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Adaptation acts directly on
the sensory representation of
numerosity

Alessandro Benedetto?, Giovanni Anobile!, Roberto Arrighi', Egle Casavecchia® &
David C. Burr2™*

Like most perceptual systems, the perception of numerosity is susceptible to adaptation. However,
while adaptation to large numerosities is large and spectacular, obvious on demonstration, adapting
to sparse fields (reverse adaptation) causes smaller effects, not readily visible on demonstration,
raising the possibility that it may be due to response biases rather than genuine changes to perceptual
mechanisms. To investigate this further, we measured adaptation to both dense and sparse dot
patterns while simultaneously measuring confidence and reaction times. Both forms of adaptation
distorted numerosity estimates in the expected direction, robustly and highly significantly.
Importantly, the shifts in perceived numerosity were accompanied by similar shifts in confidence and
reaction-time distributions. After adaptation, maximum uncertainty and minima in response-times
occurred at the point of subjective (rather than physical) equality of the matching task, suggesting that
adaptation acts directly on the sensory representation of numerosity, before the decisional processes.
These results reinforce existing evidence for adaption of numerosity, consistent with it being a primary
perceptual attribute.

Adaptation is fundamental for perception. It allows us to see efficiently over a range of 10 orders of magnitude
of luminance, to ignore otherwise annoying constant sensory stimuli (such as the taste of our saliva) and to
maximize sensitivity to change. Adaptation has also proven to be an invaluable tool to study perceptual processes,
often referred to as the psychologist’s micro-electrode: “At its most naked, and in the privacy of the laboratory, the
argument runs ‘if you can adapt it, it’s there”! (p. 479).

Indeed this was the primary argument for Burr and Ross’s? claim that number is a primary perceptual attribute:
adapting to dense dot fields causes subsequent dot fields to appear less numerous. The effect is dramatic, robust
and easily demonstrated to viewers with this online demohttps://win.pisavisionlab.org/BookChapterDemos/M
ovie_1_basicdemo.mp4. Perhaps one reason why number adaptation is so impressive (and also contentious)
is that the number of items is discrete, as opposed to continuous features, like colour or motion. There are 30
physical dots, yet after adaptation there appear to be about 15: where did the others go? That no particular
dot actually vanishes shows that it is not the dots themselves that are adapted, but the representation of the
numerosity. It is for this reason that adaptation provides such strong evidence that numerosity is estimated and
represented in some form of statistic; and this estimate, like other perceptual representations, can be modified
by adaptation.

The Online demo shows the most common example of numerosity adaptation, adapting to a dense dot field,
then testing with a moderate number. While the mechanisms behind the adaptation have been challenged*
(and defended’-8, no one disputes that the effects are real and strong. However, Burr and Ross? also reported that
adaptation also occurs in the reverse direction: adapt to a sparse dot field causes the numerosity of a moderate
field to be overestimated. This is far more surprising, and not easily explained away by simplistic notions such
as “neural fatigue”. Burr and Ross reported results for only two observers, but the effect has been replicated
by several groups®~!!. However, as the effect is unquestionably weaker than adapting to dense fields, and not
obvious in a demo, it is reasonable to ask for further evidence confirming its existence.

Recently - sixteen years after its initial demonstration - the concept of number adaptation has again been
challenged. Yousif et al.!? claim that number adaptation (and indeed many other forms of adaptation) does not
actually exist, and that all effects can be explained by the “old news hypothesis”, a theory that appeals to the
visual system’s tendency to filter out old information to prioritize “newsworthy” content. In many respects the
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“old news” hypothesis may be considered just another term for adaptation, which almost certainly serves to
prioritize new information (amongst other purported functions). However, there are differences that go beyond
nomenclature. In particular, “old news” refers to the individual dots, rather than to the more general sense of
“numerosity”. Thus, after adapting to a dense dot pattern like online demo 1, many of the dots of the test pattern
will fall in the same (or similar) positions to the adaptor dots, and are therefore considered as “old news’, to be
ignored. One clear prediction of this claim that “reverse adaptation” (adapt-low, test moderate) should not occur.
Indeed they state that “This [“old news”] explanation, by definition, is unidirectional; it could not explain why
a stimulus would appear more numerous”!? (p. 5). Therefore, clear evidence in showing reverse adaptation to
numerosity would severely compromise Yousif et al’s? challenge, providing strong support that numerosity, like
all other perceptual systems, adapts.

