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Abstract

Enumeration of visual stimuli is supported by two distinct psychological processes: serial counting and subitizing.
Serial counting is an effortful, slow, and controlled process employed for the enumeration of large sets of objects.
Subitizing is defined as a fast and accurate assessment of small quantities. Over the past two decades, there has been
an on-going debate on whether subitizing and serial counting are based on shared or distinct cognitive mechanisms.
Recent theories suggest that subitizing is supported by visual skills related to perception while serial counting requires
working memory.

The current study examines the respective roles of phonological and spatial working memory in enumeration
processes. The main task used was an enumeration task, in which participants named the quantities of randomly
arranged dots in the subitizing (1-3 dots) and counting (7-9 dots) ranges. The performance in the enumeration naming
task was compared to a dual-task setting in which participants performed the enumeration naming task while they
retained a phonological load or a spatial load.

Load type had differential impact on enumeration processes. Importantly, it was found that phonological load,
but not spatial load, decreased the effectiveness of serial counting. Subitizing ability was not affected by spatial or
phonological load. In line with the majority of previous studies on enumeration, our results indicate that enumeration
of small and large quantities are based on different cognitive processes. Moreover, the present finding demonstrate
that, phonological working memory plays a significant role in serial counting but not in subitizing and that spatial load

is not involved in enumeration.
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Introduction

Enumeration of visual stimuli is supported by two, or more, distinct
psychological processes. 1) Serial counting, an effortful, slow, and
controlled process that is engaged when counting relatively large sets
of objects (more than 4). Reaction time (RT) slope for serial counting
increases linearly, as the number of items increases RT increases as well
[1-4]. 2) Subitizing is a fast and accurate assessment of small quantities
[5], the subitizing range is between 1 to 3 (or 4) items.

Asopposed to serial counting, RT barely increases (100 ms per item)
as items increase within the subitizing range, and therefore, the slope
remains relatively flat [1-4]. Serial counting is more complex compared
to subitizing and involves many processes including: individualization
and localization of objects, switching spatial attention from one object
to the other, summing the number of objects and inhibition of already
summed objects [4].

Various enumeration processes are supported by distinct
cognitive mechanisms

Over the last two decades, different perspectives on the cognitive
mechanisms underlying enumeration processes have emerged [6,7].
The single process hypothesis suggests that there is no qualitative
difference between the enumeration of small and large objects, and
that subitizing is identical to the process of fast counting [7]. However,
according to the magnitude hypothesis, subitizing is supported by the
analog magnitude system, similar to estimation and operates according
to Weber’s law [6].

Moreover, the canonical enumeration theory suggests that
subitizing and serial counting are supported by distinct cognitive
mechanisms. Several findings in research support the canonical

enumeration theory. Studies on quantitative understanding in young
infants have demonstrated the existence of two distinct systems: one for
a small exact number of objects and another for numerical estimation
(i.e., larger amount of objects) [8,9].

In line with this hypothesis, a study comparing adult performance
on an estimation task found that while accuracy and variability of
estimations of quantities larger than 10 followed Weber’s law, estimation
of quantities in the subitizing range (between 1 to 4) did not, suggesting
a dissociation of domain specific estimation processes from subitizing
[10]. Importantly, later, the same authors [11] proposed that subitizing
reflects visuo-spatial object individuation capacity, by demonstrating
that individual differences in subitizing capacity related to individual
differences in visuo-spatial object individuation capacity.

Moreover, Trick and Pylyshyn [4] suggested that small (subitizing
range) and large (counting range) numbers are enumerated differently.
They argued that subitizing employs a limited-capacity parallel
mechanism for item individuation, associated with the multiple
targets tracking task [12,13]. Hence, subitizing relies on preattentive
information, whereas serial counting requires spatial attention. Since
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then, studies have found contradictory findings by highlighting the role
of attention in subitizing. For example, studies have shown that during
dual tasks, when spatial attention is diverted from the estimation task,
subitizing suffers [14].

Working Memory and Enumeration Processes

Another line of thinking points to the different involvement
of working memory capacities in subitizing and counting, hence,
demonstrating the dissociation between enumerations processes. For
example, participants with high working memory abilities had steeper
counting slope than participants with low working memory abilities,
while the subitizing slope was comparable between the two groups [15].

