie the distance and size effects, namely the
inexactness of the magnitude representations which is dependent on both the ratio between the
stimuli and their absolute size (Moyer & Landauer, 1967). If this is the case and the two effects
are in fact two sides of the same coin, their slopes (of participants’ performance plotted against
the distance or size) should be highly correlated. However, counter to this prediction, such a
correlation was only found in a non-symbolic but not in a symbolic number comparison task

(Krajcsi, 2017).

This is in accordance with the findings obtained by experimentally manipulating the distance and
size effects. Krajcsi and colleagues (2016) were able to show that the two effects can be
dissociated when the frequency of the symbols (previously unknown numbers acquired by the
participants in the course of the experiment) is manipulated. According to the ANS, both effects
should solely depend on the quantity represented by a number symbol, regardless of the
symbol’s frequency. In contrast, the distance effect was retained while the size effect vanished
when the frequency distribution of the artificial numbers was kept uniform (unlike for our every-

day use of numbers, in which smaller numbers occur more frequently than larger ones).

In a similar vein, the ANS prescribes that the distance effect should solely reflect the distance
between the quantities represented by the number symbols and not the relative strength of
associations. To test this, Krajcsi and Kojouharova (2017) isolated the distance and size effect in
an experimental set-up. Participants learned new number symbols corresponding to the Arabic
numbers 1-3 and 7-9, leaving a gap between 3 and 7. As predicted by the frequency-based
distance effect described in the DSS, the distance between 3 and 7 was treated as one unit.
Therefore, the dissociation of the size and the distance effect in experiments utilizing artificial

number symbols casts additional doubt on the role of the ANS in symbolic number processing.

In light of several faulty predictions of the ANS, we will now turn to the DSS and its implications.
An intriguing question that arises is whether the semantic network of the DSS, which presumably
generates the distance and size effects, is limited to the number domain or whether it could be
more universal, encompassing also other ordered lists of symbols. In particular, one could expect
the distance effect to occur in all lists whose elements could differ in their strength of

v

association with concepts such as “small”, "early”, “large” or "late”.
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Confirmatory evidence for the claim that the distance effect arises from semantic and/or
linguistic associations comes from other ordered lists that are almost as omnipresent in our lives

as the numbers of the counting list, namely letters and months.

In an early series of experiments, Fairbank (1969) attempted to replicate and extend the findings
of Moyer and Landauer (1967). Participants had to compare two numbers, two letters (A to I) or
two months of the year (January to December). Doing so, Fairbank did not only find a distance
effect for the numbers but noteworthily also for the letters and the months. Even though the
reaction times were generally shorter for the numbers, these experiments were, to our
knowledge, the first to hint at a similarity in the way numbers and other ordered lists are

processed.

This avenue of research was soon advanced and Fairbank’s methodology was refined. Applying a
similar comparison task, Parkman (1971) attempted to rule out that the similarity between
numbers and letters can simply be attributed to participants’ use of the ordinal positions of the
letters A to | (which could be viewed as equivalent to the numbers 1 to 9). Therefore, he
presented the letters A through J to one group of participants and the letters K through T to
another group of participants. Lending support to the result of Fairbank (1969), Parkman found a
distance effect for both lists of letters. Subsequent investigations have since then applied a
variety of experimental paradigms to deepen our understanding of distance effects in numeric

and non-numeric symbolic domains.

For example, Moyer (1973) presented participants with animal names (e.g., “ant” vs. “frog”) and
asked them to identify the one larger in size. The animals were ranked according to their
“ordinal position” and participants agreed to this ranking prior to the experiment. As for the
number comparison, the greater the distance (difference between ordinal positions) between
two animals the shorter was the participants’ reaction time. Similarly, Foltz et al. (1984)
measured the reaction time of participants identifying the larger one of two numbers (e.g., “5”),
number words (e.g., “five”) and object names that could be classified according to size (e.g.,
“apple” vs. “whale”). Reaction times were generally longest for object names and shortest for
numbers presented as digits. Despite the difference in intercepts, a distance effect was clearly

detected for all three domains.

Another study could show that the distance effect seems to extend to newly learned relations

between object names (Potts, 1972). Participants were given a paragraph to read before the
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experiment that described the relationship between four animals. In one case, the animals were
described as differing linearly in intelligence, in the other case they were ranked according to
friendliness. This was aimed at allowing participants to form a linear sequence in the form “A > B
> C > D" in memory before the task commenced. In the task, they had to judge whether
statements of the form “A is more intelligent than B.” were true or false. Indeed, participants’
error rate was lower and their reaction time was shorter when the sentence confronted a

remote pair (e.g., “A” and “D”) than when a close pair was presented (e.g., “A” and “B”).

One of the more recent studies exploring the distance effect in non-numeric domains employed
a slightly different methodology: numbers and months were to be compared to a given standard
(Morsanyi et al., 2016). In the task, participants had to indicate whether the presented number
(1 to 9) or month (January to September) was smaller or larger than the standard, i.e., “5” or
“May”, respectively. Participants showed a higher performance (a combined measure of
reaction time and accuracy) with numbers than with months and individual comparison skills
even correlated with arithmetic abilities. Importantly, a distance effect was clearly present in
both domains. However, a noteworthy caveat of using months as a control for numbers is that
months are frequently substituted by numbers in every-day life (e.g., “May” is often written as
“5” or “05”). This property, in turn, could have enabled participants to solve the number
comparison task by transcoding (i.e., mentally converting) the months to numbers and
comparing the numbers corresponding to the months rather than the months themselves. The
authors counter this criticism arguing that, contrary to their findings, the reaction times for
months would be lengthened by such an additional processing step. Nevertheless, other ordered
lists less closely associated with numbers might be a better choice to elucidate the functioning of

the symbolic distance effect.

To explore potential similarities between the distance effects in numbers and letters further,
Van Opstal et al. (2008) availed themselves of a methodology resembling that of Morsanyi et al.
More precisely, they asked participants to judge whether the presented number (ranging from 1
to 9) or letter (from J to R) was smaller or larger than a standard. This standard was “5” in the
case of the numbers and “N” in the case of the letters. Before the target stimulus (the one to be
compared to the standard) appeared on the screen, a priming stimulus was presented, which
participants were instructed to ignore. While the priming distance effect (i.e., the smaller the
distance between the target and the prime the shorter the reaction time (Koechlin et al., 1999))
only reached statistical significance for numbers, the comparison distance effect was present for
both letters and numbers. These findings were confirmed in a follow-up experiment utilizing a

different range of letters (I to Q).
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Whether the similarities between the distance effects in the number and letter domains would
also extend to the neural level was investigated in Goffin et al. (2020). Again, as in Van Opstal et
al. (2008), a target stimulus was to be compared to a standard. Goffin et al. used the numbers
from 2-8 and the corresponding letters (B to H) with the standards being 5 and E, respectively.
Participants’ response was assessed both from a neural (fMRI scans) as well as from a behavioral
(reaction time and error rate) perspective. Interestingly, the expected neural effect (rebound
effect) was evident in the fMRI data only for numbers but not for letters. Nevertheless, a
behavioral distance effect emerged for both domains. One important merit of Goffin et al.’s
study is that they actively investigated whether participants transcoded letters (like months,
potentially) to numbers, since such a strategy could cause a misleading similitude between
number and letter distance effects. That is, the authors asked one group of participants to solve
arithmetic tasks using letters as operands (e.g., A + B = C because A corresponds to 1, B
corresponds to 2 and C corresponds to 3). If transcoding letters to numbers is indeed what
allows participants to solve the letter comparison task, the group that had received training in
treating letters as numbers should be more successful in the comparison task than a control
group. This was not the case, as the two experimental groups did not differ in their performance
in the letter comparison task. Therefore, the authors conclude that the letter distance effect is
the result of judgments about the ordinal relationships of letters, independent of the numbers

they correspond to.