One problem with measuring perceptual aftereffects is that they are necessarily subjective. There are various
techniques, such as measuring the duration of the aftereffect, fairly typical for the motion aftereffect (e.g'*.
Perhaps the most favoured current technique is to ask participants to make forced choice comparisons between
adapted with unadapted stimuli, reporting which appears larger (or brighter, or more numerous). Responses
are plotted as a function of strength of unadapted stimuli, and the point of subjective equality (PSE) calculated
as the median of the function. Typically, adaptation will shift the whole function, including the PSE. While this
may seem very objective, it is in fact highly subjective, as the responses are not scored as “correct” or “incorrect”
(as in threshold measurements), but remain very much an “opinion”. The use of “naive” participants mitigates
some of the issues, but perplexities remain. For example, Morgan and colleagues'* showed that participants can
deliberately emulate the effects of adaptation, simply by always responding “larger” when uncertain of their
judgment. This caused robust shifts in psychometric functions (and hence PSE), with no cost to sensitivity,
emulating the effects of adaptation. It is therefore plausible that subtle adaptation effects, not obvious in a
simple demo, may result in surreptitious, possibly subconscious biases in responses, without actually affecting
perceptual processes directly.

Gallagher et al.!> have devised a very clever procedure to distinguish perceptual from decisional processes,
based on observer confidence. They argue that when performing a forced-choice task, confidence should vary
with the difficulty of the match, being highest when the two stimuli are perceptually different, and lowest when
they are most similar. On this argument, confidence should be minimal at the point of subjective equality (PSE)
where, by definition, the two stimuli are perceptually most similar. If the adaptation effect is truly sensory, then
it should not only shift the PSE, but also the point of minimal confidence, as the match should be most difficult
at the adaption-shifted PSE. On the other hand, if the adaptation procedure does not change the perceptual
representation, but only the response, then the minima in confidence should be unchanged. Using this approach,
they show that motion adaptation does indeed affect confidence judgements, so the minima follow the PSE,
as would be expected if adaptation truly affected the sensory representation. On the other hand, when they
asked participants to deliberately bias their responses, following Morgan et al’s'* procedure, the minimum in
confidence did not follow the PSE. And when the same technique was applied to adaptation to implied motion
from stationary images, which also causes a measurable effect!®, the minima in confidence did not follow the
changes in PSE"".

This approach has been successfully applied to numerosity adaptation'®, both to numerous spatial arrays
and to adaptation by tapping'®. In both cases the minima in confidence followed the adapted PSE. However,
when responses were changed by selective reward, there was no accompanying change in confidence. Although
the responses were not speeded, reactions times followed confidence and peaked at the points of minimal
confidence, following the PSE for adaptation, but not for response biasing, yielding an even more objective
measure of response difficulty.

In this study we confirm that the perception of number is highly adaptable, with robust decreases and
increases after adaptation to high- and low-density patterns. Confidence and reaction times show that in both
cases, the adaptation occurs at a perceptual rather than decisional level.

Methods

Participants

Thirty participants (25 females, aged 21-35) participated in the experiment, all naive to the goals of the study,
with no previous experience in psychophysical experiments. All had normal or corrected-to-normal vision.

All participants were fully informed about the nature of the experiment, and voluntarily consented in writing.
They were informed that all data was anonymized, with all identifying information removed. Procedures
were in accordance with the tenets of the Declaration of Helsinki and approved by the local ethic committee
(“Commissione per I’Etica della Ricerca”, University of Florence, 7th July 2020, n. 111).

Stimuli and apparatus
Experimental stimuli were presented in a dimly lit room. Participants viewed the stimuli binocularly from a
fixed distance of 57 cm on a gamma-corrected 21-inch LED monitor (1920 x 1080 pixel resolution; 60 Hz refresh
rate). The stimuli comprised clouds of non-overlapping black and white dots (50% each), each subtending 0.25°
of visual angle in diameter. These dot clouds spanned a circular area of 12° diameter, displayed against a mid-
gray background at 100% contrast. Stimuli were centered 8° above and/or below a central black fixation annulus
(outer diameter: 0.3°% inner diameter: 0.15°). Dot patterns were procedurally generated on each trial by randomly
distributing the required number of elements within the specified area. Stimulus generation and presentation
were implemented in MATLAB (2023b) using Psychtoolbox routines?0-22,

Eye movements were continuously monitored using an EyeLink 1000 system?* to ensure that gaze remained
within 2° of the fixation point during stimulus presentation. Trials in which gaze deviated beyond this threshold
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were discarded online during data collection. This procedure ensured that each recording yielded 60 valid trials,
corresponding to approximately 5 min per recording.

Measurements were made over several sessions, resulting in a total of 130 +53 (mean+std) valid trials per
condition for each participant.