In that study, working memory was defined as a unified system
[15]. However, a common conceptualization of working memory is
based on Baddeley’s model [16,17] that proposed a partitioning of
working memory into three components, namely the central executive,
phonological loop, and visual-spatial sketchpad. The multicomponent
view of working memory proposes a general cognitive model for
the storage and manipulation of information that includes a central
executive for high level monitoring and control, and a subsidiary
phonological loop and visuo-spatial sketchpad for short term storage
and maintenance of verbal, and visuo-spatial information, respectively
[16-20]. Additional models suggested that visuo-spatial working
memory can be broken down further into two unique systems one
for visual and one for spatial information. In fact, dissociations can
be found between visual (e.g. remember the shape of an object) and
spatial (e.g. remember the location of an object) working memory tasks
[21,22].

The dual-task paradigm as a common tool for investigating
the role of working memory

A frequently used approach for studying the role of the working
memory sub systems is the dual-task paradigm in which a participant
engages in two tasks simultaneously that engage working memory
[23]. Classically, there is the main task of interest to the study and a
secondary task whose purpose is to create a strain on working memory.
The secondary task is usually started before the main task and finished
after the main task.

If the two tasks involve the same cognitive resource than the
performance in the main task would be affected by the secondary task
and performance in the dual task condition would be inferior to the
performance of the main task in the single task condition. It is very
common to use working memory tasks as the secondary task in order
to expose the involvement of different working memory components in
cognitive tasks. For example, articulatory suppression, a secondary task
that involves repeating words or syllable (e.g., saying “one one one”) is
believed to demand verbal working memory or the phonological loop
but not the visuospatial working memory [24].

In TricK’s [25] study, participants carried out an enumeration task,
which included trials in the both the subitizing and the counting range,
while simultaneously carrying out one of the following secondary tasks:
articulation or finger tapping. In the subitizing range, the tapping task
produced more interference than the articulation task. However, in the
counting range both articulation and tapping tasks produced similar
amount of interference. The authors concluded that different processes
are involved in subitizing and serial counting, with phonological
memory playing a larger role in serial counting.

Interestingly, Piazza et al. [11] examined the role of visual working

memory in subitizing and estimation by performing a dual-task
paradigm during subitizing and estimation. The results indicated that
subitizing, but not estimation, was negatively impacted from a visual
working memory load.

The present study

In light of the current theories which suggest that visuo-spatial
working memory is strongly involved in subitizing, we evaluated
enumeration in the subitizing and counting ranges under two different
load conditions: spatial load and phonological load. The main task
used was an enumeration task, in which participants named the
quantity of randomly arranged dots in the subitizing (1-3 dots) or the
counting (7-9 dots) range. The performance in the enumeration task
was compared to a dual-task setting in which participants performed
the enumeration task while they retained a phonological load (i.e., a
non-words composed from three letters; e.g., Trbovich & LeFevre, [26]
or a spatial load (i.e., a computerized version of the Corsi Block task,
e.g., Berch, Krikorian, & Huha, [27]. The effect of load condition was
examined by comparing the slope and performance in subitizing and
counting ranges in the three conditions: the enumeration task alone,
and two dual task conditions, phonological load and spatial load.

Method

Participants

Twenty-one students from the Hebrew University of Jerusalem, 18
female and 3 males, participated in the experiment. They were between
the ages of 19 and 26 years old (M = 24.36). All the participants were
right-handed and had normal or corrected-to-normal visual acuity.
They were paid with course credits or 30 NIS (approximately 8.6$).

The study was approved by the local Ethics Committee of the School
of education in the Hebrew university of Jerusalem. Written consent
was obtained according to the Declaration of Helsinki. The participants
provided written informed consent.

Apparatus

All the experimental tasks were controlled by a Genuine-Intel
compatible PC 1.73 GHz using E-prime experimental software, 2.1
versions (Schneider, Eschman, & Zuccolotto, 2002). Instructions and
stimuli were presented on a 17" monitor screen. The computer monitor
was located at approximately 50 cm in front of the subject. The keyboard
and microphones were used.

