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Figure 1. Adaptation to the numerosity of spatial arrays of dots. (a) Effect of adaptation as a function of adaptor numerosity. Subjects adapted to dot patterns of
numerosities ranging from 5 to 500, then tested the adaptation effect by comparing a test stimulus presented at the adaptation site with a 50-dot probe stimulus
presented at a different location. The perceived numerosity of the test increases after adaptation to low numerosities, and decreases after adaptation to high. (b)
Effect of exposure duration and repetition. Adapting stimuli of duration 0.25 s (black symbols), 1's (red symbols) or 4 s (blue symbols) were presented 1, 4 or 16
times before the test was displayed (successive symbols of each colour). The ordinate plots the adaptation effect, calculated as the percentage change in apparent
numerosity. Exposure duration has little effect on the magnitude of adaptation, only the number of presentations. (c) Effect of adapting to a dot pattern of 20
unconnected dots on: 20 unconnected dots (left); 20 connected dots (centre); 15 unconnected dots. Adaptation clearly operates on apparent, not physical numer-
osity. Reproduced with permission from Burr & Ross [25], Aagten-Murphy & Burr [26] and Fornaciai et al. [27].

[17-20] (although this is clearly not the only role [21,22]). Tra-
ditionally, adaptation has been used by psychophysicists to
reveal neural mechanisms selective to specific aspects of the
stimulus, such as direction of motion [23] or orientation [24].

Burr & Ross [25] recently showed that numerosity is
strongly susceptible to visual adaptation. The effect is illus-
trated in the online animation (electronic supplementary
material, movie S1): after a period of observing dense or
sparse dot clouds (approx. 30s), the apparent numerosity
of subsequently viewed dot clouds changes considerably.
The adaptation effects are spatially specific, so it is possible
to simultaneously adapt different locations of the visual
field to high, low or neutral numerosities [26].

Interestingly, the demonstration does not work well pres-
ented on paper, asking subjects to change gaze from adaptor

to test. This suggests that the effect is not completely retino-
topic. Perhaps both adaptor and test need to be in the same
spatiotopic position, the same position on the screen, not the
retina, as we describe later for adaptation to temporal stimuli,
and are currently studying for spatial stimuli. Figure 1a
shows the effect of adapting to different numerosities on
the apparent numerosity of a 50-dot display. Adapting to
higher numerosities caused subjects to underestimate the
apparent numerosity of the display and, most interestingly,
adapting to low numerosities caused an overestimation,
while adapting to 50 had no effect at all. The effects are
large, up to a factor of two in each direction.

Adaptation to number is fascinating on several levels. The
fact that the apparent numerosity of the same physical cloud
of dots can vary so greatly after simply observing a different
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dot cloud is a clear demonstration that we do not actually
encode each individual dot. After adaptation to high numer-
osities, no particular dot disappears from the test patch; and
after adaptation to low numerosities, new dots are not created.
Clearly, the system does not encode all dots individually, but
creates an efficient description of the scene, perhaps just the
numerosity and some other simple summary statistics (con-
sistent with much evidence that the perceived richness of
world is very much an illusion [28]).

The temporal dynamics of numerosity adaptation are inter-
esting [26]. Figure 1b shows how the magnitude of the effect
depends on repeated exposure to stimuli, for various durations
of each exposure. As is to be expected, the more often the
adaptation stimuli are presented, the greater the effect. How-
ever, the magnitude of the effect does not depend on the
duration of the exposure to adaptation: the effects for stimuli
of 025, 1 and 4 s exposure were almost identical. This
event-based numerosity fits well with statistical models of
adaptation in which the dynamic adjustment of perceptual
experiences, based on both the previous experience of the
stimuli and the current percept, acts to optimize the limited
working range of perception, implicating a highly plastic
mechanism for numerosity perception dependent on the
number of discrete adaptation events [29].

