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Abstract

Previous research has shown that null numerosity can be processed as a numerical entity that is represented together with
non-null numerosities on the same magnitude system. The present study examined which conditions enable perceiving non-
symbolic (i.e., an empty set) and symbolic (i.e., 0) representations of null numerosity as a numerical entity, using distance
and end effects. In Experiment 1, participants performed magnitude comparisons of notation homogeneous pairs (both
numerosities appeared in nonsymbolic or symbolic format), as well as heterogeneous pairs (a nonsymbolic numerosity
versus a symbolic one). Comparisons to O resulted in faster responses and an attenuated distance effect in all conditions,
whereas comparisons to an empty set produced such effects only in the nonsymbolic and symbolic homogeneous conditions.
In Experiments 2 and 3, participants performed same/different numerosity judgments with heterogeneous pairs. A distance
effect emerged for "different” judgments of 0 and sets of 1 to 9 dots, but not for those with an empty set versus digits 1-9.
These findings indicate that perceiving an empty set, but not 0, as a numerical entity is determined by notation homogeneity

and task requirements.

Introduction

A prevailing conception in various models of number repre-
sentation is that numbers are represented along an ordered
continuum of magnitudes, metaphorically referred to as
the “mental number line” (e.g., Dehaene, 1992; Gallis-
tel & Gelman, 2000; Verguts et al., 2005). This notion of
such a numerical magnitude system is supported by several
behavioral and neural effects which are considered mark-
ers for numeric representation, including the distance and
end effects. The distance effect (Moyer & Landauer, 1967)
describes faster responses and fewer errors observed when
tasked with comparing numbers that are farther apart than
closer together. For instance, responses should be faster
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for comparing 2 versus 8 (i.e., distance 6) than 2 versus 3
(i.e., distance 1). The end effect describes the phenomenon
of faster responses received when comparing magnitudes
among number pairs containing the lower or upper end-value
in a set, versus comparing non-end-value pairs with the same
intrapair distance (Banks, 1977; Leth-Steensen & Marley,
2000). For example, if only single digits are included in an
experimental set, then, for any given intrapair distance, com-
parisons that involve the lower end-value of “1” (e.g., 1 vs.
4) tend to be responded to faster than comparisons utilizing
the set’s middle range values (e.g., 4 vs. 7).

The end effect can also characterize responses to com-
parisons of episodic or semantic end-values. An episodic
end-value serves as the smallest or largest member of a given
experimental stimuli set during a magnitude comparison
task (Pinhas et al., 2015); in such a task, number values are
processed intentionally as part of the task demands (e.g.,
Banks, 1977; Leth-Steensen & Marley, 2000). In contrast,
semantic end-values are numbers ‘tagged’ in long-term
memory as "the smallest" based on prior life experience,
causing them to develop this special status. Such tagging
has been shown for 0 and for 1 (in the absence of 0), but not
for 2, under conditions of automatic processing (i.e., when
number value processing was not required by the task); par-
ticipants automatically process only numbers typically expe-
rienced in daily life as being the smallest end-values (Pinhas
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& Tzelgov, 2012; Pinhas et al., 2015). It is also relevant to
note that the distance and end effects interact, so that dis-
tance effects obtained for comparisons to an end-value are
usually attenuated relative to distance effects obtained for
pairs lacking an end-value (e.g., Leth-Steensen & Marley,
2000; Pinhas & Tzelgov, 2012).

Models of number representation refer to the fact that
numbers can be presented in both nonsymbolic forms (e.g.,
an array of seven dots, a sequence of four tones) and sym-
bolic forms (e.g., spoken or written number words, Arabic
digits). However, there is a general dispute in the literature
concerning the extent to which form impacts mental repre-
sentation (e.g., Cohen Kadosh & Walsh, 2009). Some mod-
els postulate that symbolic information activates both the
verbal and nonverbal codes of the symbol, the latter referring
to the quantity the symbol stands for. For example, digit
processing has been suggested to activate two systems: the
verbal word frame (i.e., name of the number) and the mag-
nitude representation system (i.e., quantity), while both sys-
tems activate the visual Arabic digit name form (Dehaene &
Cohen, 1995). Nonsymbolic magnitudes are considered to
directly activate the magnitude system via a single process
and therefore result in faster processing compared to sym-
bolic magnitudes (e.g., Dehaene, 1992; Dehaene & Cohen,
1995).

The mental representation of nonsymbolic quantities is
a controversial topic in numerical cognition due to the fact
that changing the value of a presented numerosity always
changes its perceptual features as well. Therefore, it is
debatable whether processing nonsymbolic numerosities is
affected by changes in their continuous perceptual features
(e.g., total surface area, density) or in the numerical value
of the set. Some approaches assume that only perceptual
features of nonsymbolic numerical stimuli are processed
(Clearfield & Mix, 1999, 2001), while others argue that the
stimuli’s numerosity is processed as well (Feigenson et al.,
2004; Gebuis & Reynvoet, 2011, 2012; Xu & Spelke, 2000).
For example, previous developmental studies found that
while looking at sets of objects, infants respond to changes
in spatial extent (e.g., accumulated surface area and density)
rather than changes in the number of objects (Clearfield &
Mix, 1999, 2001). However, Xu and Spelke (2000) showed
that infants discriminate between nonsymbolic numerosities,
which goes beyond the perceptual properties of numerosity.
It was further shown that infants’ number discrimination
abilities are ratio-dependent, in accordance with Weber’s
law. Such ratio dependence is often explained by assuming
a logarithmic compression of the numerical magnitude’s
representations (e.g., Feigenson et al., 2004). Moreover,
recent studies assume that numerical judgments are based
on processing both the discrete number of objects, as well
as other continuous perceptual features of the stimuli (e.g.,
Gebuis & Reynvoet, 2011, 2012; Leibovich et al., 2017).

This assumption is supported by recent neuroimaging data
revealing that both numerical and nonnumerical regions of
the brain are activated during a nonsymbolic judgment task
(e.g., Leibovich & Ansari, 2017).

Is null numerosity represented
as a numerical entity?

Not all researchers agree that zero is represented as a
numerical entity, or, in other words, that it is represented
as part of the same magnitude system together with other
numerosities. For example, Brysbaert (1995) found that the
processing time of an integer between 1 and 99 is a logarith-
mic function of the number magnitude, its frequency, and
sometimes the syllable length of the number name. However,
reading times for zero were slower than expected by this
function, suggesting that the magnitude system is inclusive
of integers 1 to 99, while 0 is represented separately. Brys-
baert’s suggestion is consistent with findings that because
zero’s parity status is less understood, it is represented sepa-
rately from the numerical magnitude system (Fias, 2001;
Nuerk et al., 2004). However, as mentioned above, we found
in our previous research that, similar to 1, 0 is automatically
perceived as the smallest end-value of the magnitude system
as a byproduct of the end effect (Pinhas & Tzelgov, 2012;
see also Pinhas et al., 2015). Similarly, Fischer and Rott-
mann (2005) found that the distance effect for comparisons
to 0 is evident with positive integers, but not with negative
integers; they concluded that 0O is represented as the small-
est entity of the magnitude system. Furthermore, like other
small integers, 0 was associated with the left side of space
in a parity judgment task (Dehaene & Changeux, 1993).
Notwithstanding, another interpretation of these results
may be that O is perceived as a unique numerical entity and,
therefore, it is represented separately from other numerical
entities (Fias, 2001; Nuerk et al., 2004).