Procedure

Participants were instructed to maintain fixation on a central annulus throughout each trial. The experiment
included three conditions: baseline and two adaptation conditions (to low and high numerosity), which
were tested in separate blocks. Prior to each recording session, participants completed a brief training phase
to familiarize themselves with the task. The baseline condition (without adaptation) was always tested first,
followed by the adaptation conditions. When possible, the two adaptation conditions were tested on separate
days; otherwise, they were administered on the same day but separated by a break of several hours to minimize
potential carry-over effects.

In each condition, an adaptive staircase algorithm (QUEST?* was used to home in on the PSE (point of 50%
response ‘more’). This ensured that the total proportion of responses in each session was around 50% ‘more,
for all adaptation conditions (whereas with the method of constant stimuli this would vary with adaptation
condition, potentially affecting results). To encourage sampling across the psychometric function, a random
gaussian jitter (0=0.1, constrained so numerosity fell between 5 and 200) was added to the QUEST threshold
estimate on each trial.

Baseline condition. After 1 s of fixation, two stimuli (two clouds of dots) were presented simultaneously for 500
ms. The reference stimulus appeared 8° above fixation and contained a fixed number of dots (12), while the test
stimulus appeared 8° below fixation and varied in numerosity. Participants made a two-alternative forced choice
(2AFC) judgement, indicating which of the two clouds contained more dots by pressing the corresponding
key on a keyboard. Reaction times were recorded from the onset of the stimulus display. After the numerosity
judgment, participants reported their confidence in their judgment using a binary confidence rating (confident/
not confident), again using different designated keys on the keyboard.

Adaptation conditions. In both adaptation conditions, each trial began with a 1-second fixation period,
followed by a 5-second presentation of an adapting stimulus located 8° above the fixation point. In the low
numerosity adaptation condition (adapt to few), the adapter comprised a dot cloud with 6 elements, while in
the high numerosity adaptation condition (adapt to many), it comprised 24 dots. Following the adaptation
period, a 1-second blank interval was shown. Then, for 500 ms, two dot clouds were presented simultaneously:
the reference stimulus (12 dots) appeared at the same location as the adapter (8° above fixation), and the test
stimulus 8° below fixation. As in the baseline condition, participants performed a two-alternative forced choice
(2AFC) task, reporting which cloud appeared more numerous, followed by a binary confidence judgment, both
entered via keyboard responses.

Data analysis

The data were analyzed using two approaches: pooling all responses to create an “aggregate observer” and by

analyzing data from each observer individually. The same procedure was applied in both cases. Three separate

measures were extracted for each of the three adaptation conditions: PSE, reaction times (RTs) and confidence.
PSEs were calculated by fitting Gaussian error functions (cumulative Gaussians) to the responses (proportion

“greater than”) as a function of numerosity of the test, as:

p(N) =0.5erf (N\_/;"SE> +0.5 (1)

Where p () is the predicted proportion of “greater than” responses, er f is the MALAB error function, N is the
test numerosity, PSE is the point of subjective equality, and o determines the width of the function.

For aggregate data, statistical significance was assessed by one-tailed bootstrap sign test (1000 reiterations
with replacement), recording the proportion of iterations where one condition yielded higher estimates than
another. Standard errors of the mean (sem) were also derived from the bootstrap distributions.

Reaction-time data were thresholded to include only those with responses less than 3.5 s (probably reflecting
a break in data collection), resulting in the elimination of 0.6% of trials. The remaining were averaged for each
tested numerosity, and fit with a Gaussian function of the form:

—(N-Ng)?2

y(N)=k-e 202  +c¢ ()

Where y (V) is the predicted reaction time (or confidence rating), N is the test numerosity, & a free constant
governing amplitude (positive or negative), No the numerosity at which the function peaks, o the standard
deviation and c a free constant determining the asymptote of the curve (minimum average RT). The same
bootstrap procedure (1000 iterations) was applied to estimate confidence intervals and assess statistical reliability.
Confidence ratings were averaged for each numerosity, and fit with Eq. 2, with ¢ fixed at 1 (as confidence
asymptotes to 1), leaving only 3 free parameters.

In addition to the bootstrap statistics described above, single-subject analyses were tested with repeated-
measures ANOVA.
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Results

PSEs were measured in 30 participants, all naive to the goals of the study, under three conditions: baseline, adapt
to six dots and adapt to twenty-four dots (see Fig. 1 and Methods). In all cases they were presented with two dot
fields, a reference field of 12 dots displayed above the fixation point and a test of variable numerosity below. They
first reported which seemed more numerous, then indicated whether they were confident about their judgment.
Data were analysed both as aggregate data (pooling all data before analysis) and testing significance by bootstrap,
and by analysing individual participants, with standard statistical tests between participants. Both methods gave
similar results.