Materials and Procedure

All participants performed the enumeration task in three
conditions: single task (only enumeration), dual task- enumeration
task with phonological memory load, and dual task- enumeration task
with spatial memory. Before performing the dual tasks, participants’
phonological and spatial spans were measured. The order of the tasks

Single task

Numbers from 1 to 3 (subitizing range) and 7 to 9 (counting range)
were presented on the computer screen. On each trial, participants
were presented with a group of dots at the center of a screen. They were
asked to say aloud the number of presented dots as quickly as possible
without making mistakes. The arrangement of dots was randomized.
The dots were presented in white on a black background. Vocal RTs
and errors were recorded. Vocal RTs were input via a microphone and
were recorded electronically by a response box controlled by E-prime
software. RT was measured from onset of the stimulus to onset of the
vocal response.
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A typical trial started with a fixation asterisk for 300 ms, followed by
a blank screen for 500 ms, a stimulus response, and a blank screen until
the experimenter keyed in the participant’s response. The inter-trial
interval (from the experimenter’s key-press to the onset of fixation of
the next trial) was 1500 ms. In order to make the single task condition
as similar as possible to the dual task, each block was divided into six
sub-blocks, with breaks between them. In each sub-block, there were 16
experimental trials. This resulted in 96 trials per block.

Spatial span test

A computerized version of the Corsi Block test was used to measure
the participants’ visuo-spatial working memory span. Participants had
to reproduce the sequence in which squares were light up. There were
nine blue squares (2 cm x 2 cm) unevenly distributed over a 16 cm x 16
cm quadrant on the computer screen. The positions of the squares were
fixed. Each trial began with the presentation of the nine squares in blue
and next, a sequence of squares light up in yellow at a rate of one square
per second. The squares remained on the screen until 500 ms after the
sequence was completed. Then, a black screen was presented during 15
s. The nine blue squares were presented again and the participant had
to reproduce the sequence in the order in which the squares light up by
mouse click.

The starting level of the task was a sequence of two squares. If
a participant successfully reproduced the sequence of two squares
for two trials the difficulty was raised to a sequence of three squares
ranging until nine squares. Each difficulty level included two trials.
The difficulty progressively increased the sequence length if the subject
gave the correct sequence in two out of two trials. The subject’s span
was recorded as the longest sequence he/she was able to successfully
reproduce for two successive trials.

Phonological span test

To measure the phonological span triplets of pseudo-words were
used. The triplets were constructed so that they did not spell a word
in Hebrew. We constructed lists of two to six triplets. Each pseudo
word combination was used only once during the experiment. In
a trial, a pseudo word was presented sequentially for 2 seconds each
on a computer, followed by the instructions: «please repeat the letter
sequences». The data was collected by the experimenter on a sheet of

paper.

The starting level was two triplets. There were two trials in each
level. The difficulty level was raised by increasing the number of triplets
if the subject was correct in at least two out of the two trails. The
subject’s span was the largest number of triplets in which two lists were
correctly reproduced.

Enumeration task with spatial memory load

The structure of this dual task was similar to the single task with
only enumeration but, at the beginning of each block, a sequence of
squares to be recalled was presented. The number of squares in the
sequence was fitted to the participants’ spatial memory span. The events
on each block were as follows: first, the nine squares were presented,
then a sequence of squares light up, followed by the enumeration task
for 16 trials. At the end of each block, a sequence was presented and the
subjects had to indicate whether the sequence was identical to the one
that was presented at the beginning of the block.

Enumeration task with phonological memory load

This task was similar to the single task condition, but included at

the beginning of each block a set of non-word triplets to be recalled.
The number of triplets was fitted to the participants’ phonological
span. The sequence of events on each block was equated to the spatial
memory load condition.

At the end of each block, a sequence was presented and the subjects
had to indicate whether the sequence was identical to the one that was
presented at the beginning of the block.

Results

Memory load tasks

Subjects’ visuo-spatial span ranged from 3 to 7 (M = 5.09).
Phonological spans were between 2 and 4 (M = 3). For each participant,
we computed the proportion of blocks in which correct responses
were given to the memory task. In the phonological load, the
averaged proportion of correct responses was 0.98 (S.D. = 0.04); and
in the spatial load the average was 0.87 (SE = 0.10). The difference in
accuracy rates between these two tasks was significant, t (20) = -4.5,
p < 0.001. In addition, we correlated for each block and each subject
the mean RT accuracy rates in the enumeration task and the mean RT
accuracy in the load task. Accuracy was measured as the proportion of
squares correctly responded in the correct order for spatial load and
the proportion of triplets correctly answer for phonological load. The
correlation was not significant in either the dual- spatial condition (r
= -0.06 for accuracy and r = -0.01 for RT) or the dual-phonological
condition (r = 0.15 for accuracy and r = 0.03 for RT). Therefore, there
was no trade-off between the tasks.