Similar to studies testing the symbolic form of null
numerosity, we recently found that perceiving the nonsym-
bolic form of null numerosity as a numerical entity is con-
text dependent (Zaks-Ohayon et al., 2021). In this study, we
tested the representation of empty sets contrasted with sets of
1 to 9 dots, using the numerical comparison task. In Experi-
ment 1, we manipulated the task instructions (i.e., "Choose
the frame that contains more/less dots") so that participants
would have to respond to the empty set and could not ignore
it. In Experiment 2, we manipulated the task instructions
by presenting different descriptions of the experimental
numerical range (i.e., "You will be presented with sets of
0/1 to 9 dots") and participants were asked to choose the
frame that contains more dots. The results of both experi-
ments revealed (via end effect) that comparisons to empty
sets were responded to faster than comparisons of non-empty
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sets. Furthermore, both types of comparisons produced dis-
tance effects, though they were attenuated for comparisons
to empty sets. In Experiment 3, we manipulated the response
mode so that two groups of participants responded to target
location (using a key press/vocally), while the third group
responded vocally to target color. Comparisons to empty
sets resulted in distance effects only when responding to
target location, irrespective of the response mode, indicat-
ing that triggering the activation of the spatial association
between numbers and space is crucial for representing empty
sets as numerical entities. Moreover, we established that the
distance and end effects are adequate to determine such a
representation (Zaks-Ohayon et al., 2021; see also, Pinhas
et al., 2015; Pinhas & Tzelgov, 2012).

Children’s representation of null numerosity

The understanding of zero in symbolic and nonsymbolic
formats has also been studied among infants and children.
Wellman and Miller (1986) found that younger children were
less successful in a variety of numerical tasks involving zero
compared to their performance with other small numbers.
The authors suggested that the understanding of zero devel-
ops gradually. First, children acquire some familiarity with
the name and the symbol of zero. Next, they understand
that zero represents a unique numerical value. Finally, zero’s
relation to other small numbers is realized. Before the last
phase, the number 1 is still considered to be the smallest
number (however see Bialystok & Codd, 2000). In addi-
tion, Wynn and Chiang (1998) found that eight-month-old
infants show no numerical expectation about the outcome
of an operation that yields a result of zero items, though
infants clearly distinguish between different small numbers
of objects. However, it was shown that 12-month-old infants
point to an empty location in which a desired object is miss-
ing, as a way of making an adult understand their request
for it (similar to their use of pointing to present objects).
The same use of pointing as a way of communicating about
absent objects was not found in chimpanzees (Liszkowski
et al., 2009).

Furthermore, a study by Merritt and Brannon (2013)
examined whether young children understand the concept
of null numerosity before acquiring the symbolic concept
of “zero”. The authors used a numerical ordering task and
found that both children and adults show distance effects
for comparisons of dot arrays (varying in magnitude) with
empty sets. Moreover, children aged four years old, who had
not yet acquired the concept of zero, could not place it in its
correct order but did show a distance effect for comparisons
to empty sets. Merritt and Brannon concluded that this result
was due to the fact that children represent null numerosity
on the same mental continuum of non-null numerosities.
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Nonhuman animals representation of null
numerosity

Additional research provides evidence suggesting that
nonhuman animals can also represent the numerical entity
of zero. A study by Biro and Matsuzawa (2001) demon-
strated that a chimpanzee that had previous training with
the digits 1-9 was able to further acquire the representa-
tion of 0, although after the learning phase, there was still
confusion between 0 and 1. In addition, grey parrots (e.g.,
Pepperberg, 2006; Pepperberg & Gordon, 2005) and Rhe-
sus monkeys (Merrit, Rughani, & Brannon, 2009) demon-
strated understanding that non-empty sets represent larger
quantities than empty sets. For example, Merritt et al.
(2009) presented Rhesus monkeys with a nonsymbolic
magnitude (i.e., dot array) comparison task with pairs of
stimuli generated from the numerosities zero (presented as
an empty set) to nine. A distance effect was found for com-
parisons of dot arrays with empty sets, consistent with the
notion that a null numerosity is represented as the smallest
end-value of the magnitude system. Additionally, a recent
study by Howard et al. (2018) found that after a learning
period, honeybees could judge an empty set was "less"
than a set with one object (i.e., one dot).

Moreover, two other studies performed single-cell
recordings of the ventral parietal area and prefrontal cor-
tex of monkeys (i.e., Macaca fuscata and Macaca mulatta)
while they performed numerosity matching tasks that
included empty sets and nonsymbolic numerosities (1-4)
(Okuyama et al., 2015; Ramirez-Cardenas et al., 2016, see
also Beran, Perdue, & Evans, 2015) and reported selective
activations in response to empty sets. Accordingly, selec-
tive neurons coded empty sets in two different forms: 1)
a discrete activation pattern of "empty set" versus "non-
empty set", showing increased activity selective to empty
sets and only weak activity to other numerosities, and 2)
a continuous pattern of activation that peaked with empty
sets and showed a gradual decrease to successively larger
numerosities. This latter type of coding confirms that null
numerosity can be responded to in relation to the non-null
numerosity within the pair, possibly reflecting an analog
comparison process that results in a distance effect (Okuy-
ama et al., 2015; Ramirez-Cardenas et al., 2016).

The present study

In consideration of the previous findings regarding the
representation of null numerosity, the main purpose of
the present study was to explore under which conditions
nonsymbolic (i.e., empty set) and symbolic (i.e., Arabic
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number “0”) formats of null numerosity are perceived as a
numerical entity, as contrasted with other numerical enti-
ties. Because our main focus was determining the numeric
status of null numerosity, we chose to contrast it with other
numerosities while forgoing further examination of the
well-established and well-studied relations between other
numerosities. We hypothesized that if null numerosity is
perceived as a numerical entity, then it should be repre-
sented on the same mental scale together with other non-
null numerical entities. Further, similar to our previous
studies on null numerosity, we used the presence of the
distance and end effects in comparisons to null numer-
osity as a marker for numeric representation (Pinhas &
Tzelgov, 2012; Pinhas et al., 2015; Zaks-Ohayon et al.,
2021). Accordingly, we designed three experiments test-
ing the mental representation of an empty set as contrasted
with 0. In Experiment 1, participants performed magnitude
comparisons between pairs of symbolic, nonsymbolic, and
heterogeneous (nonsymbolic vs. symbolic) numerosities.
In Experiments 2 and 3, participants performed same/dif-
ferent judgments on heterogeneous pairs of numerosities.
This allowed us to directly examine whether empty sets
are perceived as 0 by forcing participants to decide if both
of the stimuli (i.e., empty set and 0) represent the same
numerical value.

Based on prior studies, we predicted end effects for null
numerosity comparisons (i.e., empty set or 0). That is, we
predicted faster responses for comparisons involving null
numerosities than for comparisons involving non-end num-
bers. The presence of end effects for null numerosity com-
parisons would indicate that null numerosity differs from
non-null numerosity; however, to examine whether this
difference indeed stems from null numerosity’s ordinal
status, and not from its perceptual (or other) prominence,
the distance effect can be utilized. We predicted attenuated
distance effects in pairs that contained an empty set or 0,
indicating that both nonsymbolic and symbolic notations of
null numerosity are perceived as the smallest end-value of
the magnitude system. Alternatively, if no distance effects
would be obtained for comparisons to null numerosity, it
would presumably suggest that null numerosity is perceived
as “nothing,” and is not processed as a numerical entity.