Alongside comparison tasks, another important line of evidence for distance effects in non-
numeric ordered lists comes from ordering tasks. In these tasks, a group of stimuli (e.g., two or
three) are presented and participants are required to evaluate whether they are presented in
ascending or descending (or no) order. In such tasks, a reverse distance effect usually occurs for
numbers. Contrary to the standard (canonical) distance effect observable in comparison tasks,
the reverse distance effect is characterized by sequences with shorter distances (e.g., “1, 2, 3” as
opposed to “1, 3, 5”) being easier recognizable (resulting in shorter reaction times and error
rates). While there is some controversy surrounding the origins of the reverse distance effect,
e.g., serial scanning of the sequence as opposed to association-based mechanisms (Vos et al.,
2017), it is generally believed to largely rely on familiarity (Turconi et al., 2006), i.e., resemblance
to the counting list. Accordingly, short-distance, ascending sequences elicit a higher degree of
familiarity than long-distance descending or unordered ones (Devlin et al., 2022). Given the
similarity of the counting list with the alphabet or the sequence of months within a year, it
comes with little surprise that ordering experiments have also revealed such a reverse distance

effect in other, non-numeric domains.
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For instance, the abovementioned study by Morsanyi et al. (2016) included an ordering task
using numbers and months as stimuli, in addition to the comparison task. Participants were
presented with a triad of numbers (1 to 9) or months (January to September) and asked to
indicate whether they were in ascending order or order in which they appear within one
calendar year. The reverse distance effect was only present in the subset of correctly ordered

trials and, astonishingly, it reached statistical significance only for months but not for numbers.

A more extensive comparative study was conducted by Vos et al. (2017). Triads of numbers (1 to
9), letters (A to 1) and months (January to September) were presented to participants which then
had to indicate whether the sequence was in order (ascending or descending) or not
(unordered). They found the reaction times for months to be considerably longer than for the
other domains and the error rate to be lowest for ascending sequences. Regarding the distance
effect patterns, numbers, letters and months exhibited high degrees of similarity. That is,
reverse distance effects were found for ascending and descending sequences for at least one of
the response measures, reaction time or error rate, in all domains, while a standard distance
effect emerged in unordered number and letter trials. Additionally, the finding that the distance
effects were generally more pronounced and participants’ performance was higher in ascending
trials, led the authors to conclude that the (reverse) distance effect in all domains was driven by
the varying strength of non-numeric associations. The authors theorized these associations to
arise from differences in frequency of co-occurrence between the elements of the sequence,

which are stronger for ascending sequences.

In contrast to Vos et al.’s findings, a previous study by Franklin et al. (2009) yielded slightly
different results. Franklin and colleagues subjected participants to an ordering task in which
ascending, descending or unordered sequences of three two-digit numbers (11 to 99) or months
(January to December) were presented, some of which crossed a decade (e.g., 15 —23 - 25) or
year (e.g., December — January — February) boundary. Interestingly, for both numbers and
months, a reverse distance effect was only detected when the sequence crossed a decade/year
boundary, but the effect was absent when such a boundary was not crossed. That is, even
though the distance effect patterns appear to be similar between numbers and months, the

phenomenon still remains insufficiently understood.

In a similar vein, another body of evidence challenges the comparability of number and letter
distance effects, at least in ordering tasks (Fulbright et al., 2003). When participants were asked
to judge whether numbers, letters and shapes were in ascending order (according to the
counting list, the alphabet or size, respectively), a standard distance effect in participants’

reaction time only occurred for numbers and shapes but not for letters. In addition, the brain
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areas activated by the three tasks differed, as revealed by functional MR scans conducted during

the task, with the letter task recruiting the largest variety of brain areas.

A very recent study (Anonymous, unpublished) combined an ordering and a comparison task to
more comprehensively research the distance effect in numbers, letters and months. In the
ordering tasks, participants had to judge whether a sequence of two-digit numbers, letters (B to
L) or months (February to December) were in ascending order or not. In the comparison task,
two stimuli out of the same stimulus pool were simultaneously presented and participants were
instructed to select the larger one. A distance effect (reverse for the ascending ordering trials)
was present for all domains in both tasks, even though the magnitude of the effect was highest
for letters and smallest for numbers. In addition, the authors also found a correlation of the
reaction times across the domains for both tasks. However, similar to a study by Attout et al.
(2014) that correlated the magnitude of the number and letter distance effects, the correlation
between the slopes of the distance effects was not assessed. This shortcoming is noteworthy,
given that only the investigation of the correlations between the distance effect slopes can
reveal more about the potentially shared mechanisms underpinning the comparison skills in

different domains.

The multitude of studies outlined above paint a rather consistent picture: The distance effect
does not seem to be unique to (symbolic and non-symbolic) representations of quantities. On
the contrary, we have seen that the effect extends to letters of the alphabet, months of the year
and even names of (ordered) objects such as animals. Most of the studies reviewed here
revealed highly similar distance effect patterns for numeric and non-numeric domains. However,
the correlations between the distance effect slopes were, to the best of our knowledge, never
calculated. Consequently, these previous studies leave us in the dark about whether or not the

distance effects can indeed be attributed to the same cognitive mechanism in all cases.

Given this knowledge gap, the present study aims to investigate whether the comparison
distance effect relies on the same cognitive mechanism for number symbols and two non-
numeric symbolic ordered lists, namely letters of the alphabet and months of the year. If they do
rely on the same mechanism, namely a network of semantic and/or linguistic associations, this
would imply that the discrete semantic system driving the symbolic numerical distance effect is
domain-general. In analogy to the account of the symbolic numerical distance effect (Krajcsi et

al., 2016), this could mean that letters at the beginning of the alphabet and months at the
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beginning of the year are more closely associated with concepts such as “small” or “early”, and
letters and months at the end of their respective lists to be more closely associated with
concepts such as “large” or “late”. The prediction deducible from a common mechanism
underlying the distance effects is that the slopes of the distance effects, i.e., how steeply
participants’ reaction time and error rate decrease with increasing distance between the stimuli,
should be highly correlated across numbers, letters and months. Importantly, to avoid these
correlations from becoming attenuated (i.e., to avoid a false negative result) due to imperfect
intra-individual reliabilities of the distance effect slopes, we adjusted the observed correlations
for the reliability of the distance effect slopes to yield the disattenuated (“true”) correlation (see
Krajcsi, 2017). These disattenuated correlations can be expected to be near one and to differ
significantly from zero if the DSS is domain-general and constitutes the basis of the symbolic

comparison distance effects in both numeric and non-numeric domains.

2. Methods

To answer our research question, we conducted an online experiment in which participants
were subjected to three different conditions of a comparison task: they were instructed to
indicate the larger (or later) one of two numbers, letters and months of the year. Using
participants’ reaction time and error rate, we subsequently calculated the individual distance

effect slopes for all three domains to be able to assess the correlations.

This study was approved by the ethics committee at E6tvOs Lorand University, Hungary and is in
accordance with Hungarian law. Participation in the study was voluntary. Participants gave their
explicit consent to the anonymized processing of their data and they were free to revoke their

consent and terminate the study at any time.