Aggregate data
Figure 2a shows the average psychometric functions of the numerosity judgements, plotting the proportion of
“more” responses against the presented numerosity. The areas of the symbols are proportional to the number of
trials in that condition, larger near the PSE, where the adaptive QUEST tended to concentrate measurements. All
curves were well fit by cumulative gaussian error functions, where the median estimates the point of subjective
equality (PSE) between test and reference. The effect of adaptation is clear: adapting to 24 dots shifted the graph
to the left compared with baseline, and adapting to 6 dots shifted it to the right. The PSEs for the three conditions
were 9.9, 11.9, and 12.8, respectively for adapt-high, baseline and adapt-low. Standard errors of the mean (sem)
were estimated by bootstrap (1000 reiterations), and shown as the horizontal bars in Fig. 2d (smaller than the
symbols). Both adapted conditions were significantly different from baseline (p <0.001, bootstrap sign-test).

Figure 2b shows the reaction-time distributions for the three conditions. All three conditions were well
fit by the four-parameter Gaussian of Eq. 2 (R?>0.6). Again the distributions are systematically shifted by
adaptation, in the same direction as the PSEs. Panel c plots the histograms of 1000 bootstraps, showing that the
three distributions are clearly separate, and significantly different (low vs. baseline, p <0.001, high vs. baseline
p=0.001). Figure 2e shows the distributions for average confidence, well fit by a three parameter Gaussian
(R%>0.6). These distributions also follow the PSEs, as the plot in panel d shows. Panel f plots the histograms of
1000 bootstraps, showing the three distributions are clearly separate, and significantly different (p <0.001, for all
comparisons). The sem for the adapt-low condition was larger than for the other two (0.45 compared with 0.24
and 0.27), but the difference from baseline remained highly significant.

Panel d summarises the results, plotting the peaks in RTs and in confidence (with bootstrapped sems) against
PSEs. Confidence and RTs clearly covary with PSE. The best fitting linear relationships are shown by the thick
lines, with slopes 1.13 for reaction times, and 1.43 for confidence, both greater than unity.

Individual participant analyses

The aggregate data show a very clear effect of adaptation to both high and low numerosities on PSEs, reaction
times and confidence. Aggregate analysis has the advantage of reducing the noisiness of the data and ensuring
more robust fits: however, it is also reassuring to know that the results generalize over most participants, not
driven by just a few. We therefore repeated the analysis, estimating PSEs, reaction times and average confidence
for each individual participant (where possible), using the same techniques as for the aggregate data.

Figure 3a shows the PSEs for the three conditions, calculated by fitting Gaussian error functions to the
responses, and plotting PSEs after adaptation (high or low) against unadapted PSEs. There is considerable
spread in the data, ranging from 9 to nearly 15 in the unadapted condition, reflecting individual variability.
However, almost all the blue dots (adapt to high) lie below the equality line, and most of the green dots (24/30)
lie above it, showing that adapting to 24 dots decreases apparent numerosity, and adapting to 6 dots increases
it, in the vast majority of observers. Repeated measures ANOVA confirms that the effect of adaptation is highly

Adaptation(5s)

a5 6"
"'T Stimulation (0.5 s) 2AFC discrimination confidencerating

Adaptto few
(n=6)

Which set of stimuli Areyou confident?
(yes/no)

contains more dots?

Adaptto many time
(n=24)

Fig. 1. Ilustration of experimental procedure. Participants adapted for 5 s to the adaptation stimulus in the
upper visual field, which contained either 6 or 24 black and white dots (in separate sessions). During baseline
measures (also separate sessions), there was no adaptation stimulus in the sequence. After adaptation two

dot clouds were presented simultaneously for 500 ms, the reference stimulus was in the same position as