It is well established that the context in which numerical
entities are presented may affect their representation. Con-
text can be modified by manipulating the numerical range
(e.g., Pinhas et al., 2013), task instructions (e.g., Bichtold
et al., 1998), or the spatial position of the stimuli (e.g., Fis-
cher et al., , 2009, 2010; Notebaert et al., 2006; Shaki &
Fischer, 2008). In a related vein, given the perceptual dif-
ferences between an empty set that is presented as “nothing”
(i.e., an empty frame), and the digit 0, which is presented
as “something” (i.e., a symbol), the presence of distance
effects for comparisons to null numerosity may depend on

the format in which null numerosity is presented. In light of
these factors, we hypothesized that manipulating the homo-
geneity of the format of the stimuli set may be crucial for
perceiving an empty set as the numerical entity of 0. Accord-
ingly, in conditions in which the stimuli set was homogene-
ous (i.e., symbolic or nonsymbolic stimuli), null numerosity
(empty set or 0) was expected to be perceived as a numeri-
cal entity of an absence of a quantity, and comparisons to
null numerosity were expected to produce distance effects.
In contrast, under heterogeneous stimuli presentations (i.e.,
presenting a symbolic and a nonsymbolic stimulus), we con-
jectured that variability in the stimuli’s notation would pre-
sumably increase the perceptual dominance of empty sets.
As digits are expected to be compared to framed dot arrays
under such conditions, when a digit is contrasted with an
empty frame, the latter is referred to as “nothing,” whereas
when 0 is compared to sets of dots, we anticipated it would
be considered as a numerical entity because two frames that
contain “something” are being compared. Hence, compari-
sons to 0, but not to empty sets, were predicted to result in
distance effects under a notation heterogeneous context.

Experiment 1

This experiment examined the conditions that allow perceiv-
ing null numerosity as a numerical entity represented on the
same mental scale as other non-null numerosities. For that
purpose, participants performed a magnitude comparison
task in three different blocked formats: (a) nonsymbolic (i.e.,
pairs of sets of dots and pairs of a set of dots vs. an empty
set), (b) symbolic (i.e., pairs of digits including comparisons
to 0), and (c) mixed (i.e., a pair of a set of dots vs. a digit and
an empty set vs. a digit). Thus, in each block, participants
were presented with both comparisons to null numerosity
(i.e., an empty set or 0, depending on the block’s format)
and comparisons between non-null numerosities. We pre-
dicted that comparisons to null numerosity would respond
to faster than comparisons of non-null numerosities across
notation blocks, consistent with the end effect. In addition,
we predicted that the distance effect would be attenuated for
pairs including an empty set or 0. Such patterns of results
across formats would indicate that both nonsymbolic and
symbolic notations of null numerosity are perceived as the
smallest end-value of the magnitude system. Moreover, due
to the complexity of comparisons in the heterogeneous block
(i.e., the mixed block), which required participants to com-
pare two different natured pair members, we expected that
response latencies would be longer in this block compared
to the homogeneous blocks. Finally, we expected that an
empty set would not be perceived as numerical entity under
the heterogeneous block, and, thus, comparisons between
empty sets and digits would not result in a distance effect.
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Fig. 1 Examples of stimuli (null

numerosity and other com- CompafiSOIl Comparisons to Other
parisons) in each of the blocks type P . .
presented in Experiment | null numerosity comparisons
Block
Symbolic block 0 + 5 2 + 4
[ ]
Nonsymbolic block +| & ° o« o |t| &%
° )
Mixed block + 6 3 +| &%
°

Methods

Participants Twenty-four students from Ben-Gurion Uni-
versity of the Negev (13 females; aged 22-28 years old,
M, =24.00 years) participated in the experiment in par-
tial fulfillment of course requirements. All participants
provided written informed consent, and the study protocol
had been previously approved by the university’s Institu-
tional Review Board, prior to beginning the experiment.

Apparatus and stimuli The experiment was conducted
using Intel core i5 computers with 17-inch monitors.
Stimuli were generated using MATLAB R2010 software
(The MathWorks Inc., Natick, MA) and presented using
E-prime 2 software (Schneider, Eschman, & Zuccolotto,
2002). The stimulus set included pairs of numerical values
from O to 9, presented in a symbolic fashion or a nonsym-
bolic fashion, which consisted of sets of black dots (see
Fig. 1).

The location of the dots in the frame and their diameter
varied between pictures. Each pair was generated in three
congruency conditions to prevent numerical discrimination
on the basis of visual cues. The conditions were: (1) congru-
ent, in which the larger numerosity consisted of the larger
surface area, (2) incongruent, in which the larger numeros-
ity consisted of the smaller surface area, and (3) neutral, in
which the surface area was identical for both numerosities.
All pictures were sized 3 X 3 inches, framed in black with a
grey background. Other visual properties—area extended by
a stimulus, dot diameter, and dot density—were randomized
(for further explanation see Gebuis & Reynvoet, 2011). The
symbolic stimuli were black digits written in Times New
Roman font, sized 0.5 0.5 inches, and presented in the mid-
dle of the picture frame.

@ Springer

Following our previous research on zero (Pinhas &
Tzelgov, 2012; Pinhas et al., 2015), the distance effect in
this study was examined by providing comparisons of null
numerosity (i.e., empty set or 0) and non-null numerosities
(i.e., sets of 1 to 9 dots), with no regard to specific non-null
values (therefore, processing differences between non-null
numerosity values were not examined). In distinction to the
procedure by which distance effects are usually tested by
averaging all the data for each intrapair distance level (e.g.
responses to the pairs (2 5), (3 6), and (6 9) can all be aver-
aged to an intrapair distance of 3), comparisons involving
null numerosity utilize only one number at each intrapair
distance level. For example, comparing null numerosity and
the numerosity of 3 results in the intrapair distance of 3.
To contrast comparisons involving null numerosity to com-
parisons involving non-null numerosities, our study meth-
odology designed the latter to follow the same logic, with
only one pair fitting each intrapair distance level (i.e., “pure
comparisons”, Pinhas & Tzelgov, 2012).

Accordingly, pairs were designed so that each included
a smaller numerosity (i.e., 0, 1, 2, or 3), and the intrapair
distance to the larger numerosity in the pair was 1 to 6 (24
pairs in total). The proportion between pairs that included
null numerosity (18 repetitions X 6 distances = 108 pairs) and
those who did not (6 repetitions X 6 distances X 3 congruency
conditions = 108 pairs) was 1:1. Each numerosity appeared
once on the left and once on the right so that each notation
block was comprised of 432 trials, totaling 1,296 trials in the
experiment (i.e., 108 pairs X 2 comparison types X 2 right/left
side X 3 notation blocks = 1,296 trials).

Procedure The experiment was conducted separately
with each participant, who sat on a chair about 50 cm
from the computer screen, with their index fingers on the
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response keys of a standard QWERTY keyboard. They were
instructed to respond as quickly and as accurately as pos-
sible by pressing the right key (“L”) if the larger numerosity
was presented on the right side, and the left key (“A”) if the
larger numerosity was presented on the left side. A short rest
break was given after every 120 trials. Each trial started with
a fixation cross that appeared at the center of the screen for
200 ms, followed by the target stimuli for 500 ms, and then a
blank screen that appeared for 500 ms. Trials were randomly
ordered. The experiment started with five training trials.

Pairs were presented in three experimental blocks. In the
nonsymbolic block, each pair consisted of two sets of dot
arrays. In the symbolic block, each pair consisted of two
digits. In the mixed block, pairs were made up of a dot array
and a digit (Fig. 1). Order of blocks was counterbalanced
across participants.

Analysis All data were analyzed using STATISTICA
12 software (StatSoft, 2013). In all the experiments, fol-
low-up analyses (e.g., contrasts, linear trends) were com-
puted according to the non-pooled error term approach for
repeated-measures designs (e.g., Keppel, 1991; Maxwell &
Delaney, 2017).

Additionally, we conducted ¢ test Bayesian analyses for
specific hypotheses (i.e., with 1 df in the F’s numerator),
to determine the likelihood of the alternative over the null
hypotheses. This was conducted using the “Bayesian ¢ test
calculator for accepting and rejecting the null hypothesis”
(Rouder, Spekman, Sun, Morey & Iverson, 2009). An
increase in the value of the Bayes Factor (BF) reflects an
increase in the likelihood of one hypothesis over the other.
Typical evidence categories for BF values are: 1-3 =anec-
dotal, 3—-10 = substantial, 10-30 = strong, 30—-100 = very
strong, > 100 =decisive (Jeffreys, 1961).

