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Abstract

Research in cognitive psychology has focused mainly on the visual modality as the input interface for mental processes. We
suggest that integrating studies from different modalities can aid in resolving theoretical controversies. We demonstrate this in the
case of subitizing. Subitizing, the quick and accurate enumeration of small quantities, has been studied since the 19th century.
Nevertheless, to date, the underlying mechanism is still debated. Two mechanisms have been suggested: a domain-general
mechanism—attention, and a domain-specific mechanism—pattern recognition. Here, we review pivotal studies in the visual,
tactile, and auditory modalities. The accumulative findings shed light on the theoretical debate. Accordingly, we suggest that
subitizing is a subprocess of counting that occurs in the presence of facilitating factors, such as attentional resources and familiar

patterns.
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Theoretical frameworks in cognitive psychology mostly rely
on the visual modality as the window to human cognition. The
widespread use of the visual modality is quite natural and
logical, as vision is humans’ most dominant path to experi-
ence the outside world and to internally represent it.
Accordingly, a large portion of the brain is dedicated to vision
and visual-related processes (e.g., Atkinson, 2002). Yet it is
hard to disagree that we experience the world with all our
senses; when we stroll in the woods, we can smell the fresh
scent of the wet soil, we hear the sounds of the crackling
leaves beneath our shoes, and we feel the cold breeze on our
body. All these sensory cues lead us to the notion that winter is
coming. General cognitive processes are considered to be ei-
ther specific to the visual modality, or are assumed to be a-
modal, although the latter assumption is not always validated.
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In this paper, we use subitizing—fast and accurate enumera-
tion of small quantities, as a prime example for the added
value of integrating findings from different modalities.

In 1859, Hamilton posed the philosophical question,
“How many objects can the mind embrace at once?” (p.
176). He hypothesized it would be six objects, but he did
not put it to test. Twelve years later, Jevons (1871) ad-
dressed this issue experimentally. He repeatedly threw a
handful of black beans on a tray and tried to estimate their
quantity. After each throw, he recorded the actual number of
beans on the tray and his quick estimation. His results
showed that four objects are perceived quickly and accu-
rately. Two centuries later this question is still very much
alive. Inspired by Jevons, most of the efforts made to ad-
dress this question focused, naturally, on the visual domain.
The sparse studies in other modalities (tactile and auditory)
searched for the pattern that was found in the visual modal-
ity, without taking into consideration basic differences be-
tween modalities, resulting in inconsistency in findings.

In what follows, we review the pivotal studies in each mo-
dality (visual, tactile and auditory; see Fig. 1). We will elabo-
rate on two main hypothesized theoretical mechanisms of
subitizing, and their manifestations in other modalities. We
will focus on (1) the varying range of subitizing within and
between modalities; (2) the methodology used in each modal-
ity; and (3) the relations between subitizing and counting as
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Vision:

+ Presentation: Simultaneous

« Subitizing range: 4

« Higher range for canonical patterns

Tactile:
- Presentation: Simultaneous
+ Subitizing range: 3to 6

Audition:

+ Presentation: Sequential

« Subitizing range: 2-3

« Familiar temporal patterns
modulate enumeration

« Quick and accurate enumeration of finger counting patterns such as 5 and 10

Fig.1 Summary of the literature on subitizing in three modalities. Vision:
Participants are instructed to enumerate dots that appear on a screen.
Audition: Participants are instructed to enumerate the number of sounds
they hear. Tactile: In the passive paradigm, participants are required to

guiding cues to our understanding of the subitizing phenom-
enon, and consequentially, to our suggestion of an a-modal,
parsimonious modulated definition of subitizing.