The fact that brief periods of adaptation were sufficient to
elicit large changes in apparent numerosity allowed us to
study the neural effects of adaptation, using functional mag-
netic resonance imaging (fMRI) techniques. Castaldi et al.
[30] recorded the BOLD responses to various numerosities
from intraparietal sulcus (IPS) and V1 in human observers,
before and after they had adapted to an 80-dot stimulus. The
authors trained a classifier to discriminate the numerosity of
dot clouds before and after adaptation. The classifier worked
well in IPS but not V1, because the overall energy of the stimuli
was balanced across numbers. Importantly, IPS classifiers
trained with pre-adaptation presentations could accurately
decode number only from other pre-adaptation trials, and
not from post-adaptation presentations, and vice versa. This
suggests that adaptation changes the cortical maps underlying
the representation of numerosity in IPS, not at early stages of
analysis (as some have suggested [8]).

A major theme of this review is whether human vision is
endowed with a dedicated number sense, or whether numer-
osity discrimination acts via other visual mechanisms, such
as density analysis. One of the earliest and perhaps clearest
demonstrations that number is not driven by density alone
was discovered independently by Franconeri et al. [31] and
He et al. [32], illustrated in figure 1c. The two left-most stimuli
in the figure 1c both comprise 20 randomly distributed dots,
but in the central figure pairs of dots have been joined.
The impression, especially for brief presentations (see also
electronic supplementary material, movie S2), is that the
numerosity of the connected pattern is considerably lower
than that of the unconnected dots. When measured formally,
the pattern with 20 connected dots appears to comprise only
15 dots, like that on the right [27]. Why should the con-
nected-dot patterns appear less numerous? If numerosity
were based, even partially, on texture density, adding
lines to the pattern should increase numerosity, as it clearly
increases the amount of ‘stuff’ in the pattern (see also
figure 5). Presumably connecting the dots with a line percep-
tually links them into a single unit, reducing the estimate of
numerosity, which seems to be based more on the number

of separable items, rather than how much stuff is in the
field of view.

Not only do connected-dot patterns appear to be less
numerous, but imaging studies show that IPS encodes them
as having lower numerosity, consistent with their perceived
rather than physical numerosity [33]. Given this evidence,
we asked whether adaptation would also operate on per-
ceived rather than physical numerosity [27]. Adapting to
the same numerosity as the test does not change the numer-
osity ([25,30], figure 1a). So after adapting to 20 dots, viewing
20 isolated dots is veridical, with no bias (figure 1c). How-
ever, adapting to the same 20-dot pattern does affect the
apparent numerosity of 20 connected dots, causing the pat-
tern to appear to have four fewer dots, on average. This is
the same magnitude of bias as observed with a 15-dot test,
which matches the apparent numerosity of the 20-con-
nected-dot pattern. Thus, it would seem that adaptation
operates on the apparent numerosity rather than on the phys-
ical numerosity, consistent with the idea that adaptation
occurs at a reasonably high level, probably IPS, as the fMRI
studies [30] suggest.

3. Numerosity of temporal sequences

Humans are capable of estimating the number of items not
only in spatial patterns, but also in sequences of events over
time. As mentioned in another publication in this issue,
Nieder et al. [34] have described neurons in monkey pre-frontal
cortex that respond similarly both to temporal sequences of
events and to spatial arrays of matched numerosity. We have
recently used adaptation to demonstrate the existence of mech-
anisms in human brain selective for the numerosity of
temporal sequences [35]. We presented sequences of briefly
displayed discs of light, and asked subjects to estimate their
number, both before and after adapting to slow (2 flashes s ')
or fast (8 flashess™!) sequences (figure 2a). As with spatial
adaption, adapting to slow sequences caused a subsequently
displayed sequence to appear more numerous, while adapting
to fast sequences caused the sequence to appear less numer-
ous. The adaptation effect was multiplicative, reducing or
increasing perceived numerosity by a scale factor, thereby
changing the slope of the regression line relating perceived
to physical number (figure 21). We defined the magnitude of
the adaptation effect as the difference in the slopes of the
regression lines, after adapting to high and low rates of
sequences (shaded area of figure 2a).