Results

The mean reaction time (RT) of correct responses (about
97% of the data) was first submitted to a three-way analy-
sis of variance (ANOVA) with block type (symbolic, non-
symbolic, and mixed), comparison type (comparisons to
null numerosity, other comparisons), and distance (1, 2,
3,4, 5, and 6) as within-participants variables. Block and
comparison types were categorial factors, whereas dis-
tance was a numerical factor. One participant was excluded
due to high error rates. There was a main effect of block
type, F(2, 44)=38.04, MSE=2,888, p <0.001, #>,=0.63
(mean RT of 400 ms, 382 ms, and 422 ms in the symbolic,
nonsymbolic, and mixed blocks, respectively). Addition-
ally, responses were faster for comparisons to null numer-
osity (388 ms) than for other comparisons (416 ms), F(1,
22)=160, MSE=1,106, p <0.001, »*,=0.87, and there
was also a main effect of distance, F(5, 110)=81.18,
MSE =299, p<0.001, nzp =0.78. All two-way interactions

were significant: block X distance, F(10, 220)=7.08,
MSE =157, p<0.005, 172p =0.24; block X comparison type,
F(2, 44)=9.05, MSE =459, p<0.001, ;12p =0.29; and
comparison type X distance, F(5, 110)=1.76, MSE =167,
p<0.001, *,=0.09.

Moreover, as predicted, the three-way interaction of
block X comparison type X distance was significant, F(10,
220)=6.7, MSE=186, p=0.005, ;72]) =0.31 (see Fig. 2).

In light of our hypothesis that an empty set would be
perceived differently from O under heterogeneous formats,
and considering that the heterogeneous block provided two
types of comparisons to null numerosity (i.e., digit vs. empty
set; set of dots vs. 0), we further deconstructed the triple
interaction as follows. First, we analyzed the homogene-
ous blocks, finding that the linear trends of distance (Pin-
has et al., 2012) at each block and pair type combination
revealed significant distance effects for both comparisons to
0, F(1, 22)=42.089, MSE =551, p<0.001, nzpz 0.55, and
other comparisons, F(1,22)=68.351, MSE=63, p<0.001,
n2p= 0.76, in the symbolic block. In line with our predic-
tions, the former’s distance effect was attenuated compared
to the latter’s, as reflected in differences in the effect sizes of
the linear trends. Consistently, there was also a significant
difference between these two linear trends, F(1,22)=13.78,
MSE=148, p=0.011, ;72p =0.37. A similar pattern emerged
in the nonsymbolic block for comparisons to null numeros-
ity, F(1,22)=61.39, MSE=194, p <0.001, °,=0.28, and
other comparisons, F(1,22)=75.31, MSE=549, p <0.001,
;72[, =0.77. Again, the two linear trends significantly differed
from one another, F(1, 22)=17.63, MSE=251, p<0.001,
n’,=043.

Next, we proceeded to examine the heterogeneous block.
We separately analyzed the two types of comparisons to a

' Furthermore, visual inspection of the data in the symbolic block

(see Figure 2, left panel) suggests that the distance effect found
for comparisons to empty sets may stem from a significant linear
decrease primarily explained by the RT difference between an intra-
pair distance of 1 and all other intrapair distances, instead of reflect-
ing a gradual linear decrease with the increase in the intrapair dis-
tance. An intrapair distance of 1 in comparisons to null numerosity
corresponds to a comparison between two semantic end-values, that
is, 0 and 1. Such a comparison may be conflicting, thus resulting in
longer RTs (Pinhas et al., 2015; Pinhas & Tzelgov, 2012). To exam-
ine this impression statistically, we reanalyzed both comparisons to
null numerosity and other comparisons in each of the homogeneous
blocks excluding an intrapair distance of 1. In each of these four con-
ditions, we examined the significance of the linear trend to evaluate
the presence of a distance effect. Comparisons to null numerosity
resulted in significant linear trends in both the symbolic block, F(1,
23) = 12.48, MSE = 88.21, p = .004, ;72,, = .27, and nonsymbolic
block, F(1, 23) = 71.12, MSE = 61.88, p < .001, nzp = .82. Simi-
larly, significant linear trends were obtained for other comparisons in
the symbolic block, F(1, 23) = 8.17, MSE = 206, p < .001, 112], =.09)
and nonsymbolic block, F(1, 23) = 54.46, MSE = 371, p < .001, 112p
= 48.
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Fig.2 Mean RT of correct
responses as a function of block,

== Comparisons to null numerosity «EJ+ Other comparisons

comparison type, and distance 500
in Experiment 1. Vertical bars
denote + standard errors 480

460
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Mean RT (ms)

400

Distance

Symbolic
block

null numerosity in the mixed block: (a) empty set versus
a digit, and (b) O versus set of dots. A two-way repeated-
measures ANOVA with null numerosity format (symbolic,
nonsymbolic) and distance (1-6) as within-participants vari-
ables on the mean RT of correct responses revealed faster
responses for comparisons between a digit with an empty set
(396 ms) than for comparisons between a dot array with 0
(427 ms), F(1,22)=93.4, MSE=699, p <0.001, 112p =0.82.
Furthermore, the main effect of distance was significant, F(5,
55)=41.7, MSE=198, p<0.001, ;12[, =0.78. In addition, a
significant interaction between null numerosity format and
distance, F(5, 110)=38.6, MSE =365, p <0.001, r]zp =0.65,
indicated significantly different linear patterns for compari-
sons between 0 and a set of dots than an empty set and a
digit, F(1, 22)=41.41, MSE=1,161, p<0.001, n2p=0.68,
BF,,=5,401 (see Fig. 3). Hence, the Bayes factor of this
difference was decisively (i.e., 5,401 times more likely) in
favor of the alternative hypothesis, indicating that the dis-
tance effects obtained for comparisons to 0 and to empty sets
in the mixed block differed. This was contrary to the null
hypothesis, according to which both observations of the dis-
tance effects belong to the same distribution. Moreover, an
additional follow-up linear trend analysis on the interaction
revealed that while there was a significant distance effect for
comparisons between 0 and a set of dots, F(1, 22)=25.54,
MSE =440, p <0.001, n>,=0.54, BF (=601, there was
no distance effect for comparisons between an empty
set and a digit, F(1, 22)=0.976, MSE=699, p=0.751,
BF,; =3.02. Overall, these findings seem to indicate that
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under heterogeneous conditions, the representation of empty
sets differs from the representation of 0.

Another interesting finding was that comparisons between
0 and 1 in the symbolic condition, as well as comparisons
between 0 and 1 dot in the mixed condition, elicited sub-
stantially longer average RTs (480 ms) than comparisons
of other adjacent quantities (380 ms), suggesting that such
comparisons involve a considerable cognitive load.

Discussion

Consistent with our predictions, the results of Experiment 1
showed that in format-homogeneous pairs, comparisons to
null numerosity (presented as 0 or an empty set) produced
shorter RTs, consistent with the end effect. In addition, com-
parisons to null numerosity in format-homogeneous pairs
resulted in an attenuated distance effect. Together, the end
and distance effects, which serve as indicators of numeric
processing (Pinhas & Tzelgov, 2012; Pinhas et al., 2015;
Zaks-Ohayon et al., 2021) and were found for the homoge-
neous blocks, appear to indicate that null numerosity was
perceived as the smallest end-value in the set, under these
conditions. Alternatively, it may be argued that the attenu-
ation of the distance effect in comparisons to null numer-
osity is less attributable to the perception of null numer-
osity as a numeric entity, but rather to the sole activation
of the non-null numerosity within the pair, which in such
type of comparisons corresponds to the intrapair distance.
However, this argument can be refuted: if only the non-null
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Fig.3 Mean RTs as a function — = Comparisons to '0' =f= Comparisons to an empty set
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numerosity within the pair was activated, then RTs should
have increased with the increase in the non-null numerosity,
confirming the size effect (e.g., Moyer & Landauer, 1967;
Pinhas et al., 2010; Verguts et al., 2005), and reflecting the
opposite pattern obtained for the distance effect. Hence, the
distance effects obtained in comparisons to null numeros-
ity presumably reflect the activation and comparison of two
numerical entities.’