Participants were 65 undergraduate students (44 females, 20 males, one non-binary person;
mean age = 21.69 years ; range = 18 to 33) enrolled in various majors at E6tvos Lorand

University. They received partial course credits in exchange for their participation.
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Participants were tested in three conditions of a comparison task, one with numbers, one with
letters and one with months of the year, via the online platform cognition.run. We conducted
720 trials per condition, amounting to an overall number of 2160 trials per participant and an
overall duration of approximately 60 min per participant. All possible, non-identical
combinations of stimuli within each domain were used and each pair was presented 20 times —
10 times with the larger/later stimulus being on the right and 10 with the larger/later stimulus
being on the left. In each condition, the task was to identify which of the two presented stimuli
comes later (in the number sequence, the alphabet or the year). The order of conditions was
counter-balanced across participants, amounting to six different sequences to which participants

were randomly assigned.

Simultaneously presented pairs of Arabic numbers, letters of the English alphabet and months of

the year acted as stimuli.

For the number comparison, we included only single-digit numbers, i.e., the Arabic numbers
from 1 to 9. To match the number range, we only presented nine letters of the English alphabet
and nine months of the year (abbreviated to the first three upper-case letters to reduce reading
time; as in Anonymous, unpublished). Because months are frequently depicted as numbers and,
therefore, presumably strongly associated with them (as also noted by Anonymous,
unpublished), it was important to also contrast numbers with a second type of ordered symbolic
non-numeric list, namely letters of the alphabet. To additionally discourage participants from
transcoding the letters or months to numbers (e.g., A corresponds to 1), we did not use the first
nine elements (cf. criticism put forward by Parkman, 1971). Especially letters in the middle of the
alphabet are less likely to be transcoded to numbers by participants than months or the first
letters of the alphabet (cf. Goffin et al., 2020). Also, even though the study was conducted in
Hungarian, we omitted Hungarian letters that are not part of the English alphabet (e.g., “a”, “4”
or “sz”) as well as months whose Hungarian abbreviations are longer than three letters (e.g.,
“SZEP” for “Szeptember”). The final list of stimuli comprised the months "JAN", "APR", "MAJ",
"JUN", "JUL", "AUG", "OKT", "NOV" and "DEC", and the uppercase letters "F", "G", "H", "I",
")tk ML, "M and "N". The resulting gap and inequity of distances between the stimuli
caused by the omission of some letters and months should not affect our results, as Krajcsi and

Kojouharova (2017) found that the distance effect in a comparison task utilizing new number
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symbols did not reflect the numerical distance between numbers (e.g., a distance of 2 between 3

and 5) but rather the distance relative to the subset of the stimuli presented.
2.5 Testing procedure

Each stimulus pair to be compared was simultaneously presented in white, centrally on a gray
screen (see Figure 1). At the beginning of each block of trials (domain), instructions were given
on the screen. All instructions encouraged participants to respond as fast and as accurately as
possible. For the number comparison, participants were told to select the larger one of the two
numbers presented on the screen. For the letters and months, they were instructed to select the
letter or month that comes later in the alphabet or the year, respectively. All instructions were
given in Hungarian. The stimuli were presented until the participant made a choice via the
keyboard. Acoustic feedback was given to indicate to the participant whether the response was
correct or incorrect. In between trials a blank, gray screen was shown for 700 ms (as in Krajcsi &
Szlics, 2022). After each block of trials (i.e., each condition), the participants were encouraged to

take a break.

We automatically recorded the reaction time and whether or not the participant’s response was

correct for each trial.

Figure 1: Example of the stimulus presentation for numbers (top left), letters (top right) and months (bottom).

2.6 Follow-up questions

After the completion of all three blocks of trials, participants were directed to a follow-up
guestionnaire. They were asked for demographic information and we also tried to elucidate the

strategies they used in the comparison tasks. For this latter purpose, we first asked participants
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to intuitively indicate whether they know the corresponding number to six letters (three of them
had been used in the task) and the corresponding number to six months (three of these months
had been used in the task). Afterwards, participants had to answer questions about their
strategies to find out a) whether they transcoded letters or months to numbers, b) whether they
used this strategy in the task and c) whether they represent the months of the year in a cyclic

fashion (so that December comes before January).
The following questions were asked:
e What number corresponds to the letter "F"/”V"/”O”/"H" ["M”" [”P"?

e What number corresponds to the month

October/March/July/January/December/November?
e What (cognitive/mental) strategy did you use to solve the number comparison task?
e What (cognitive/mental) strategy did you use to solve the letter comparison task?
e What (cognitive/mental) strategies did you use to solve the month comparison task?

e | can easily convert letters of the alphabet to numbers (e.g., A = 1 etc.). [Answers:

Yes; No; Only some; | don’t know]

e | can easily convert the months of the year to numbers (e.g., January = 1). [Answers:

Yes; No; Only some; | don’t know]

e Did you convert the letters of the alphabet to numbers (e.g., A = 1) to solve the
comparison task (e.g., A=1 and B=2, 2 > 1, so B comes after A)? [Answers: Yes; No;

Other]

e Did you convert the months of the year to numbers (e.g., January = 1) to solve the
comparison task (e.g., January=1 and February=2, 2 > 1, so February comes after

January)? [Answers: Yes; No; Other]

e How do you represent months? [Answers: As a linear sequence that starts with
January and ends with December; As a cycle so that December comes before

January; Other]

The responses to the questions are descriptively reported in the results section below. Response
times were not measured. Note that the indicated position of letters in the alphabet was
deemed correct when it corresponded either to the position in the English alphabet or to that in

the Hungarian alphabet.
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All analyses were conducted in R version 4.2.2 (R Core Team, 2022). The packages ggplot2
(Wickham, 2016), dplyr (Wickham et al., 2023), splithalfr (Pronk et al., 2022), ie2misc (Embry et
al., 2022), psychometric (Fletcher, 2022) and DescTools (Signorell, 2023) were used to plot the
data, arrange and group the data, calculate Spearman-brown reliabilities, calculate the Median

Absolute Deviation or to calculate confidence intervals of correlations and means, respectively.

Trials including M, N, January and December were excluded from all analyses, as visual
inspection of the data revealed an end effect for the months January and December as well as
for the last two letters, M and N. The end effect describes the phenomenon that, when a
stimulus at the very beginning or the very end of the range employed in the task appears, the
probability of this stimulus being the correct choice can take extreme values (e.g., 1 in the case
of December and N, and 0 in the case of January), resulting in participants’ error rate in these

trials being disproportionally low.

To prevent the results from being distorted by random guessers, participants whose error rate
lay more than two Median Absolute Deviations above the mean error rate in at least one domain
were excluded from the analysis. Following this procedure, two participants were excluded due
to too high error rate in the number trials, five were excluded for making too many errors in the
letter trials, two participants committed too many errors in both the number and the month
domain, another two participants made too many mistakes in the letter and month domain and
one participants’ error rate exceeded the threshold in all three domains. This resulted in a

remaining sample size of 53 participants (35 females, 18 males; mean age = 21.65 years).

Based on the stimuli presented in each trial, the distance of each pair was calculated for the
subsequent steps of the analysis. For example, the stimulus pairs “5 2” and “G J” were assigned a
distance of 3. In the case of the months, omitted months (see section 2.4 Stimuli) were
disregarded. That is, the pair “JAN APR” was assigned a distance of 1 for the purpose of the
analysis, irrespective of the missing months February and March. We considered only the
distances within the task stimulus set, rather than those present in the complete list of months
of the year. This decision was based on Krajcsi and Kojouharova's (2017) finding that, in a
comparison task, newly learned number symbols’ distances were perceived by participants
based on the subset presented during the test rather than the numbers (values) they

corresponded to.