Subitizing in the visual domain

In the 19th century, Hamilton and Jevons toyed with the ques-
tion regarding the number of objects that can be perceived
simultaneously. With the development of perception and atten-
tion theories and the establishment of psychology as a scientific
field, the question was re-examined. Saltzman and Garner
(1948) sought to find the span of attention. They concluded
that the span of attention is not a constant but a variable. In a
series of experiments, they showed that exposure time, prior
knowledge and practice modulated the span. Kaufman and

enumerate the number of fingers that are stimulated. In the active
paradigm, participants are asked to feel and enumerate the number of
objects in their hand.

colleagues coined the term subitizing to describe fast, accurate,
and confident enumeration of quantities below six (Kaufman,
Lord, Reese, & Volkmann, 1949). When numerosities of six
and above are enumerated, the process is more time consuming,
less accurate, and is carried out with less confidence.
Depending on task demands, objects are either enumerated in
a serial slow and accurate process (i.e., counting), or enumer-
ated quicker with more errors (i.e., estimation). Fast response
times (RT) and high accuracy rates became the operational
definition of subitizing and the standard criteria.

From this definition, four methods for calculating the
subitizing range were derived. The first method is rather
straightforward: exploratory RT slope analysis. RT slopes are
calculated between every two subsequent numerosities; RT ..
1y"RT ). The slopes are compared with an analysis of variance.
The subitizing range is defined where there is a significant
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difference between the two slopes (see Fig. 2a). The second
method is fitting a bilinear function. In this method, subitizing
and counting are characterized by two distinct linear func-
tions. The subitizing linear function has a significantly smaller
RT slope than the RT slope of the counting range. The point at
which these two functions split is the marker of the subitizing
range (see Fig. 2b; e.g., Green & Bavelier, 2003). The third
method is fitting a sigmoid function. According to this meth-
od, RT enumeration data is best characterized with a sigmoid
curve, in which the inflection point marks the subitizing range
(see Fig. 2c; e.g., Piazza, Fumarola, Chinello, & Melcher,
2011). Lastly, the fourth method, bilinear sigmoid fit, incor-
porates both the bilinear function and the sigmoid function
(Leibovich-Raveh, Lewis, Al-Rubaiey Kadhim, & Ansari,
2018). Importantly, these methods were intended to find a
single breaking point between subitizing and counting, assum-
ing that the subitizing range precedes the counting range and
that subitizing is characterized by numerical contiguity.

The exact range of subitizing was debated for some time
(e.g., Basak & Verhaeghen, 2003; Kaufman et al., 1949;
Landerl, Bevan, & Butterworth, 2004; Mandler & Shebo,
1982; Piazza, Mechelli, Butterworth, & Price, 2002;
Saltzman & Garner, 1948). Nowadays, visual subitizing refers
to the perception of quantities between one and four.

After the characteristics of subitizing were agreed upon,
one question that remained open was what is the underlying
mechanism of subitizing? There are two competing notions;
domain-general and domain-specific. One main domain-
general theory suggests that limitation of attention could ac-
count for the four-item limit of subitizing. In 1994, Trick and
Pylyshyn proposed the Fingers of INSTantiation (FINST) the-
ory, according to which subitizing is a product of a limited-
capacity parallel mechanism of item individuation (Trick &
Pylyshyn, 1994). They postulated that there are around four
mental indexes that can pick out and stay attached to objects
when searching the visual field, regardless of their changing
properties. According to the FINST theory, subitizing was
considered to be automatic and pre-attentional, though numer-
ous studies showed that subitizing does require attention (e.g.,
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in Anobile, Turi, Cicchini, & Burr, 2012; Burr, Turi, &
Anobile, 2010; Egeth, Leonard, & Palomares, 2008;
Gliksman, Weinbach, & Henik, 2016; Olivers & Watson,
2008; Pagano, Lombardi, & Mazza, 2014; Railo, Koivisto,
Revonsuo, & Hannula, 2008) and is dependent on the stimuli
properties (Saltzman & Garner, 1948).

An important domain-specific theory, pattern recognition,
suggests that spatial organization of objects enhances enumer-
ation of small quantities. In 1982, Mandler and Shebo sug-
gested that quantities of up to four stimuli create familiar pat-
terns: two dots create a line, three dots create a triangle, and
four dots create a quadrilateral (Mandler & Shebo, 1982).
Accordingly, numerosities that were presented in canonical
arrangements (familiar patterns as in a dice; see Fig. 3) were
found to be enumerated more efficiently even above the de-
fined subitizing range (Ashkenazi, Mark-Zigdon, & Henik,
2013; Piazza et al., 2002). Moreover, familiarity, which was
manipulated using a training procedure, showed that even 18
randomly scattered dots, which were repeatedly enumerated
during training, were enumerated fast and accurately (Wolters,
van Kempen, & Wijlhuizen, 1987).