As to the findings of the mixed block, as predicted, com-
parisons of 0 with dot arrays resulted in a distance effect,
whereas the only condition in which comparisons to null
numerosity did not produce a distance effect was when an
empty set was compared with a digit. Therefore, the results
of Experiment 1 suggest that format-homogeneity is impor-
tant for perceiving an empty set as 0. In such conditions,
comparing two stimuli with the same format (i.e., nonsym-
bolic/symbolic) is relatively easy because it does not require
an additional "translation" from one format to another. How-
ever, in the mixed block trials, participants were exposed to
both nonsymbolic and symbolic numerosities. Consistently,

2 The error rate analyses in the same/different tasks of both Experi-
ments 2 and 3 indicated an increase in the error rates as a function of
an increase in the presented numerosity for “same” responses. These
findings reflect the inaccuracy of the estimation process in larger
quantities. “Different” responses rarely resulted in errors and, thus,
their analyses did not result in significant effects. Accordingly, the
error rate analyses revealed no speed-accuracy trade-offs or signifi-
cant effects. Therefore, for the sake of brevity, they were not reported.

2 3 4 5 6
Distance

RTs were longer in the mixed block than in the two homo-
geneous blocks, suggesting a higher level of difficulty in
the former. Still, format-heterogeneous comparisons of an
array of dots with 0 produced a distance effect, meaning
that the translation from one numerical format to the other
occurred. In contrast, it seems that in format-heterogeneous
comparisons of an empty set to digits, such translation was
not applied, as indicated by the lack of a distance effect in
such pairs. This difference suggests that when a digit was
compared to an empty set, the empty set was perceived as
“nothing”. Another possible explanation for the lack of a
distance effect in comparisons between an empty set and a
digit in the mixed block may be attributed to a perceptual
strategy of “if the pair includes an empty set, then choose the
other stimulus”. However, we believe that this explanation
is unlikely because if so, then such a strategy should have
also been applied in the case of comparisons to empty sets in
the homogeneous blocks (which produced distance effects).
Accordingly, taken together the findings of Experiment 1,
format homogeneity seems crucial for perceiving an empty
set as a numerical entity that can be represented on the same
scale as other non-null numerical entities, similar to O.

Experiment 2
It was previously argued that distance effects might reflect

decision-making processes rather than numerical magnitude
representations (e.g., Van Opstal et al., 2008). Therefore, in
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Experiments 2 and 3, we aimed to test whether the differ-
ences obtained between the two formats of null numerosity
in Experiment 1 would be replicated with another paradigm.
Moreover, previous studies revealed distance effects for both
numerical and non-numerical comparisons (e.g., Cohen
Kadosh et al., 2008). Hence, in Experiments 2 and 3, we
used the same/different task, thought by some researchers to
directly address numerical magnitude representations (e.g.,
Defever, Sasanguie, Vanderwaetere, & Reynvoet, 2012;
Dehaene & Akhavein, 1995; but see Cohen, 2009).

The same/different paradigm consists of a simultane-
ous presentation of two stimuli and the task to determine
whether they are identical in a pre-specified stimulus dimen-
sion. For instance, in a study by Ganor-Stern and Tzelgov
(2008), the digits differed in their numerical values, as well
as in their physical size (given the use of different symbolic
notations). The results revealed distance effects in both
numerical and physical same/different judgments, indicat-
ing that the numerical values were processed automatically
(i.e., even when their processing was task-irrelevant). These
findings are consistent with a previous study by Dehaene
and Akhavein (1995), showing an automatic processing of
number values in same/different physical and numerical
judgments of pairs of digits and number words.

In Experiment 2, participants performed the same/dif-
ferent task with format-heterogeneous pairs that included a
dot array and a digit or an empty set and a digit. They were
asked to determine whether the two stimuli were numerically
the same or different. Cohen (2009) postulated that when
using the same/different task with homogeneous Arabic
numbers, participants may respond to the visual similarity
of the digits rather than to their numerical values. How-
ever, here, we used only mixed-notation stimuli, therefore,
responses could not be attributed to visual similarity. We
predicted that pairs with different numerical values would be
more easily responded to than pairs with the same numeri-
cal value (e.g., Cohen, 2009; Dehaene & Akhavein, 1995;
Ganor-Stern & Tzelgov, 2008). Moreover, we were particu-
larly interested in responses to pairs that contained 0 and
an empty set because they capture a participant’s answer
to the question "Do 0 and an empty set represent the same
numerical value?" If the results would reveal that responses
to these pairs produce similar patterns as responses to other
“same” pairs, it would imply that an empty set is represented
as 0. Otherwise, it would suggest that under this context, an
empty set is not represented as equivalent to 0.

Methods

Participants Fifty students from Ariel University (40
females; aged 20-26 years old, M,,. =23.46 years), ran-
domly assigned to two equally sized groups, participated
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in the experiment for partial fulfillment of course require-
ments. All participants provided written informed consent,
and the study protocol had been previously approved by
the university’s Institutional Review Board, prior to begin-
ning the experiment.

Apparatus and stimuli The stimulus set composed of
heterogeneous pairs and was identical to the heterogeneous
pairs used in the mixed block of Experiment 1. For “same”
pairs, null numerosity was presented as an empty set and
paired with a frame that contained the digit 0. Similarly,
“same” pairs were generated for all other numerosities
from 1 to 9, totaling 10 pairs. Each “same” pair contained
two stimuli that varied in notation (nonsymbolic versus
symbolic), but had the same numerosity. As for “differ-
ent” pairs, which contained two stimuli that varied both
in notation and numerosity, four different types of com-
parisons were generated in each block: (1) comparisons
to null numerosity (i.e., represented by an empty set or 0,
compared with the numerosities 1-6); (2) comparisons to
one (represented by a single dot or 1, compared with the
numerosities 2—7); (3) comparisons to two (represented by
a pair of dots or 2, compared with the numerosities 3-8);
and (4) comparisons to three (represented by a triad of
dots or 3, compared with the numerosities 4-9). Thus, all
“different” pairs produced the intrapair distance of 1 to 6.
Each “different” pair was generated twice, differing in the
notation of each pair member (e.g., the digit 2 compared
to three dots; the digit 3 compared to two dots), creating
a total of 48 pairs. The proportion of same and different
trials was 1:1. Thus, 24 trials were presented for each same
pair (24 repetitions X 10 numerosities =240 pairs), and five
trials for each different pair (5 repetitions X 48 pairs =240
pairs). There were 960 trials in total, given that each num-
ber appeared once on the left and once on the right.

Procedure Participants were assigned randomly to one
of two groups. One group was instructed to press the right
key (“L”) if the numerosities presented on the screen had
the same numerical value, and the left key (“A”) if they
had different numerical value. The second group of par-
ticipants was instructed by an opposite response-rule map-
ping, that is, pressing the right key (“L”) for a "different"
response, and the left key (“A”) for a "same" response. A
short rest break was given after every 96 trials. Each trial
started with a fixation cross that appeared at the center
of the screen for 250 ms, followed by the target stimuli
that appeared for 500 ms, followed by a blank screen that
did not disappear until a response was received. Finally,
an inter-trial-interval (ITI) of a blank screen appeared for
500 ms before the next trial began. Trials were randomly
ordered. The experiment started with five training trials.