In the next step, the mean error rates and the median reaction times were calculated per

participant, domain (numbers, letters, months) and distance separately. Note that in all analyses
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involving reaction time, only correct trials were taken into account. On the basis of this, the
individual distance effect slopes (i.e., the slopes of the relationship between distance and
reaction time or error rate) were calculated for each participant. These slopes were tested for
significant deviation from zero using one-sample t-tests — or one-sample Mann-Whitney-U-tests,

in the event that a Shapiro-Wilk test indicated that the criterion of normality was not met.

To avoid an attenuation of the correlations between the slopes across domains due to low intra-
individual reliability of the reaction time and error rate slopes, we calculated the reliability of the
slopes to be able to later adjust the correlations to these (presumably imperfect) reliabilities
(Spearman, 1904, 1910; cf. Krajcsi, 2017). For this purpose, each participant’s trials were split
into even and odd trails for each domain and the Spearman-Brown (Spearman, 1910) reliability
between these two groups of trials was calculated. These reliabilities were subsequently used to

disattenuate the correlations (see below).

In a last step, the confidence intervals of the disattenuated (i.e., reliability-adjusted) correlations
were calculated for each domain combination (i.e., numbers — letters, numbers — months, letters
—months) and response variable (reaction time and error rate). For each of these correlations,
we calculated the 95% symmetrical confidence interval, based on the disattenuated correlation
coefficient and the sample size, to check whether the reliability-adjusted intervals overlapped
with zero. Whenever they did not overlap with zero, we concluded that the correlation was

significant.

3. Results

Across all participants, the mean error rate was lowest in the number trials (0.026) and highest
in the letter trials (0.085) with the month domain lying in between (0.0485). The same pattern
emerged for the sample means of the individual medians of the reaction times. Participants
were fastest to respond to number stimuli (536.829 ms), followed by the month trials (1106.366
ms) and the letter trials (1734.648 ms). A detailed overview of the mean error rates and reaction

times per stimulus pair can be found in Tables 1 to 6.
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Table 1: Means of the individual mean error rates (in %) per stimulus pair for the number trials. A green background
shade indicates lower mean error rates, while a red background shade indicates higher mean error rates.

Right

5

Left
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Table 2: Means of the individual mean error rates (in %) per stimulus pair for the letter trials. The stimuli M and N
were excluded and their values are therefore not depicted. A green background shade indicates lower mean error rates,
while a red background shade indicates higher mean error rates.

Right

Left

6.8% 8.3%

6.8% 9.1%
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Table 3: Means of the individual mean error rates (in %) per stimulus pair for the month trials. The stimuli Jan and
Dec were excluded and their values are therefore not depicted. A green background shade indicates lower mean error
rates, while a red background shade indicates higher mean error rates.

Right

Left

JAN

APR

MAIJ

JUN

JUL

AUG

OKT

NOV

DEC

30

JAN

APR MAJ

JUN

JUL AUG OKT NOV DEC

3.3%




Table 4: Means of the individual medians of the reaction time (in ms) per stimulus pair for the number trials. A green

background shade indicates shorter mean reaction times, while a red background shade indicates longer mean reaction

times.

Right

Left
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Table 5: Means of the individual medians of the reaction time (in ms) per stimulus pair for the letter trials. The stimuli
M and N were excluded and their values are therefore not depicted. A green background shade indicates shorter mean
reaction times, while a red background shade indicates longer mean reaction times.
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Table 6: Means of the individual medians of the reaction time (in ms) per stimulus pair for the month trials. The stimuli
Jan and Dec were excluded and their values are therefore not depicted. A green background shade indicates shorter
mean reaction times, while a red background shade indicates longer mean reaction times.
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3.2 Distance effects

The individual slopes of the distance effect for the error rate in the number domain differed
significantly from zero (Mann-Whitney U-test: p < 0.001; see Figure 2). The mean of all slopes,
i.e., average distance effect across all participants, was -0.005 with the 95%-confidence interval

ranging from -0.007 to -0.004.

33



Distance effect error rate numbers
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Figure 2: Distance effect for participants * mean error rate in the number domain. Each line corresponds to one
individual participant. The mean distance effect slope is depicted in red.

Similarly, a significant (Mann-Whitney U-test: p < 0.001) distance effect emerged for the error
rate in the letter trials (see Figure 3). For the letters, the mean of all individual distance effect

slopes amounted to -0.017, with the 95% -confidence interval ranging from -0.022 to -0.012.
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Distance effect error rate letters
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Figure 3: Distance effect for participants ‘ mean error rate in the letter domain. Each line corresponds to one individual
participant. The mean distance effect slope is depicted in red.

Also for the month trials, error rates significantly declined with increasing distance between the
stimuli (t-test: p < 0.001; see Figure 4). Across all participants, the slope of the distance effect

was -0.013, with the 95%-confidence interval ranging from -0,016 to -0.011.
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Distance effect error rate months
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Figure 4: Distance effect for participants “ mean error rate in the month domain. Each line corresponds to one
individual participant. The mean distance effect slope is depicted in red.

Turning to the reaction time, we detected a significant (Mann-Whitney U-test: p < 0.001)
distance effect for the reaction time in the number domain, see Figure 5. The mean slope of the
individual distance effects was -15.300, with the confidence interval ranging from -17.609 to -

12.991.
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Distance effect reaction time numbers
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Figure 5: Distance effect for participants * median reaction time (in ms) in the number domain. Each line corresponds
to one individual participant. The mean distance effect slope is depicted in red.

As for the numbers, the distance effect for the reaction time was also highly significant (Mann-
Whitney U-test: p < 0.001) for letter trials (see Figure 6). For these trials, the mean of all
individual slopes was -107.425, with the 95%-confidence interval ranging from -135.820 to -
79.030.
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Distance effect reaction time letters
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Figure 6: Distance effect for participants * median reaction time (in ms) in the letter domain. Each line corresponds to
one individual participant. The mean distance effect slope is depicted in red.

Finally, we also observed a significant distance effect for the reaction time when participants
compared months of the year (t-test: p < 0.001; see Figure 7). For the reaction time in month
trials, the mean of all individual distance effect slopes amounted to -50.464, with the 95%-

confidence interval ranging from -59.863 to -41.064.
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Figure 7: Distance effect for participants “ median reaction time (in ms) in the month domain. Each line corresponds to
one individual participant. The mean distance effect slope is depicted in red.

3.3 Reliabilities

The intra-individual Spearman-Brown reliabilities between the even and odd trials can be seen in
Table 7. Reliabilities for the error rate and reaction time were high in the number and letter
domain, while they were only sufficient for the month comparison task.

Table 7: Intra-individual Spearman-Brown reliabilities for all three domains and both response variables. A value of 1
indicates perfect reliability.

Domain Error rate Reaction time

Numbers 0.808 0.795
Letters 0.807 0.708
Months 0.629 0.487
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3.4 Correlations

A correlation matrix summarizing the correlation coefficients between the distance effect slopes
of the three domains for both response variables, error rate and reaction time, is provided in
Table 8. More details can be found in the following sections.

Table 8: Correlation matrix containing the disattenuated correlations between the distance effects for numbers, letters
and months. Correlations of the error rate distance effects are given in the cells with blue frames (above the gray

diagonal), while the correlations between the reaction time distance effects can be found in the cells with orange
frames. A darker shade of green indicates a stronger correlation.