Like adaptation to spatial numerosity, the temporal
numerosity aftereffect was spatially selective. Adaptation
occurred only when the test sequence was displayed at the
same position as the adaptor sequence: when the test was
displayed on the opposite side of the screen compared with
the adaptor, there was very little effect of adaptation. This
suggests that the adaptation is a perceptual rather than a cog-
nitive phenomenon, such as internal counting. Importantly,
the spatial selectivity had to be in external not retinal coordi-
nates for the adaptation to be effective. In the data shown in
figure 2b, subjects made a saccadic eye movement between
the adaptation and test phases, and the test was then dis-
played either in the same position in space as the adaptor
or the same position on the retina (as in the icon of
figure 2b). Only when displayed at the same position on the
screen (ordinate of scatterplot) was there a strong adaptation
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Figure 2. Adaptation to temporal sequences. (a) Subjects adapted to pseudo-random sequences of stimuli (flashes or tones) averaging 2 or 8 stimuli per second,
then estimated the apparent numerosity of a test (sequences of flashes, tones, or spatial arrays). The effect of adaptation was multiplicative, with adaptation to slow
and fast stimuli increasing or decreasing the perceived numerosity, respectively. The adaptation effect was taken as the difference of the best fitting regression lines
constrained to pass through zero (black lines bounding the dark-shaded region). (b) Adaptation to sequences of temporal events is selective in spatiotopic, not
retinotopic coordinates. Black squares plot the magnitude of spatiotopic adaptation against the retinotopic adaptation for individual subjects, who made a saccade
between adaptation and test. Adaptation occurred only if the test and adaptor were in the same spatiotopic position (same position on screen), not if they were in
the same retinotopic location (as illustrated in the icon). The star plots averaged results. (c) Magnitude of the adaptation effect for various conditions: adapting to
sequences of flashes and testing with sequences of flashes (red), tones (brown) or spatial arrays (orange); adapting to sequences of sounds and testing with
sequences of sounds (dark green) or flashes (light green); adapting to fast and slow tapping and testing with sequences of flashes (darker blue) or spatial
arrays (light blue). (d) Adaptation to motor events is selective in spatial, not hand coordinates. The colour-coded squares plot for individual subjects adaptation
magnitude after fast and slow tapping for stimuli presented to the right side of the screen against those presented to the left side. The tapping hand was either the
left or the right, tapping on the left or right side (as indicated by the colour-coded icons). Whichever the hand, the tapping must be on the same spatial side as the

test for there to be adaptation. Stars show averaged results. Reproduced with permission from Arrighi et al. [35] and Anobile et al. [36—38].

effect: displayed at the same retinotopic position in the same
experiment caused very little adaptation (abscissa). That
the adaptation was spatiotopic, not retinotopic, suggests it
occurs at a reasonably high level of information processing,
as has been observed for event duration [39] and the
positional motion after effect [40,41]; but see also [42].
Working in time rather than space lends itself well to cross-
modal studies, particularly with audition, which has good
temporal but weak spatial resolution. Our experiments
showed that adaptation to temporal sequences also occurs
with tones. Furthermore, adapting to a series of tones changed
the apparent numerosity of visual flashes, and vice versa, to
the same extent as within-modal adaptation (figure 2c; elec-
tronic supplementary material, movies S3 and S4), pointing
to the existence of a number sense that transcends sensory
modality. Perhaps even more surprising was the ‘cross-
format” adaptation: adapting to a series of centrally displayed
flashes changed the apparent numerosity of a spatial array of

dots, by a similar amount to the purely temporal adaptation
(figure 2c).

All these results point to the existence of a very generalized
number sense, transcending space and time, and sensory
modality. As numerosity can be important for the generation
of actions, and there is neurophysiological evidence linking
them [43,44], we asked whether adapting to actions could
affect number perception. Subjects tapped their fingers in
mid-air either rapidly or slowly, then judged the numerosity
of sequences of flashes, or of arrays of dots. As with adaptation
to sequences of flashes, adapting to slow tapping caused over-
estimation and adapting to fast sequences underestimation
[36]. Again, adaptation works equally well both for sequences
of flashes and for clouds of dots (figure 2c). Adaptation
to action also affects the apparent numerosity of auditory
sequences [45].