All other details of the methodology were identical to
Experiment 1.
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Results

We first contrasted the mean RTs of the correct (93%
of the data’) same versus different responses by a t test
for dependent samples, revealing significantly faster
responses for different (870 ms) than for same responses
(1186 ms,), #(98) =-5.624, SD=193.165, p <0.001. This
result indicates that it was easier for participants to deter-
mine the pair members differed from one another numeri-
cally than were the same.

Next, RTs in the “different” condition were submitted
to a two-way repeated measures ANOVA with compari-
son type (digit to an empty set, non-empty set to 0, other
comparisons) and distance (1, 2, 3, 4, 5, 6) as within-
participants variables. The mean RTs of this ANOVA are
summarized in Fig. 4a. The results revealed a main effect
for comparison type, F(2, 96)=12.15, MSE =19,388,
p <0.001, n2p=0.20. As predicted, planned compari-
sons demonstrated significantly faster responses for
comparisons of empty sets versus digits (818 ms) than
for comparisons of 0 versus non-empty sets (903 ms),
F(1, 48)=19.29, MSE = 24,180, p <0.001, °,=0.28,
BF,,=346. However, there was no difference between the
two pair types of null numerosity (i.e., empty set, 0) and
non-null numerosities (i.e., other comparisons; 861 ms),
F(1, 48)=0.34, MSE = 14,594, p=0.56, BF,; =5.489.
Moreover, the main effect of distance was significant,
F(5, 240)=3.59, MSE =24,468, p <0.005, 772[, =0.12,
so that RTs linearly decreased with the increase in the
intrapair distance, F(1, 48)=2.73, MSE =39,816,
p <0.005, nzp =0.10. No significant interaction emerged
between comparison type and distance, F(10, 480)=1.03,
MSE =23,487, p=0.410.

Finally, a third analysis was conducted on "same"
responses, using a one-way repeated measures ANOVA
with the presented numerosity (1, 2, 3,4, 5,6, 7,8, 9)
as a within-participants variable. The effect of the pre-
sented numerosity was significant, F(9,432) =74.94,
MSE =101,549, p<0.001, ”2p =0.61, demonstrating a
significant linear increase in RTs with the increase in the
presented numerosity, F(1, 48)=91.47, MSE=676,101,
p <0.001, n2p=0.65 (see Fig. 5A). Moreover, visual
inspection of the data revealed that comparisons between
0 and an empty set were slower than the "same" responses
to other small numbers. To explore this pattern, we
compared the RTs for "same" responses to the numer-
osities of 0 versus 1. This comparison was significant,
F(1, 48)=7.942, MSE =8,108, p=0.016, 7721, =0.13,
BF,,=6.238, possibly suggesting that an empty set was
not perceived as a small numerosity, similarly to one, but
rather as a unique member of the set.

Discussion

In Experiment 2, we investigated the nonsymbolic and sym-
bolic representations of null numerosity using the same/dif-
ferent task, considered by some researchers to reflect a more
direct assessment of the mental representation of numerical
magnitudes (e.g., Defever et al., 2012; Dehaene & Akhavein,
1995). We replicated previous data demonstrating faster
responses to "same" than "different" numerosities (Cohen,
2009; Defever et al., 2012; Dehaene & Akhavein, 1995
Ganor-Stern & Tzelgov, 2008). Moreover, response patterns
to "same" pairs revealed an increase in RTs as a function
of the increase in the presented numerosity, with extremely
long latencies in the large numbers of the set. Such patterns
are consistent with the size effect (e.g., Moyer & Landauer,
1967; Pinhas et al., 2010; Verguts et al., 2005) and resemble
the process of counting, indicating that participants used
counting to validate their judgments. Another support for
this claim could be the difference in the response latencies
between same and different judgments. While determining
that the pair members were numerically different was a rela-
tively fast process, the determination that they were the same
took longer perhaps due to a strategy of counting to validate
the response.

Most interestingly, "different" responses for comparisons
of 0 versus dot arrays were the slowest, whereas those of
empty sets versus digits were the fastest. These obtained dif-
ferences between the two formats of null numerosity (across
distance levels) may suggest that in heterogeneous format
conditions, 0 is treated differently than empty sets, consist-
ent with the findings in the mixed notation block of Experi-
ment 1, using the numerical comparison task. On the other
hand, “different” responses to the various comparison types
in Experiment 2 were not modulated by distance. Instead,
the distance effect was obtained across all pair types. Given
these findings, and the fact that the current design allowed
participants an unlimited time to respond, it is possible that
their responses reflected decisions based on intentional strat-
egies instead of more intuitive response processes. To test
this possibility, Experiment 3 replicated Experiment 2 in
all aspects other than limiting the response timeframe to
1000 ms from stimulus onset.

Experiment 3
Methods

Participants Fifty students from Ben-Gurion Univer-
sity of the Negev (29 females; aged 21-29 years old,
M,,.=23.30 years), randomly assigned to two equal
groups, participated in the experiment for partial fulfill-

ment of course requirements. All participants gave written
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informed consent, and the study protocol had been previ-
ously approved by the university’s Institutional Review
Board, prior to beginning the experiment.

Apparatus and stimuli The apparatus and the stimuli were
identical to those used in Experiment 2.

Procedure The procedure differed from the one used
in Experiment 2 only by limiting the response timeframe
to 1000 ms from stimulus onset. Accordingly, each trial
started with a fixation cross that appeared at the center
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of the screen for 250 ms, followed by the target stimuli
that appeared for 500 ms, followed by a blank screen that
appeared for 500 ms or less if a response was already
made. A lack of response was considered as an incor-
rect response. Participants were able to respond during
the 500 ms when the target stimuli were presented on
the screen or in the following 500 ms of a blank screen.
Finally, an ITI of a blank screen appeared for 500 ms
before the next trial began.
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Fig.5 Mean RTs as a function
of the presented numerosity in
"same" trials in a Experiment
2 and b Experiment 3. Vertical
bars denote + standard errors
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Results

Mean RTs of correct responses (91% of the data?) were
first submitted to a r-test for dependent samples, to estab-
lish a difference between correct "same" and "different"
responses. As in Experiment 2, there was a significant differ-
ence between RTs for different (671 ms) and same (944 ms)
responses, #(92)=-4.67, SD=198.195, p <0.001.

Next, responses in the “different” condition were submit-
ted to a two-way repeated measures ANOVA with compari-
son type (empty set, 0, other comparisons) and distance (1,
2,3, 4,5, 6) as within-participants variables. The mean RTs
of this ANOVA are summarized in Fig. 4b. As in Experi-
ment 2, the results revealed a main effect for comparison
type, F(2,96)=13.99, MSE=18,110, p <0.001, ;72,, =0.22.
Planned contrasts confirmed that responses were faster
for comparisons to an empty set (572 ms) than for com-
parisons to 0 (659 ms), F(1, 48)=26.09, MSE =19,429,
p<0.001, 172[, =0.35, BF,(=3,225, whereas no signifi-
cant difference was found between the two types of com-
parisons to null numerosity (i.e., empty set, 0) and other
comparisons (620 ms), F(1, 48)=0.004, MSE=16,791,
p=0.942, BF,,; =6.427. Moreover, a significant main effect
of distance, F (5, 240)=3.03, MSE=23,668, p=0.011,
;72[,:0.05, revealed the expected linear decrease in RTs
with the increase in the intrapair distance, F(1, 48)=3.23,
MSE =37,618, p=0.015, ;72], =0.13. The interaction
between distance and comparison type was not significant,
F(10, 480)=1.02, MSE=21,969, p=0.434.