Numbers Letters

Months

Letters

Months 0.306

3.4.1 Numbers and letters — error rate

The 95% confidence interval of the raw (not disattenuated/reliability-adjusted) correlation
between the distance effect slopes of the error rate in the number domain and those in the
letter domain ranged from 0.014 to 0.514, while the confidence interval of the disattenuated
correlation ranged from 0.089 to 0.567. Therefore, the correlation’s deviation from zero was
significant, despite the correlation remaining weak. The relationship between the slopes of the

two domains is visualized in Figure 8.

40



Relationship between the error rate slopes for numbers and letters
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Figure 8: Relationship between the individual distance effect slopes for the error rate between the number domain and
the letter domain. Each dot represents the individual distance effect slopes of one participant. Note that the raw, i.e.,
not yet reliability-adjusted, correlation is depicted here.

3.4.2 Numbers and months — error rate

A strong correlation emerged between the individual distance effect slopes for the error rate in
the number domain and the slopes in the month domain (see Figure 9), which deviated
significantly from zero, with the 95% confidence interval of the raw correlation ranging from
0.387 to 0.745 and the confidence interval of the disattenuated correlation ranging from 0.728
to 0.901.
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Relationship between the error rate slopes for numbers and months
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Figure 9: Relationship between the individual distance effect slopes for the error rate between the number domain and
the month domain. Each dot represents the individual distance effect slopes of one participant. Note that the raw, i.e.,
not yet reliability-adjusted, correlation is depicted here.

3.4.3 Letters and months — error rate

Similarly, the correlation between the individual distance effect slopes for the error rate of the
letter and month domains deviated significantly from zero, even though the correlation was not
as strong as between numbers and months. The 95% confidence interval of the raw correlation
ranged from 0.274 to 0.683 and that of the disattenuated correlation ranged from 0.546 to

0.823. The relationship is illustrated in Figure 10.
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Relationship between the error rate slopes for letters and months
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Figure 10: Relationship between the individual distance effect slopes for the error rate between the letter domain and
the month domain. Each dot represents the individual distance effect slopes of one participant. Note that the raw, i.e.,
not yet reliability-adjusted, correlation is depicted here.

3.4.4 Numbers and letters — reaction time

The individual distance effect slopes for participants’ median reaction times did not correlate
significantly between numbers and letters. The 95% confidence interval of the raw correlation
ranged from -0.238 to 0.302. Given that also the 95% confidence interval of the disattenuated
correlation, which ranged from -0.229 to 0.310, overlapped with zero, we can conclude that the
correlation does not significantly deviate from zero. This lack of significant correlation is also

reflected in Figure 11.
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Relationship between the reaction time slopes for numbers and letters
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Figure 11: Relationship between the individual distance effect slopes for the median reaction time between the number
domain and the letter domain. Each dot represents the individual distance effect slopes of one participant. Note that the
raw, i.e., not yet reliability-adjusted, correlation is depicted here.

3.4.5 Numbers and months — reaction time

We found a weak correlation between numbers and months regarding the distance effect slopes
for the reaction times (see Figure 12). The 95% confidence interval of the raw correlation ranged
from -0.084 to 0.438. In contrast, the confidence interval of the disattenuated correlation
ranged from 0.039 to 0.532, which means that the correlation’s deviation from zero was weak

but significant.
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Figure 12: Relationship between the individual distance effect slopes for the median reaction time between the number
domain and the month domain. Each dot represents the individual distance effect slopes of one participant. Note that
the raw, i.e., not yet reliability-adjusted, correlation is depicted here.

3.4.6 Letters and months — reaction time

Finally, the distance effect slopes for the reaction time were moderately correlated between
letters and months (see Figure 13). That is, the 95% confidence interval of the raw correlation
ranged from 0.063 to 0.549 and that of the disattenuated correlation ranged from 0.305 to

0.701 and, therefore, the correlation differed significantly from zero.
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Figure 13: Relationship between the individual distance effect slopes for the median reaction time between the letter
domain and the month domain. Each dot represents the individual distance effect slopes of one participant. Note that
the raw, i.e., not yet reliability-adjusted, correlation is depicted here.

Out of the 65 participants that completed the main task, 59 filled out the follow-up
guestionnaire. In the following, these participants’ responses to the questions are reported

descriptively.
3.5.1 Transcoding letters to numbers

Even though only three participants stated that they can easily and spontaneously convert (all)
letters to numbers (e.g., A = 1) and only 16 participants felt confident about at least some
letters, participants generally showed a high success rate when asked for the number
corresponding to specific letters. 56% of participants gave the correct response (both the
position in the English and in the Hungarian alphabet were counted correct) for the letter “F”,

35% gave the correct number corresponding to the letter “V”, 36% could convert “O” to a
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number, 52% correctly identified the number corresponding to the letter “H” and 38% gave the
correct response for “M” and “P”, respectively. While no participant spontaneously reported (in
response to an open-ended question) having used a number-based strategy, six participants
disclosed having transcoded letters to numbers at least occasionally when explicitly asked about

this strategy.
3.5.2 Transcoding months to numbers

Given that months are routinely associated with and replaced by numbers, it comes with little
surprise that converting months to numbers seemingly posed less of a challenge to participants
than transcoding letters to numbers. In total, 52 participants stated that they can easily convert
at least some months to numbers. When asked about specific months, for the months October,
March, July, January and November more than 98% of participants correctly entered the
corresponding number (e.g., January = 1), while the success rate was even at 100% for the
month December. Six participants spontaneously reported having transcoded months to
numbers to solve the task and 29 participants agreed that they used this strategy in at least

some of the trials.
3.5.3 Mental representation of the months and of the year

As participants’ mental image of the months and of their order within the year can potentially
influence the results of the comparison task, we explicitly asked about mental representations.
That is, some participants might represent the year linearly, i.e., a sequence starting with
January and ending with December, while for others it might be intuitive that months are
arranged in a circular fashion, with January coming after December (as discussed in Vos et al.,
2017). In response to this question, 14 participants reported a circular representation, whereas
the remaining 45 participants picture the months within the year more or less linearly. In
response to the open-ended question about their strategy in the month comparison task, two
participants spontaneously mentioned (linear) mental imagery and one participant referred to a

mental circular representation of the year that enabled them to solve the comparison task.
3.5.4 Strategies in the number comparison task

When asked to describe the strategy they applied to solve the number comparison task, the vast
majority of participants did not give concrete answers other than having tried to identify the
larger one of the numbers (i.e., reiterating the instruction) or referred to intuition. Four

participants mentioned an end effect, i.e., they reported having realized that 1 is always the
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incorrect and 9 always the correct answer if these stimuli were included in a pair. One
participant mentioned a verbal strategy that consisted in repeating the depicted numbers aloud
to be better able to comprehend them. Four participants expressed some confusion over the
instructions of the task, e.g., because they erroneously assumed they should focus on font size

rather than numerical size.
3.5.5 Strategies in the letter comparison task

As opposed to the number comparison, fewer participants, namely 15, described no particular
strategy but rather attributed their success with the letter trials to intuition. Another 15
participants explicitly mentioned having recited the alphabet (silently or aloud) for at least some
of the trials. An end effect, i.e., that the very first (F and G) and last (M and N) elements were
easier to process, was reflected in 19 of the responses. Eight participants mentioned a grouping
principle, by which they subdivided the stimulus range to allow for faster comparison. Other
strategies, namely using proper names associated with these letters, focusing on the shape of
the letters and writing down the relevant part of the alphabet on paper, were mentioned by one
participant each. It is important to note that many participants reported more than one strategy
and some explicitly mentioned having switched strategies either across trials (i.e., with time) or

across stimuli (depending on the exact letters presented).
3.5.6 Strategies in the month comparison task

At least for some month trials, 18 participants seem to have responded intuitively and
spontaneously without being aware of a particular strategy. Statements hinting at an end effect,
i.e., that January and December were easier to compare than other months, occurred 19 times.
As mentioned above, six participants reported having transcoded months to numbers and three
people visualized the months in front of them, one of which in a circular fashion. As opposed to
the letter trials, only two participants stated having recited the list of months and three read the
presented stimuli out aloud. Three participants expressed confusion over and/or reported
having applied specific strategies for the months whose names look very similar, i.e., January
(JAN), June (JUN) and July (JUL). Most interestingly, a clustering/grouping strategy was more
prevalent, or at least recalled more frequently, than in the other domains. A total of 21
participants spontaneously referred to seasons when describing their strategy. That is, they first
grouped months into seasons (e.g., April — spring, October — autumn) to facilitate cross-season

comparisons.