Efficacy measurement

We combined the results of the error rate and reaction time
measurements. First, we calculated a standardized score of each one
of the measurements, and then we calculated an average score of the
two measurements. Lower scores indicated lower error rates and faster
reaction times.

A three-way analysis of variance (ANOVA) was performed with
load condition (no load, spatial load and phonological load) range
(subitizing /counting) and quantity (small, medium, and large), as
within participant factors.

The effects of range, F (1, 20) = 428, partial n’= 0.96, p < .01, and
quantity, F (2, 40) = 23.31, partial n’= 0.54, p < 0.01, were significant;
participants performed better in the subitizing range (-0.31 S.D.
0.28) than the counting range (1.04 S.D. 0.53). Quantity and range
interacted, F (2, 40) = 33.63, partial n°= 0.62, p < 0.01. Quantity effected
performance in the counting range, F (2, 40) = 34.87, partial n>= 0.64, p
< 0.01, but not the subitizing range (p=0.14).

Importantly, the effect of load was significant F (2, 40) = 13.04,
partial n’= 0.40, p < 0.01. Participants were performed better in the no
load condition (0.29 S.D. 0.39) compared with the phonological load
condition (0.49 S.D. 0.37) F (1, 20) = 30.82, partial n’= .61, p < .01.
However, participants had comparable performances during spatial
load (0.34 S.D. 0.46) and no load (0.29 S.D. 0.39) conditions F (1, 20)
=1.1, partial n?= 0.05, p = 0.31.

Moreover, load and range interacted F (2, 40) = 13.04, partial n’=
0.40, p < .01 and load and quantity interacted F (4, 80) = 4.8, partial n°=
0.19, p < 0.01. Accordingly, we analyzed each of the loads in every one
of the conditions. In the subitizing range phonological load and spatial
load did not affect performance F (1, 20) = 0.75, partial n°= 0.04, p =
0.79 and F (1, 20) = 0.02, partial n’= 0.00, p = 0.91 respectively.
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However, in the counting range, participants had better
performance in the no load condition (0.88 S.D. 0.48) compared with
the phonological load condition (1.28 S.D. 0.48); F (1, 20) = 35.5, partial
n’= 0.64, p < 0.01 and the slope for the phonological load (0.57 S.D.
0.27) was higher than the slope of the no load condition (0.22 S.D. 0.20)
T (21) =-4.5, p < 0.01. However, spatial load (0.99 S.D. 0.62) and no
load conditions (0.88 S.D. 0.48) had comparable performances F (1, 20)
= 2.04, partial n=0.093, p = 0.17, and comparable slopes (0.34 S.D. 0.42
for spatial load and 0.22 S.D. 0.20 for the no load) T (21) =-1.2, p = .26
(Figure 1).

Discussion

It has long been established that our ability to enumerate
visual stimuli varies as a function of the number of items presented
[11,13,14,15,25,26]. However, the role of sub-systems of working
memory in distinct enumeration processes remains unknown.
Therefore, the main goal of the present study was to examine the
respective roles of working memory sub-systems in the enumeration
processes of subitizing and serial counting.

A common conceptualization of working memory is based on
Baddeley’s model [16,17] that proposed a partitioning of working
memory into three components, namely the central executive,
phonological loop, and visual-spatial sketchpad. Additional models
suggested that visuo-spatial sketchpad is not a unitary ability and that
dissociations can be found between visual and spatial working memory
tasks [21,22]. In accordance with this hypothesis, the respective roles
of phonological and spatial working memory were examined in an
enumeration task.
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Figure 1: Counting range, participants had better performance in the no load
condition as compared with the phonological load condition.

To explore the functions of working memory in enumeration, a
dual- task paradigm was employed in which phonological load and
spatial load were added to an enumeration task. Importantly, the
difficulty of the working memory portion of the dual task was matched
to the participants own ability in the phonological and spatial working
memory tasks.

The main finding of the current study was that phonological load,
as opposed to spatial load, negatively impacted performance in the
enumeration task in the serial counting range but not the subitizing
range, thus, demonstrating the involvement of different cognitive
processes underlying subitizing and serial counting. Specifically,
phonological working memory seems to play a significant role in
serial counting but not subitizing. Additionally, and contrary to our
predictions, subitizing was not affected by spatial working memory
load.