These theories were examined and discussed not just using
behavioral methods but also with neuroimaging methods
(e.g., in Cutini, Scatturin, Basso Moro, & Zorzi, 2014;
Leibovich, Henik, & Salti, 2015; Piazza et al., 2002), with
abnormal populations (Ashkenazi et al., 2013; Bagattini
et al., 2017; Dehaene & Cohen, 1994; Gagnon, Mottron,
Bherer, & Joanette, 2004; Mazza, 2017), and in other
modalities.

Nonetheless, the debate between the two theories has not
been resolved yet. Intriguingly, neither theory can solely ac-
count for one observation: RT pattern in the subitizing range
has a slope, a very small slope, and significantly smaller than
the counting RT slope, but distinct. In other words, one item is
enumerated faster than two, and so on. According to FINST
theory, subitizing is a parallel preattentive process.
Accordingly, up to four stimuli, RTs should not be affected.
Poiese, Spalek, and Di Lollo (2008) hypothesized that if
subitizing is preattentive and parallel, then it should (a) occur
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Fig. 2 Example of three methods for calculating the subitizing range.
a Exploratory RT slope analysis; the arrows point to the slopes that are
compared. b Bilinear function; the black dot marks the upper boundary of
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the subitizing range, where the two linear functions split. ¢ Sigmoid
function; the black dot marks the upper boundary of the subitizing
range at the inflection point.
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Fig. 3 Examples of random and canonical arrangements of numerosities 1-6

within 100 ms of the presentation of the display, and (b) per-
formance should be similar for the entire subitizing range. To
test their hypothesis, they presented participants with displays
to be enumerated and manipulated the stimulus onset asyn-
chrony (SOA) between the display and the mask. Their results
showed that longer SOAs generated higher accuracy rates and
sensitivity scores (d’). Also, for one stimulus display, the per-
formance was better than a display of two stimuli. Alternately,
according to the pattern recognition theory, small quantities
are “chunked” into a single pattern, and therefore are enumer-
ated in one “mental beat.” If the process of subitizing is indeed
a distinct process, based on “at once” perception per se, then it
should not be affected by specific patterns and there should
not be any RT slope.

We will now review the findings from other modalities, and
try to see if they can enrich the theoretical debate, and assist in
resolving the discrepancies.

Subitizing in the tactile domain

The input surface of the tactile modality is the skin. It is known
that tactile sensitivity varies for different body parts, as dem-
onstrated by the somatosensory homunculus (Maeno,
Kobayashi, & YamaZaki, 1997; Nakamura et al., 1998;
Narici et al., 1991; Yang, Gallen, Schwartz, & Bloom,
1993). Accordingly, the enumeration process manifestation
depends on the body part used. Moreover, there are different
types of tactile inputs (pressure, vibration, heat, etc.) that are
processed through distinct receptors (Caldwell, Tsagarakis, &
Wardle, 1997; Chouvardas, Miliou, & Hatalis, 2005;
Chouvardas, Miliou, & Hatalis, 2008; Gallace & Spence,
2014). Furthermore, specific body parts (i.e., the fingers) have
numerical associations—an embodiment (Fischer & Brugger,
2011). Embodiment (i.e., embodied cognition, or specifically,
embodied numerosity) refers to abstract cognitive representa-
tions associated with senso-motoric experiences (Barsalou,
2008; Wilson, 2002); the use of finger counting during child-
hood shapes the way we process numbers abstractly. For ex-
ample, the use of fingers has been suggested to be the origin of
the base-10 Hindu-Arabic numeral system (Di Luca &
Pesenti, 2011). The variability in sensitivity, input surface

and embodied characteristics is mirrored in the literature,
resulting in inconsistent findings and conclusions.