48



4. Discussion

The present project aimed at assessing whether the discrete semantic system is limited to
symbolic number processing or whether it is domain-general. More precisely, we enquired
whether the association-based mechanisms postulated by the DSS can also account for
comparison distance effects in the domains of letters and months. In line with the findings of
previous studies, we expected to see a significant distance effect in all domains. In addition, we
predicted that, if number, letter and month comparisons indeed rely on the same system, the
distance effects should not only be present, but the distance effect slopes of individual
participants’ error rate and reaction time should also correlate strongly across the three
domains. We found a distance effect — for both error rate and reaction time —in all three
domains. However, the pairwise correlations between the distance effects of the domains only
partially support the view that the DSS is domain-general. A more detailed overview of the

findings is given in the following.

We observed significant distance effects in all three domains for both response variables (error
rate and reaction time), thus corroborating previous evidence of distance effects in letter and
month comparison and/or ordering tasks (Anonymous, unpublished; Fairbank, 1969; Franklin et
al., 2009; Fulbright et al., 2003; Goffin et al., 2020; Morsanyi et al., 2016; Parkman, 1971; Van
Opstal et al., 2008; Vos et al., 2017). Also consistent with these previous works is that comparing
numbers was seemingly easiest and comparing letters most difficult for participants. First, the
mean error rate across all participants in month trials and especially in letter trials was
considerably higher than in number trials. Second, even within the correct trials, on average,
participants took almost twice as long to respond to month stimuli and more than three times as
long to identify the later one of two letters than to successfully compare two numbers. Finally,
this is also reflected in the distance effect, in that the mean distance effect slopes were steepest
for letters and flattest for numbers. In summary, participants committed most mistakes, took
longest to respond correctly and showed the starkest relative increase in performance with
increasing distance in the letter domain, whereas they were most accurate and quickest with the

numbers, the stimulus type they presumably compare most routinely in every-day life.
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Simply detecting a distance effect in all three domains is, however, insufficient to gain insights
into the processing of the stimuli and, thereby, the origin of the distance effects. In analogy to
the distance effects in symbolic and non-symbolic number comparison tasks (Krajcsi et al., 2016,
2018; Krajcsi & Kojouharova, 2017), it is conceivable that, albeit present in all domains, the
distance effects in number, letter and month comparison tasks are driven by distinct
mechanisms (cf. Lyons et al., 2016). Hence, only the correlations between the individual distance
effect slopes across the three domains can reveal whether the DSS is indeed the source of all

three distance effects.

The results of the correlational analyses lend partial support to the potential domain-generality
of the DSS. The strongest evidence for the domain-generality of the DSS would have consisted in
a high correlation between number and letter distance effects, as letters are presumably less
likely to be transcoded to numbers during the task than are months (Fias et al., 2007). Counter
to our predictions and counter to neuro-imaging data attributing number and letter comparison
to shared neural structures (Fias et al., 2007; but see Zorzi et al., 2011), the correlation between
the number and letter distance effects was weak for the error rate and non-existent for the

reaction time.

Importantly, the weakness or absence of these correlations cannot simply be attributed to a lack
of reliability, i.e., excessive noise, in our data, since we applied a disattenuation procedure which
corrects the correlations according to the reliabilities of the potential correlates. In light of the
lack of strong correlations between number and letter distance effects, we can, therefore, not

confidently conclude that the DSS also supports letter comparison.

Numbers and months, in contrast, appear to be processed highly similarly in comparison tasks.
For this combination of domains, we found a strong correlation between the error rate distance
effect slopes and a moderate correlation between the reaction time distance effect slopes.
These findings are in line with the idea that the distance effects in number and month

comparison tasks rely on a shared mechanism.

Nevertheless, one could argue that this correlation does not necessarily reflect any domain-
generality of the DSS, but that months are processed by the DSS in virtue of them being
transcoded to numbers. That is, as outlined in the introduction and methods section, months are
often used interchangeably with the number that represents their position within the year. If
participants transcoded months to numbers to solve the task, the observed correlation would

not be particularly surprising: participants would simply process numbers in both cases but take
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a “detour” in the month comparison task. Indeed, about half of the participants indicated in the

questionnaire that they at least occasionally transcoded months to numbers to solve the task.

Still, the conclusion that the transcoding strategy alone, and not a domain-general DSS, can
account for the correlations of the number and month distance effect slopes is not fully
supported by our data. One noteworthy consideration is that, if months are transcoded to
numbers in the comparison task, one would expect that participants’ reaction time in month
trials would be substantially lengthened by the additional processing step. Even though the
mean reaction time in the month domain (1106.366 ms) exceeded that in the number domain
(536.829 ms), it is questionable whether the time would have sufficed to transcode months to
numbers before responding. In support of this doubt, Fias et al. (2007) found that participants
took on average 2276 ms to solve a letter comparison task by transcoding letters to numbers.
This is considerably longer than the reaction times we observed. However, months are
presumably more easily (and faster) transcoded to numbers than letters. This is also reflected in
our participants’ higher accuracy in transcoding months, rather than letters, to numbers in the

follow-up questionnaire.

However, if participants transcoded months but not letters to numbers in our study, there is
seemingly no reason why the distance effect slopes should correlate between letters and
months. In contrast, this is exactly what we found. The moderate to strong correlations between
the error rate and reaction time distance effects of letter and month trials suggest that months
are processed very similarly to letters. What remains perplexing is how it is possible that months
correlate strongly (at least in terms of the error rate) with both numbers and letters, but
numbers and letters only correlate very weakly with one another. After all, if month and number
comparisons rely on the same mechanism and letter and month comparisons rely on the same
mechanism, it is difficult to imagine how number and letter comparisons could rely on different
mechanisms. There are several tentative explanations that could be put forward to unravel our
patterns of results, especially the unexpectedly weak correlations between number and letter

distance effect slopes.

The weak correlation between number and letter distance effect slopes is not necessarily at
odds with the domain-generality of the DSS. Instead, some of the assumption on which we built

our predictions might be flawed.
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An important caveat potentially affecting the correlation is that processing, and in particular
comparing, letters might be a less automatic process than in the case of numbers (Fulbright et
al., 2003; Lyons et al., 2016). Developing the argument even further, one could imagine that this
lack of familiarity could affect participants’ strategy in the comparison task. In analogy to young
children that successfully learn how to recite the counting list before they grasp the cardinality
principle (i.e., that the last number of a counting list denotes the numerosity of the counted set)
(Wynn, 1990), participants in our study might have relied on lists more strongly when comparing
letters and months than when comparing numbers. Two important limitations of this line of
explanation should be noted though. For one thing, ordinality persists to be of crucial
importance to number processing too, even after having mastered the cardinality principle
(Sasanguie & Vos, 2018); and for another, as noted above, if the letter and number comparison
were simply more difficult for participants (which is supported by our data), this difference
should not per se impact the correlations as long as the relative difficulty of the three tasks is

consistent across individual participants.