Figure 2d shows that, like adaptation to sequences of
stimuli, adaptation to tapping is spatially selective. And just
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Figure 3. Spontaneous discrimination of numerosity. (a) Two-dimensional psychometric functions on a space spanned by log-area and log-density, for sparse
standard stimuli (24 dots, 40 deg?, 0.6 dots deg ™). The heat map refers to the interpolated per cent correct for discriminating various points sampled over
the coloured area from the origin (with 33% chance guessing rate). The ellipses are fitted to pass through 50 and 75% correct judgement. (b) lllustration of
the stimuli used in the odd-one-out task. Two were identical, defined by the origin of the space (24 dots, 40 degz). The target (lower right) was taken from
many different sample points in the space (in this case, 48 dots, 80 degz). (¢) The same as (a), but for denser standard stimuli (128 dots, 40 degz, 3.2 dots degfz).

Reproduced with permission from Cicchini et al. [46].

as the temporal adaptation is selective in spatiotopic rather
than retinotopic coordinates, adaptation to tapping is selec-
tive to the spatial position of the tapping hand, not to
which hand does the tapping. Under the three conditions
tested—right hand tapping right and left, and left hand
tapping left—the adaptation effects were strong only when
the hand (either left or right) was tapped on the same side
as the stimuli were presented.

4. Spontaneous detection of numerosity

There has been a good deal of discussion from psychophysi-
cists about whether numerosity is sensed directly by vision,
or whether it is sensed indirectly via texture mechanisms
tuned to density [7-11,25,37]. We have already described
one example suggesting that this is unlikely: connecting
pairs in dot patterns causes them to appear less numerous
(even though the added lines increase their density), and
this also affects adaptation (figure 1c).

Nevertheless, it is reasonable to ask what is the natural
dimension for spontaneously discriminating patterns that
vary in quantity and area: numerosity or density, or some
combination of both? Cicchini ef al. [46] tackled this question
directly, following a technique borrowed from colour science.
They measured for numerosity the equivalent of ‘MacAdam
ellipses’ [47], ellipses in colour space inside which all stimuli
are indiscriminable. The short axes of these ellipses indicate
the most sensitive direction in that space, pointing to the
existence of specific mechanisms (see also [48]). Numerosity
is the product of density and area, so the logarithm of numer-
osity is the sum of log-area and log-density. Thus, there exists
a two-dimensional ‘numerosity space’, spanned by log-area
and log-density, with log-numerosity following the positive
diagonal (figure 3a). Cicchini and co-workers [46] measured

discrimination thresholds within this space, using an
‘odd-one-out’ technique (figure 3b), where subjects had to
identify the target from two standards. The two standards
were defined by the origin of the space (24 dots: 0.6 dots deg ™",
40 deg?), while the target was selected at random from various
points distributed throughout the coloured diamond. The two-
dimensional psychometric functions are well described by a
highly elongated ellipse, whose short axis, defining maximum
sensitivity, is clearly aligned to the numerosity diagonal.
Sensitivity along this axis was six times higher than in the
orthogonal direction, showing that numerosity is the most sen-
sitive dimension: just as red—green is a sensitive direction in
colour space.

That numerosity emerged spontaneously when subjects
were given no specific instructions, but only asked to identify
the odd one out, tells a good deal of what is the more natural
cue for discrimination of quantity. However, Cicchini et al.
[46] also asked subjects to make explicit judgements about
stimuli within the numerosity space, judging—in separate
sessions—whether the test stimulus appeared to be more
numerous, denser or of greater area, than the standard. The
results were interesting. The discrimination boundaries for
these judgements should be oriented at 45, 0 and 908
for number, density and area, respectively, if the judgements
were really based on that particular property. The data
showed that the boundary for number judgements was
oriented at 378 biased slightly away from 458 towards the
area axis and away from density (by about 17%), agreeing
with other studies (e.g. [7,49]). However, the boundary for
area judgements was 668 rather than 908 a massive shift of
53% towards number, suggesting that number was as impor-
tant as area in making area judgements; and the boundary for
density was 358 rather than 08 shifted towards number
by 78%, suggesting that density judgements are mediated
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