The first to search for subitizing in the tactile modality were
Riggs et al. (2006). They used pressure stimuli that were ap-
plied simultaneously to the fingertips of both hands and
concluded that the tactile subitizing range is 3. They
suggested that FINST theory can account for the results.
Plaisier and Smeets (2011) showed that subitizing of three
stimuli manifests when the to-be-enumerated fingers are the
only fingers that receive tactile information. When using vi-
brations to the fingertips, Cohen and Henik (2016) found
subitizing of 2 stimuli; counting from 3 to 6; accelerated
counting from 7 to 9; and quick and accurate (i.c., efficient)
responses for 10 stimuli. Other than the type of stimuli, more
differences could account for the variability in results. For
example, Plaisier and Smeets excluded the thumbs and
Cohen and Henik used all 10 fingers, activating finger—
number associations (Cohen & Henik, 2016; Plaisier &
Smeets, 2011). This activation was also demonstrated in one
hand, with subjects showing an efficient response to five stim-
uli. Also, applying stimuli to neighboring fingers yielded
more efficient responses (Cohen, Naparstek, & Henik,
2014). Cohen and colleagues suggested that these results sup-
port the pattern recognition theory, since the familiar finger
counting patterns showed increased efficiency (Cohen et al.,
2018; Cohen, Aisenberg, & Henik, 2016; Cohen & Henik,
2016; Cohen et al., 2014)

Active touch studies (i.e., enumeration with active fingers
exploration of objects) using one hand (Plaisier, Tiest, &
Kappers, 2009) found subitizing of three objects. Active touch
using two hands showed that subitizing of 3 could co-occur in
both hands, perceptually “chunked,” generating a total
subitizing range of 6 (Plaisier, Tiest, & Kappers, 2010).
Only one study examined enumeration using other body parts
and reported an absence of subitizing (Gallace, Tan, &
Spence, 2008).

Subitizing in the auditory domain
Three studies explicitly examined subitizing in the auditory

modality (Camos & Tillmann, 2008; Repp, 2007; ten Hoopen
& Vos, 1979). All these studies presented sounds sequentially
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and not simultaneously. Subitizing can also be considered a
sequential process in which sequentially presented items are
labeled through the use of a related process called rhythm (i.e.,
sequential subitizing; Davis & Pérusse, 1988, p. 562). The
justifications for the sequential presentation is that simulta-
neous presentation creates acoustic confounds (Camos &
Tillmann, 2008), and more convincing, stimuli in the auditory
modality in real life are usually, sequential (Repp, 2007; ten
Hoopen & Vos, 1979). Yet sequential presentation encourages
a counting strategy. In order to avoid this, stimuli are present-
ed in a fast sequence that prevents counting.

The first to examine auditory subitizing were ten Hoopen
and Vos (1979). They introduced a series of tones chunked
into subgroups (2—7 tones). In half of the trials, there was a
change in frequency between the subgroups (i.e., grouped
series), and in the other half there was no change (i.e., un-
grouped series). Subjects were instructed to report the number
of sounds in a series. The underlying assumption was that to
report the number of sounds in a series, subjects assessed the
number of sounds in a subgroup and multiplied it by the num-
ber of subgroups. This process is considered to be simpler in
grouped series, in which the subgroups are easily distin-
guished because of the change in frequency. Accordingly,
the authors argued that in grouped series, errors should be
attributed to a failure in estimating how many sounds were
in a subgroup, and not to counting the number of subgroups.
Indeed, accuracy rates for 2—3 tones were higher for grouped
series (vs. ungrouped series). The authors concluded that au-
ditory subitizing is 3. It is important to note that the accuracy
of 2-3 tones was only 20%.

The study of Repp (2007) was the first to measure both
accuracy and response time (RT). He examined auditory
subitizing in musicians and non-musicians. For musicians,
accuracy deteriorated at six sounds, and RTs did not “show
the telltale signs of subitizing” (p. 538). For non-musicians, he
found high accuracy and fast RTs for 2—3 tones. He suggested
that the difference in accuracy between musicians and non-
musicians highlights that subitizing is an ability that is shaped
by experience. He proposed that a possible underlying mech-
anism is temporal pattern recognition, which stems from the
commonly used time signatures (i.e., meters—rhythmic struc-
ture) in Western music that are made up of pairs and triplets of
sounds (e.g., Yais 2 +2 + 2, 6/8 is 3 + 3).