What could, however, affect the correlations between the domains is intra-individual variation
of strategies. For example, individual participants could have utilized a list-retrieval strategy
(reciting the alphabet or the months of the year) for some trials but not for others. Indeed, many
participants stated having switched strategies across trials, either because familiarity with the
task increased or because of the specific stimuli presented to them. In addition, strategy
switching has also been reported for multiplication tasks. In this context, it has been
hypothesized that participants resort to a backup strategy whenever retrieval of the
multiplication result from a network of associations does not succeed or takes too long (Siegler,
1988; see also Ashcraft, 1987). Even more interestingly, Hamilton and Sanford (1978) asked
participants about their strategy after each trial of a two-letter ordering task. They found that
participants recited the alphabet more frequently to reach the solution in short-distance trials
than in long-distance trials, which the authors therefore conclude to be the cause of the
observed standard distance effect. A similar phenomenon, i.e., participants resorting to list
retrieval in a subset of trials, could have occurred in our study, entailing a number of noteworthy

consequences.

Inconsistent individual use of association-based comparison and list retrieval could explain the
unexpectedly weak correlations between the number and letter distance effect slopes, as
hitherto unconsidered mechanisms might be at work in “list retrieval” trials. To be more

concrete, order judgments and, thereby, effects that usually occur in ordering tasks, could play
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into the comparisons. Ordering tasks are generally characterized by reverse distance effects
(especially in trials in which the stimuli are correctly ordered), which is assumed to be the result
of sequence familiarity, e.g., “3 — 4 — 5” being more familiar and more frequently encountered
than “3 —7—-9" (Devlin et al., 2022; Turconi et al., 2006). Accordingly, one can conjecture that
such reverse distance effects were present in some of our (letter) trials and might have
interfered with the otherwise standard distance effect (cf. Franklin et al., 2009; Morsanyi et al.,
2016). On the one hand, this explanation is not entirely consistent with the highly significant
standard distance effects we observed in all three domains. On the other hand, especially when
only two (rather than three or more) stimuli are presented simultaneously, the distance effect is
not necessarily reversed even in ordering tasks (Hamilton & Sanford, 1978; Lyons et al., 2016).
Hence, it is conceivable that participants’ reliance on ordinality in some trials affected the

correlations without being reflected in the distance effects themselves.

Another potential ramification of participants’ stronger use of list retrieval in the letter (and
month) trials concerns the gaps we introduced into the stimulus space. As outlined in the
methods section, by exclusively using letters of the English alphabet and omitting Hungarian
letters such as “Gy”, the stimulus space might have seemed incomplete (“gapped”) to Hungarian
speakers (who, after having received instructions in Hungarian, might have expected to see
these Hungarian letters too). This decision was based on the abovementioned study by Krajcsi
and Kojouharova (2017), in which the distance effect in a comparison task with newly learned
number symbols did not reflect the numerical distances between the (Arabic) numbers these
new symbols corresponded to but the distances between the symbols presented in the task
(disregarding any gaps resulting from omissions). Therefore, our decision was also contingent on
the assumption that, in our study, participants would employ the same strategy as in Krajcsi and
Kojouharova (2017) also for the letter comparison. If so, the gaps should have indeed not
influenced participants’ performance. For instance, participants should have treated the
comparison between “G” and “H” as having a distance of 1, despite the actual distance in the
Hungarian alphabet being 2 (due to the presence of the letter “Gy” between “G” and “H”). If, on
the other hand, participants (occasionally) deployed a retrieval-based strategy by reciting the
Hungarian alphabet, these gaps could make a crucial difference and could distort the distances.
Consequently, if the strategy was used inconsistently across trials, participants might have
treated some trials we had devised as distance-two trials as distance-three trials and so forth.
This, in turn, would make the group of letter trials of a certain distance inhomogeneous and,

thereby, interfere with the correlation between the number and letter distance effects.
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Finally, a lower degree of familiarity and a higher reliance on list retrieval in one domain could
distort the temporal patterns of participants’ performance across trials. For instance, it is
plausible to assume that participants first needed to familiarize with the specific stimulus space
(subset of letters form the middle of a gapped alphabet) they were confronted with before
transitioning to more automatic responses. Indeed, some participants reported having switched
strategies (e.g., from list retrieval to more automatic comparison processes) after the first few

letter trials.

Such a temporal pattern and an initial lack of familiarity also suggest an interesting explanation
for the disagreement between our results and those of Fias et al. (2007) who found highly
similar neural activation patterns between a number and a letter comparison task. That is, Fias
et al. trained their participants on both comparison tasks, number and letters, until they reached
a learning criterion (80% correct) before testing commenced. Undoubtedly, this resulted in a
higher degree of familiarity with the task in their participants than in ours. One could hence
surmise that a controlled training procedure prior to testing would strengthen the correlation

between number and letter distance effects.

The individual diversity of strategies applied could even feed back into the temporal patterns of
participants’ performance. The use of backup strategies, in our case reciting the alphabet, could
affect the strength of the associations between the letters; and stronger associations could again
favor the primary strategy (e.g., seemingly automatic, association-based comparison) with time
(cf. Siegler, 1988). Such a domain-specific learning effect, in turn, could have further decreased
the correlations between domains, in particular between numbers and letters. However, this
concern can be dispelled in virtue of the disattenuation procedure we applied to the raw
correlations. If learning effects should indeed have led to inconsistencies across trails within a
domain, this should have been captured in the reliabilities of the variables and, thereby, been

taken into account when adjusting the correlations.

Even if the intra-individual variation in strategy use across the letter trials is what made the
correlation between the number and letter distance effect slopes almost undetectable, we still
have not answered the question posed earlier: How is it possible that the month distance effect
slopes correlate with both those of letters and those of numbers when the correlation between
the number and the letter distance effect slopes is almost undetectable? After all, many of the
arguments elaborated in the previous paragraphs similarly apply to months. For instance, like
letters, pairs of months are not frequently compared in every-day life. In addition, some

participants stated having employed a retrieval based strategy also for months (at least in some
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trials), potentially evoking a partly reverse distance effect. And, finally, we also omitted some
months, resulting in gaps comparable to those in the letter stimulus space. In short, the use of
different strategies across letter trials cannot per se explicate why the letter distance effect
slope correlated with the month distance effect slope but not (or only weakly) with the number

distance effect slope.

What could, however, account for these seemingly contradictory findings is the varying extent to
which the domain-specific mix of mechanisms (strategies) overlaps between the domains. It is
conceivable that the month comparison task shares more of these underlying mechanisms with
both the letter and the number comparison (i.e., the months take an “intermediate” position
between letters and numbers) than letters share with numbers. For instance, some month trials
might be similar to number trials if participants indeed transcoded months to numbers and, on
the other hand, other month trials might have resembled some letter trials in virtue of

participants’ list retrieval strategy.

Indeed, list retrieval and stronger reliance on ordinality could even be what caused the distance
effect in the letter and, potentially, the month domain. Similar to what Hamilton and Sanford
(1978) proposed, list retrieval could have occurred more frequently in short-distance trials,
thereby lengthening the reaction time and, speculatively, increasing the error rate in these trials.
In consequence, this could have brought about a distance effect via an alternative, unexpected

mechanism.