Finally, a third analysis was conducted on "same"
responses, using a one-way repeated measures ANOVA
with the presented numerosity (1, 2, 3,4, 5, 6,7, 8, 9) as
a within-participants variable. A significant effect for the
presented numerosity, F(9, 432)=26.934, MSE = 3,920,
p<0.001, 7121, =0.61, demonstrated a significant linear
increase in RTs with the increase in the presented numeros-
ity, F(1, 48)=91.47, MSE=676,101, p<0.001, nzp:0.35
(see Fig. 5B). As in Experiment 2, a visual inspection of the
data revealed that comparisons between 0 and an empty set
were slower than "same" responses to other small numbers.
To explore this pattern, we compared the RTs for "same"
responses to the numerosities of 0 versus 1. This comparison
was significant, F(1,48)=8.295, MSE=676,101, p=0.018,
’72p =0.15, BF,j=7.175, possibly suggesting that an empty
set was not perceived as a small numerosity, similarly to one,
but rather as a unique member of the set.

Discussion
The only difference between Experiments 2 and 3 was limit-
ing participants’ response time to up to 1000 ms from stimu-

lus onset. This was done to test whether responses would
seem to reflect less calculated processes and/or intentional
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strategies. However, the emerging picture suggests that
though limiting participants’ response time resulted in faster
responses overall, the findings of Experiment 2 were fully
replicated.

First, the results revealed a difference between same
and different pairs in both Experiments 2 and 3, imply-
ing it was easier to classify two numerosities as different
than as the same. This may be attributed to the fact that it
takes more time to confirm similarity than to detect change
(Cohen, 2009; Defever et al., 2012; Dehaene & Akhavein,
1995; Ganor-Stern & Tzelgov, 2008). Moreover, similar to
the results of the distance effect found with the magnitude
comparison task in Experiment 1, it seemed easier to clas-
sify different numerical magnitudes as the intrapair distance
increased. This pattern may be explained by the increasing
representational overlap between numerical magnitudes of
close numerosities (e.g., Dehaene, 2003; Gallistel & Gel-
man, 1992; Moyer & Landauer, 1967; Van Opstal & Verguts,
2011).

Most interestingly, when exposed to pairs that contained
different numerosities, the overall latencies (i.e., across dis-
tance levels) of the two types of comparisons to null numer-
osity varied dramatically, with comparisons to an empty set
being responded to much faster than comparisons to 0. On
the other hand, the distance effect for “different” responses
was observed across all three comparison types and was not
modulated by the various comparisons. These findings of
distance effects in Experiments 2 and 3, which are consid-
ered as indicators for numerical representation, imply that
under the context of the same/different task, both 0 and an
empty set are represented as numerical entities. However,
in both experiments, “different” responses to pairs that con-
tained O elicited the longest RTs, indicating these were the
"hardest" decisions (contrary to the prediction of the end
effect) while pairs that contained empty sets had the shortest
RTs, as expected by the end effect, indicating these were the
“easiest” decisions. This finding demonstrates a differen-
tial processing for both types of null numerosity formats. It
seems that when exposed to 0, that is, a digit, a full process-
ing of the numerical meaning of the digit symbol needs to
take place (Dehaene & Cohen, 1995; Verguts & Fias, 2004,
2008). According to some models of number representation,
digits are mentally represented by the quantities with which
they are associated. Thus, when exposed to a given digit, it
is directly translated into its numerical value (e.g., Dehaene,
1992; Dehaene & Cohen, 1995).

However, in contrast to the mental translation process that
occurs for digits other than 0, which all represent a given
quantity, in the case of 0, such a translation process may
have led to an informational conflict (e.g., Botvinick et al.,
2001; Cohen et al., 1990; Entel et al., 2015; Levin & Tzel-
gov, 2016). Such a conflict may occur because O stands for a
cardinal meaning of “nothing,” and yet the frame contained
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a digit; thus, it was not empty. Conflicts usually result in
longer RTs, as occurred in “different” trials with O in both
Experiments 2 and 3. Furthermore, this informational con-
flict, which is “built into” the notion of a symbol that rep-
resents “nothing,” possibly even exceeds in the context of
heterogeneous notations in the case when O appears together
with an empty set. “Different” pairs of empty sets versus
digits did not involve any conflicts because “nothing” (i.e.,
an empty frame) was always compared to “something” (i.e.,
a non-zero digit), respectively, and thus, they resulted in
the shortest latencies. Together, these findings point to the
unique case of 0 as a numerical entity.

In both Experiments 2 and 3, responses to pairs con-
taining a digit and a dot array that correspond to the same
numerical value resulted in an increased RT with the
increase in numerosity. This is consistent with previous
findings regarding a size effect (e.g., Moyer & Landauer,
1967; Pinhas et al., 2010; Verguts et al., 2005) or a counting
process. Counting is usually characterized by an increase in
latency as a function of the increase in the counted number,
due to the cognitive load that increases with the requirement
to hold more objects in working memory (e.g., Gallistel &
Gelman, 1992). Moreover, a subitizing effect is evident
in such conditions. Previous studies involving nonsym-
bolic numerical stimuli demonstrated in enumeration tasks
the phenomenon of subitizing, that is, rapid and accurate
responses for small numerosities within the range of 1-4
(Kaufman, Lord, Reese, & Volkmann, 1949).

Notwithstanding, the most interesting finding under this
condition was that “same” responses to pairs containing 0
and an empty set took longer than “same” pairs of other
small numerosities, which is inconsistent with what one
would expect according to the size effect. Hence, similar
to “different” responses for pairs involving 0, this finding
seems to reflect an informational conflict (e.g., Botvinick
et al., 2001; Cohen et al., 1990; Entel et al., 2015; Levin &
Tzelgov, 2016). It may also imply that the presented context
affects the potential connection between 0 and an empty set,
and that it determines whether each of these representations
of null numerosity would be represented as part of the mag-
nitude system (Dehaene & Changeux, 1993; Fischer & Rott-
mann, 2005; Pinhas et al., 2015; Pinhas & Tzelgov, 2012).

General discussion

In this study, we examined the conditions that allow rep-
resenting null numerosity as part of the mental magni-
tude system using distance and end effects as indicators
of numeric processing. To that end, we conducted a series
of experiments that could be divided into two parts. In the
first part (Experiment 1), we used a magnitude comparison
task and manipulated notation homogeneity. We compared

the representation of homogeneous pairs of stimuli (i.e.,
both members of the pair appeared in symbolic or nonsym-
bolic notation) with that of heterogeneous pairs (i.e., mixed
notation). We found that in magnitude judgment tasks, the
homogeneity of the stimuli notation is crucial for perceiv-
ing null numerosity (i.e., both an empty set and 0) as the
smallest entity of the magnitude system. In the second part
of the present research (Experiments 2-3), we used same/
different judgments with a heterogeneous stimulus set that
included only pairs with mixed notations. Overall, “dif-
ferent” responses for pairs containing an empty set were
responded to in a dissimilar way than those containing 0,
although distance effects were apparent across comparisons
of null and non-null numerosities, indicating that both mani-
festations of null numerosity were represented as part of the
numerical magnitude system.

An inconsistency that emerged in the current findings was
that notation heterogeneous numerical comparisons (i.e.,
the mixed block in Experiment 1) which included an empty
set, resulted in a null effect for distance, while judgments
that involved O resulted in a distance effect. In contrast, in
Experiments 2 and 3, “different” responses for heterogene-
ous pairs emerged with distance effects across comparison
types, while responses to the various comparison types were
not modulated by distance. One possible explanation for
this inconsistency could be that, when conducting numeri-
cal judgments that require determination of which of two
frames contain more dots, a frame that contains nothing rep-
resents an empty set while a frame with the digit O represents
“something”—namely a (null) quantity (Zaks-Ohayon, et.al.,
2021). However, when requested to determine whether the
frames contained the same or different numerosity, partici-
pants were actually forced to represent the empty set in a
numerical manner, which in turn resulted in distance effects
that were not modulated by the specific comparison type.
These findings demonstrate that the task requirements influ-
ence numeric processing, mainly in perceptual tasks, such
as same/different judgments (e.g., Pinhas et al., 2013; Fis-
cher et al., 2009; Fischer et al., 2010; Notebaert et al., 2006;
Shaki & Fischer, 2008; Zaks-Ohayon, et.al., 2021; Ratinckx
et al., 2005).