Camos and Tillman (2008) compared auditory subitizing
to visual subitizing; both presented sequentially. They
found a subitizing range of 2 in both modalities.
Interestingly, they showed greater accuracy and faster re-
sponses in audition. They interpreted this similarity be-
tween visual and auditory subitizing as evidence for a gen-
eral attention capacity limitation.

To the best of our knowledge, these are the only studies on
subitizing in the auditory modality. None of them used simul-
taneous presentation, which is a main feature in the formal
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definition of subitizing (Kaufman et al., 1949). However, even
Jevons, in the classic paper from 1871, concluded that the
notion of limited capacity of numerical discrimination is sup-
ported by the principles of rhythm (“recognizable rhythmic
pattern” are also discussed in Davis & Pérusse, 1988; von
Glasersfeld, 1982). Nevertheless, with regards to simulta-
neous presentation, one possible experiment could compare
enumeration of harmonic and disharmonic patterns of notes. If
indeed subitizing relies on recognition of familiar patterns, the
subitizing range might vary between harmonic and dishar-
monic patterns, and between musicians and non-musicians.

Discussion

Reviewing the literature of subitizing in the three modalities
reveals inconsistencies regarding the subitizing range, the
methods used, and the assumed underlying mechanism.
There is no substantial agreement on the subitizing range
within the tactile and auditory modalities, let alone between
the three modalities; in the visual modality, the subitizing
range is defined as 4, but presenting familiar patterns can
increase the range. In the tactile modality, the range is depen-
dent on various aspects such as input surface (fingers or other
body parts), stimulus type (pressure or vibration), and utiliza-
tion (one hand, both hands, passive or active touch). On the
fingers, where it is studied most, the range is either 3 or 4, but
fast and accurate responses were found for 5, 6, and 10 stimuli
as well. In the auditory modality, the sounds to enumerate
were presented sequentially and the subitizing range is 2, 3,
or 6 for musicians. In addition, expanding the research to
modalities other than the visual did not reconcile the debate
between the two competing theories: domain-general or
domain-specific mechanisms. In what follows, we suggest a
synergized framework of subitizing that is based on integra-
tion of findings from all modalities.

As mentioned earlier, there are two prominent theories re-
garding subitizing: one is domain-general (FINST; attention)
and the other is domain-specific (pattern recognition). Even
though these theories are based on visual findings, they are not
considered exclusive to visual subitizing and were used, alter-
nately and inconsistently, to explain the results in other mo-
dalities. But can each theory, by itself, account for the vari-
ability in the subitizing range within and between modalities?

With regards to the FINST theory, one hypothesis might
be that if indeed subitizing is limited by a domain-general
factor, the input channel should not matter. In other words, if
the subitizing limit is due to general attentional constrains,
the range should be the same for all modalities (Camos &
Tillmann, 2008). The results suggest differently, as the
subitizing range is not the same for all modalities.
Nevertheless, we are not ready to dismiss the domain-
general theory. While attention is a general resource, it is
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still limited by the input channel. The processing speed and
body-surface—brain pathways of different modalities is
markedly different (Mgller, 2003). Although the role of a
domain-general factor cannot be ruled out, the FINST the-
ory seems insufficient. FINST theory limits subitizing to 4,
but we do find fast and accurate enumeration of
numerosities larger than 4.

What characterizes the fast and accurate large subitized
quantities? The common characteristic of these “subitized”
large numerosities is that they create recognizable patterns.
If the basic mechanism of subitizing is pattern recognition,
then any quantity that constitutes a recognizable pattern can
be subitized. For example, enumerating five tactilely present-
ed stimuli using one hand or 10 using both hands is a recog-
nized embodied finger-counting pattern. Moreover, we are
more efficient in enumerating neighboring arrangements, as
it is the way we usually count with our fingers (Cohen,
Aisenberg, & Henik, 2016; Cohen & Henik, 2016; Cohen
et al., 2014; Rinaldi, Di Luca, Henik, & Girelli, 2016).
Visual canonical arrangements facilitate enumeration since
they are strongly associated with a quantity (Mandler &
Shebo, 1982), and as was suggested by Repp (2007), com-
monly used rhythms may constitute recognized temporal pat-
terns that affect auditory subitizing. These unexpected
subitized quantities support the domain-specific mechanism
of pattern recognition.