Further, it is conceivable that even in the case of numbers, comparison is performed employing
several distinct mechanisms. The two crucial properties of symbolic numbers are cardinality
(quantity of a set) and ordinality (position within a set). Cardinality and ordinality rely on distinct
cognitive mechanisms and follow differential developmental trajectories (Lyons et al., 2016), but
could still jointly influence the distance effect. For example, Marshuetz and Smith (2006) argue
that what they call magnitude codes could even play into the processing of order, in addition to
inter-item associations. Even though inexact representations of quantities have been shown to
not underlie the symbolic number comparison distance effect (Krajcsi et al., 2016, 2018), it is
possible that the associations within the DSS comprise more than just ordinality. Potentially, a
crucial difference in the way numbers, letters and months are processed and compared is
already evident in our formulation of the research question and of the instructions in the task.
That is, there could be a difference between selecting the smaller/larger element and selecting
the earlier/later element that goes beyond linguistic convention. As a result of numbers’ double

nature, imperfect correlations between numeric and non-numeric symbolic distance effect
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slopes could arise due to only partially overlapping mechanisms and/or a varying predominance

of cardinality or ordinality across trials.

In a similar vein, strategies common between letter and month comparisons might hinge on the
fact that both are less abstract than numbers and, hence, carry a wealth of semantic
associations. In other words, the associations posited by the DSS might be the most salient
feature of numbers (in the task) but only one of several relevant features of letters and months
(for a related discussion see Morsanyi et al., 2016). Assuming that the only information
conveyed by a number symbol is the representation of a quantity (cardinality), on the one hand,
and its ordinal position, on the other hand, there is not much else participants could utilize to
facilitate the differentiation and comparison of two number symbols. The idea becomes more
tangible when turning to letters and especially months, whose information content is
considerably richer. For example, we associate months with festivities (e.g., “December is the
month of Christmas” or “It's my grandmother’s birthday in April”), deadlines (e.g., “September is
when the semester ends”), other months starting with the same letter (e.g., “July is one of
‘January — June — July’ which | have to pay special attention to”; similar to what one participant
described) or, last but not least, seasons. Indeed, almost half of the participants spontaneously
reported the use of a season-facilitated strategy in at least some trials. This means that
identifying the later one of two months of different seasons (e.g., October and July) was possible
via a “fast track” and only if the two months fell within the same season (e.g., August and July)
did participants need to resort to comparing them singly. Interestingly, some participants
mentioned a similar strategy for the letter domain, meaning that they subdivided the stimulus
range into smaller subgroups. This is in line with what Hamilton and Sanford (1978) described;
namely, that their participants started to recite the alphabet at certain “anchoring points” and
not necessarily from the start. Such a clustering strategy could hence constitute another feature
shared between letters and months. Clustering could introduce an additional processing step
into the letter and month comparison. Similar to multi-digit number comparison (Poltrock &
Schwartz, 1984; Verguts & De Moor, 2005), comparing two letters or months might hence
consist of two sequential processing steps, presumably affecting both the reaction time and the
distance effect. In support of this, the reverse distance effects in ordering tasks have been
shown to be sensitive to whether or not the presented stimuli cross a decade (in the case of
two-digit numbers) or year (in the case of months) boundary (Anonymous, unpublished; Franklin
et al., 2009). In conjunction with the transcoding of some months to numbers, the lower
abstractness of letters and months as well as the clustering strategy could hence account for the

correlations — and lack thereof — we found.
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In summary, one core assumption that motivated the present study might not have been
entirely justified, namely that the presence of distance effects in all three domains is indicative
of a shared underlying mechanism. Consequently, it might not have been entirely justified to
enquire whether this shared mechanism consists in a domain-general DSS. Even though
hypothesizing that different ordered symbolic lists are processed similarly is more defendable
than the long-held misconception that the symbolic and non-symbolic number distance effects
share a common cause (cf. Krajcsi et al., 2018), and even though we still firmly believe that the
DSS plays an essential role at least in number comparison, complementary strategies (and the
intra-individual variation of these) ought not to be underestimated. That is, while the letter and
month comparisons might still rely on differential associations with “small”/”early” and
“large”/”late”, as number comparison does, additional, domain-specific factors and strategies
might be at play in the letter and month domains. Especially for the letters, these factors could
have caused the predictions we derived from the DSS to be inaccurate or at least imprecise. To
henceforth avoid these shortcomings, we can formulate multiple recommendations for future

studies based on the findings of the present study.

First, future studies should take into account potential learning effects. As expounded above,
participants could not only gradually switch strategies or become more familiar with the
stimulus list across trials, but the alternative strategies themselves (e.g., reciting the alphabet)
could influence the processing of subsequent trials. Hence, it would be desirable to
systematically control for these effects. This could be achieved, for example, by subjecting one
group of participants to a training procedure until they reach a learning criterion (cf. Fias et al.,
2007) and comparing their performance in the test to that of a control group that has not

undergone task-specific training.

Second, future studies should measure the influence of other intra-individually consistent
parameters that could cause correlations similar to those predicted by the DSS. The reason is
that, even if perfect correlations between the distance effect slopes of all three domains were
found, these need not automatically be the result of a common mechanism underlying the three
comparison tasks. Instead, the correlations could be driven by parameters that affect
participants’ performance in all three tasks. That is, individual attributes, such as a participant’s
working memory (Lyons & Beilock, 2009), general intelligence or arithmetic skills (Morsanyi et

al., 2016), could determine the slope of the distance effect in all cases. Therefore, future studies
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could aim to disentangle a shared underlying mechanism, like the DSS, from these other

confounds.

Finally, comparison tasks should be performed on non-numeric ordered lists stripped of any
semantic information (such as season). As such a list probably does not exist, an artificial list of
newly invented number symbols could be taught to participants (similar to Krajcsi &
Kojouharova, 2017). And, to assess whether familiarity with (comparing) the stimuli and reliance
on list retrieval is indeed what caused some of our negative results, one of these lists should be

“u

taught by reciting the list (e.g., “?” — “@” — “$”), i.e., the way children usually learn the alphabet
and, initially, the counting list (cf. Merkley et al., 2016; Zhao et al., 2012). At the same time, a
second list of symbols would not be presented as a list, but by reinforcing the one-to-one
correspondences between a new symbol and an Arabic number (e.g., “@” = 2), as it was done in
Krajcsi and Kojouharova (2017). Subsequently, comparison tasks could be conducted with both

lists to be able to correlate the distance effect slopes intra-individually.

The present study was the first to not only investigate the presence of, but also the correlations
between the slopes of, numeric and non-numeric symbolic distance effects. We enquired
whether the Discrete Semantic System, which has previously been suggested to underpin
symbolic number comparison and to cause the respective distance effect, is also responsible for
the distance effects seen when letters of the alphabet and months of the year are compared.
We found moderate to strong correlations between participants’ individual distance effect
slopes for numbers and months, and for letters and months, respectively, but only a weak
correlation in the case of numbers and letters. This suggests that our assumption, namely that
similar distance effects in number, letter and month comparison tasks indicate a common
mechanism, and our resulting question of whether this mechanism could be grounded in the
DSS, could have been flawed. In contrast, at least two different mechanisms might be at work,
the combination of which might overlap more for some pairs of domains (e.g., numbers and
months as well as letters and months) than for others (e.g., numbers and letters). For example,
reciting the alphabet more frequently in short-distance trials and grouping months into seasons
to facilitate far-distance comparisons could cause the distance effect in these domains. The
relative role of such other mechanisms that might be operating alongside, or even within, the
DSS remains to be explored to be able to determine the domain-generality of the DSS and to

assess the uniqueness of number processing.
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