In a related vein, the findings of Experiments 2 and
3, in both the “same” and “different” conditions, dem-
onstrate a distinctive processing for 0 and an empty set.
Accordingly, while both a frame that contained 0 and an
empty frame were aimed at representing null numerosity,
they were not perceived identically. The empty frame had
nothing inside of it and it represented null numerosity, so
its perceptual and conceptual meanings were compatible;
therefore, RTs for “different” trials containing an empty
set were faster (consistent with the end effect) and it was
easier to decide how to respond to it. In contrast, while
the conceptual meaning of 0 was also of null numerosity,
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the frame was not empty, and it did contain something
(i.e., the digit 0), resulting in relatively slower responses
for both “same” and “different” trials containing 0. This
may be analogous to the informational conflict that occurs
in the Stroop effect (e.g., Botvinick et al., 2001; Cohen
et al., 1990; Entel et al., 2015; Levin & Tzelgov, 2016).
In the classical Stroop task, such an informational conflict
refers to the activation of two color names in an incon-
gruent stimulus, leading to longer latencies. Similarly,
two different concepts were activated in the case of”0”
presented within a frame: a non-numerical concept of
“nothing,” versus a numerical concept of “null numeros-
ity” (i.e., “something”), resulting in longer latencies. This
observation may be better understood in light of a previous
eye-tracking study, in which it was determined that visual
similarity is stronger than semantic similarity in visual
search tasks. Findings revealed that in an environment full
of distractions, it is more likely to associate two numbers
with visual similarity than with semantic similarity (God-
win et al., 2014). Similarly, although the semantic connec-
tion between 0 and an empty set may be strong, these two
stimuli may have been perceived differently due to their
dramatic visual differences.

Moreover, it is possible that due to the fact that number
processing involves the activation of different systems that
connect the symbolic form, the verbal representation, and
the magnitude system (Dehaene & Cohen, 1995), the repre-
sentation of 0 has a unique status. It has a verbal code (i.e.,
the word zero) and a symbolic code (i.e., the digit 0), but it
is not connected to a certain quantity, but rather, to a lack of
it. This model may also explain our findings of longer RTs
when responding to 0 than to empty sets because it assumes
that nonsymbolic magnitudes are compared analogically,
whereas symbolic magnitudes require an additional process
of digit-quantity mapping that takes more time.

Overall, the current findings demonstrate the inherent
conflict in processing the digit 0 as a number. In addition,
they establish the understanding that an empty set is repre-
sented differently from 0, and that it can be represented as
part of the magnitude system, as indicated by distance and
end effects that emerge only under specific conditions. It
has been argued that the perception of the concept of zero is
hierarchical. Accordingly, when initially exposed, an empty
set is perceived as “nothing”. Then, to associate an empty set
with “zero”, one must realize that null numerosity could be
“something” in a numeric fashion (Nieder, 2016). Consist-
ent with this idea, it is possible that homogeneous presenta-
tions, in which all stimuli are presented in the same manner,
create a context in which empty sets could be perceived as
a numerical entity. In contrast, heterogeneous numerical
comparisons of null numerosity (as presented in the mixed
block of Experiment 1) lacked the conditions that allowed
proceeding from the perception of an empty set as “nothing”
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to representing it as a numerical entity that corresponds to
null numerosity.

Another aspect of the described conflict could be that two
correlated (but not identical) features characterize numbers:
ordinality and cardinality. Ordinality refers to the location
of the number in the magnitude system in terms of its serial
position in the ordered numbers sequence. For example,
three comes after two and before four (e.g., Fias et al., 2007,
Kaufmann, Vogel, Starke, & Schocke, 2009). Whereas the
cardinality of a number refers to the actual quantity it rep-
resents (i.e., the number of elements in the set; for example,
“there are three apples”; e.g., Cooper, 1984; Dehaene &
Changeux, 1993), task requirements may lead to mental rep-
resentations emphasizing ordinality or cardinality. This may
apply to the tasks used in the current study. In Experiment 1,
we used a magnitude comparison task that is known to focus
on the ordinal status of the presented numbers (Fias et al.,
2007; Kaufmann et al., 2009). In other words, determin-
ing which of two numerosities is larger requires referring to
their order. This is enabled through ordering the numerosi-
ties and answering the question "which comes first?" without
necessarily accessing the information regarding the quantity
that each numerosity represents. The ordinal status of 0 and
an empty set (perceived as a numerical entity) is identical
because both correspond to the smallest numerical entity.
Therefore, homogeneous notation conditions that include
pairs of stimuli in the same format (be it symbolic or nons-
ymbolic) result in end effects. Only when the stimuli are in
an identical format can the ordinality of both numerosities
be directly compared.

Another possible explanation for the different patterns
obtained for symbolic and nonsymbolic formats of null
numerosity may be that numbers are mentally manipu-
lated to match the required mental operation, as argued in
Dehaene’s triple-code model (Dehaene, 1992). When con-
ducting magnitude comparisons in nonsymbolic formats, an
analogue magnitude representation is used (Dehaene, 1992;
Dehaene et al., 2003). However, symbolic formats may differ
in different tasks (see Campbell, 1994). Numerical same/
different judgments rely on different forms of representation
and may require a "translation" of the presented stimuli to
a symbolic fashion to determine their similarity (Dehaene,
1992). In this light, it may be that the homogeneous blocks
of Experiment 1 encouraged perceiving 0 and empty sets as
numerical entities because the judgment was ordinal, and
thus, as we previously asserted, ordinal judgments of homo-
geneous stimuli resulted in distance effects that reflected
numerical representations.

In contrast, under heterogeneous notation conditions,
it seems that to determine the correct response, accessing
the actual value of the given numerosity of both quantities
represented was crucial for the judgment (i.e., processing
cardinality; Cooper, 1984; Dehaene & Changeux, 1993).
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Therefore, we believe that the differences in our findings
regarding the end effect resulted from the fact that, in
homogeneous notation conditions, participants performed
magnitude comparisons — a task that focuses on the ordi-
nal status of the stimuli; therefore, comparisons to both 0
and empty sets resulted in end effects. It is noteworthy that
when null numerosity was included in the experimental
set, it had a given ordered position, similar to all other
numerosities. However, when the focus was on the cardinal
status, as happened in heterogeneous notation conditions
(i.e., mixed block of Experiment 1), end effects were not
evident for comparisons to O and empty sets. This is prob-
ably because, in contrast to all other numerosities, no mat-
ter what cardinal value they represented, 0 and empty sets
represented null quantity.

Lastly, across all of our paradigms and experiments,
comparisons between null numerosity (i.e., an empty set/0)
and the numerosity one (i.e., one dot/1) resulted in longer
RTs than with other pairs possessing an intrapair distance
of 1. This result is consistent with our previous studies on
null numerosity (Pinhas & Tzelgov, 2012; Pinhas et al.,
2015; Zaks-Ohayon et al., 2021), and may be explained by
the fact that both of these numerosities represent seman-
tic lower end-values, causing their comparisons to be the
“hardest”.

In conclusion, our findings demonstrate that notation
homogeneity and task requirements determine whether an
empty set and O will be processed as numerical entities,
and accordingly, represented as members of the magnitude
system, as indicated by the presence of distance and end
effects. Future research is encouraged to examine whether
other aspects of stimulus homogeneity besides notation
allow perceiving null numerosity as a numerical entity.
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