Subitizing and counting are based on different cognitive
mechanisms

The present findings, along with previous findings, clearly
demonstrate dissociation between subitizing and serial counting
[11,13-15,25,26]. While serial counting is supported by phonological
working memory, subitizing is not.

Serial counting is a more complex process than subitizing and
requires individualization and localization of objects, switching spatial
attention from one object to the other, vocally summing the number
of objects and inhibition of the already summed objects. Phonological
working memory will be needed for all of the stages on serial counting.
However, enumeration in the subitizing range requires fewer steps.
The number is identified and individualized simultaneously: the
only requirement for phonological memory in subitizing is access to
the single number name. Hence, it comes as no surprise that serial
counting but not subitizing suffers from phonological load.

Despite the impact of phonological load on serial counting, there
was still a clear distinction between subitizing and serial counting in
the participant’s performances across load conditions. Discontinuities
in the curve were apparent in both dual task conditions: the slope in the
subitizing range was flat and increased linearly in the serial counting
range. This suggests that the load in the dual task condition did not
tap out the participants’ resources enough to prevent subitizing and
serial counting. This suggests that the emergence of subitizing and
counting is unaffected by manipulations designed to limit spatial and
phonological working memory resources.

Subitizing is not affected by spatial working memory load

Contrary to the idea that small numerosities are processed by
an object individuation mechanism supported by spatial working
memory, we observed that subitizing did not suffer from spatial load.
Similarly, [11] examined subitizing capacities using the dual- task
paradigm. Their study combined a naming task with a visual working
memory task; first, participants were presented with a memory set of
circles in varied colors and locations. Then participants performed
the enumeration task. After the enumeration task, participants were
presented with an additional set of circles and had to report whether it
was the same or different than the one displayed at the beginning of the
trial. All the circles were presented simultaneously and varied only in
colors, manipulating visual working memory. The result indicated that
under visual working memory load subitizing suffered.

However, in the present study, we used the frequently used test
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of spatial working memory the ‘Corsi block tapping task for the
manipulation of cognitive load [27], which requires serial coding of
spatial locations. Recent models suggest that visuo-spatial working
memory is not a unitary ability and that it can be further divided to
visual (remember details about the object such as color) and spatial
(remember the location of the object) working memory tasks [21,22].

In the last 15 years the study of visual working memory developed
independently from spatial working memory [28]. Visual information
but not spatial information is typically acquired during short fixations
and then saccadic eye movements that temporarily suppress processing
and then shift the retinal image. Memory is needed to bridge the
temporal gaps and spatial shifts created by eye movements [28]. In line
with this hypothesis, it was found that spatial working memory load but
not visual working memory load decreased the effectiveness of visual
search [21].

Furthermore, neuroanatomical evidence noticeably reveals
dissociation between visual and spatial working memory abilities.
Specifically, visual coding relies on the dorsal stream located in occipital-
temporal pathway which encodes visual information regarding the
object, while spatial coding is dependent on the inferior parietal cortex
[18]. Inline with this distinction, lateral occipital and calcirine damage
selectively impaired subitizing but not serial counting [29]. In contrast,
impairments in serial counting were associated with damage to the left
intraparietal sulcus (but not in subitizing) [29].

The findings of the current study, along with the findings of Piazza
et al. [11], provide strong evidence for the mechanisms underlying
enumeration processes and perhaps the neuroanatomical structures that
support these processes. Subitizing is supported by a domain general
visual object individuation mechanism and not a spatial working
memory mechanism. It is proposed that subitizing is supported by
occipital-temporal areas but not the inferior parietal cortex.

Conclusions

It has long been established that our ability to enumerate visually
presented stimuli varies as a function of the number of items presented
[11,13-15,25,26]. However, the role of sub-systems of working memory
in distinct enumeration processes has remained unknown.

In the present study, the dual task paradigm was employed in
order to examine the roles of phonological and spatial working
memory in the enumeration processes of subitizing and serial counting
[11,13-15,25,26]. In line with the majority of the findings regarding
enumeration processes, the results indicate that enumeration processes
of small and large quantities are based on differentiated cognitive
processes.

Moreover, I discovered distinct processes of subitizing and serial
counting even in the dual task condition, thus suggesting that both
phonological and spatial working memory are not essential components
of enumeration processes. Serial counting suffered from phonological
but not spatial load, while subitizing was not influenced from working
memory load manipulation. Accordingly, phonological working
memory plays a significant role in serial counting but not in subitizing.
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