The old notion of “chunking” (Miller, 1956) may aid in
synthesizing the attentional limit theory with pattern recogni-
tion theory. Miller once referred to the number 7—the capac-
ity of working memory, as if he was “persecuted by an
integer” (p. 81). He suggested that the capacity of information
processing in immediate memory is affected by the ability to
group inputs into familiar units, or “chunks.” Inspired by
Miller, we suggest that the span of attention is limited to a
specific range, but an item can be more than a single stimulus
due to learning or familiarity; as high as 18 random dots that
were trained (Wolters et al., 1987) and 6 (3 in each hand)
spheres were perceptually grouped (Overvliet & Plaisier,
2016). Thus, we suggest that, although limited, there is no
specific integer to represent attention capacity. For our pur-
poses, a recognized pattern can be considered as a single com-
plex item in terms of attention capacity and individuation, and
could be subitized. Therefore, the question of “how many
objects can be perceived at once?” cannot be answered with
a specific number.

The confusion with regards to the different ranges within
and between modalities is embedded in the classic definition
of subitizing, which was, and still is, visually biased,;
restricting the subitizing range to small quantities. Imposing
this definition on other modalities (e.g., by expecting the same
range, accuracy rates, RT slope, and the same RT pattern with
one “break” between subitizing RT and counting RT) is like
fitting a square peg in a round hole. The importance of

unfolding the variability in the reviewed literature, holding
in mind the philosophical question, urges us to take a step
back and create a unified, more parsimonious a-modal defini-
tion of subitizing.

In our attempt to do so, we would like to point out another
controversy in the field of enumeration: Are subitizing and
counting two distinct phenomena, or are they a manifestation
ofa single process that varies in efficiency (e.g., Balakrishnanl
& Ashby, 1992; Gallace & Spence, 2008, 2014; Piazza et al.,
2002; Sengupta, Bapiraju, & Melcher, 2016)? In light of our
review, showing that large quantities in different modalities
are also subitized, it seems reasonable to collapse the two
processes to a unified and continuous process that can be
accelerated when facilitating factors exist. We suggest that
even in the subitizing range there is a counting process, but
it is facilitated for various reasons: available attentional re-
sources, a familiar pattern, and so on. This may account for
the slope within the subitizing range. To illustrate, imagine
that you pay a daily visit to your local ice-cream shop.
Every day you order your favorite flavor, salted caramel.
Once the salesman learns that this is your usual order, when
he sees you enter the store he prepares (mentally and\or phys-
ically) to serve this flavor. Accordingly, the service improves
due to a facilitating factor, familiarity.

One does not have to agree with our interpretation of the
results. Still, this review can teach us about the advantages of
studying the same phenomenon in different modalities.
Multimodal studies can determine how general (i.e., a-modal)
a certain cognitive mechanism is. Moreover, the findings from
several modalities can enrich theoretical debates. However,
when adapting an experimental design created for a specific
modality to another modality, one needs to take into consid-
eration modality dependent factors, holding in mind the ques-
tion that needs to be answered. These two considerations do
not always coincide. For example, enforcing visual character-
istics of RT on the tactile modality, does not allow 5 or 10 to be
considered subitized, although they are enumerated fast and
accurately.

To conclude, in the case of subitizing, incorporating find-
ings across modalities corroborates the idea of a single enu-
meration mechanism. According to this approach, we suggest
a modified and parsimonious definition of subitizing; a sub-
process of counting that takes place when facilitating factors
are present, and yields accelerated and more accurate enumer-
ation. This definition can account for variability both within
and between modalities and can answer the question of “how
many” with the most anoying, yet true, answer: “It depends.”
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