the adaptor, and the test symmetrically below the reference. Participants first indicated which seemed more
numerous by button-press, then whether they were confident in their judgment, by a second button-press. The
reference always contained 12 dots, while the numerosity of the test varied following the QUEST algorithm.
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Fig. 2. Main results for analysis of aggregate (pooled) data. (A) Psychometric functions for the three
conditions, baseline (red), adapt-low (green) and adapt-high (blue), plotting proportion response “more”
against test numerosity. The data are well fit by the Gaussian error function of Eq. 1. PSEs (shown by colour-
coded arrows) correspond to the median of the function, the point where the graphs cross 0.5. These are
systematically displaced to the left after adapting to 24 dots, and to the right after adapting to 6. (B) Average
reaction times as a function of test numerosity. All three curves are well fit by a Gaussian function (Eq. 2),
whose medians (peaks) are shown by the arrows (same colour coding as in A). (C) Histograms showing 1000
bootstrap reiterations of the reaction time data. The standard deviation of the distributions (giving estimates
of the sem of the reaction time distributions) were respectively 0.25, 0.24 and 0.27 for baseline, adapt-low
and adapt-high conditions. (D) Peak reaction times (circles) and confidence (squares) plotted against PSE.
Bars show bootstrapped sem (those for PSE smaller than symbol size), solid lines best linear fits, and dashed
diagonal the equality line. (E) Average confidence as a function of test numerosity, well fit by Gaussian
functions (Eq. 2) whose medians (minima) are shown by the arrows. (F) Results of the 1000 bootstrap
reiterations of the confidence ratings data, yielding estimates of sem of 0.24, 0.45 and 0.27 for baseline, adapt-
low and adapt-high conditions.
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Fig. 3. Results of individual participants. A-C Estimates of PSE (a), reaction time peaks (b) and confidence
peaks (c) for individual observers, plotting the numerosity estimates after adaptation (green low, blue high)
against the baseline numerosity measures. Dashed lines indicate group means, which were similar to the
aggregate estimates. Points falling above the equality line mean the adapted measures are greater than baseline,
those below less than. Note that panel C has only 20 points, as the individual confidence data could be well fit
for both conditions in only 20 participants. D. Correlations between the three measures, PSEs, reaction times
and confidence (all numerosities), colour-coded for adaptation condition (baseline (red), adapt-low (green)
and adapt-high (blue)). All three measures correlated strongly with the others. PSE vs. RT: r=0.64, p<0.001,
Fisher’s z=0.76 £ 0.11; PSE and confidence: r=0.72, p<0.001, Fisher’s z=0.91 £ 0.13; confidence and RT
r=0.93, p<0.001, Fisher’s z=1.67+0.13.

significant (F(2,58)=77.0, p<0.001), with a large effect size (n 2=0.73, w*=0.40). Post hoc comparisons show
that adaptation in both directions is significantly different from baseline, with a large effect size: PSE baseline vs.
adapt-low: t(29) =-3.82, p_ ¢ 1o < 0.001, Cohen’s d=~0.53; baseline vs. adapt-high: t(29)=8.5, p,_ <
0.001, Cohen’s d=1.40). Adaptation to high was significantly greater than to low (t(29) =3.43, p=0.002).

Figure 3b shows the same plot for reaction times. All participants could be fitted with the four parameter
Gaussian, with average R?=0.75. Again, there is a large range, but most green points are above, and all blue points
below, confirming that peak reaction times are robustly shifted by adaptation (F(2,58) =299, p <0.001), with large
effect size (n_2=0.91, ©*=0.83). Similar to the PSE results, post hoc tests reveal that both adaptation conditions
are different from the baseline RT (baseline vs. low: t(29) =-5.12, Pbonthotm < 0-001, Cohen’s d=-1.35; baseline
vs. adapt-high: t(29)=18.3, Pbonf-hoim < 0-001, Cohen’s d=3.83).

Figure 3c shows the results for confidence. There are only 20 data points, as for 10 observers the data
could not be well fit by a Gaussian (R?<0.2) in at least one condition (which is why pooled data can be more
robust). For the observers with usable data, the fit was good (average R?=0.70), and the trend the same as for
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the aggregate data, with both types of adaptation robustly shifting from the baseline and affecting confidence
minima (F(2,38) =189, p<0.001), with large effect size (n 2=0.91, @?=0.82). Post hoc tests confirm that both
adaptation conditions are different, with a large effect size, from the baseline confidence (baseline vs. adapt-
low: t(19) =—4.45, Pronf_holm < 0-001, Cohen’s d=-1.31; baseline vs. adapt-high: t(19) =15.16, Pronf-holm < 0-001,
Cohen’s d=3.79).

Finally, we examined the correlations between PSE, RT, and confidence (Fig. 3D). As expected, the three
measures are strongly correlated. The strongest correlations were between confidence and reaction time peaks
(r=0.93), showing that they tend to follow each other: when less confident, participants took more time to
respond. The two measures also correlate with PSEs, reaction times r=0.64, confidence r=0.72. Other statistics
in figure caption.

Discussion

This study was designed to test whether “reverse adaptation” — adapting to low numerosities — increased the
apparent numerosity of subsequent tests, and whether the adaptation was of a perceptual nature. We confirm that
adaptation to both low and high numerosities robustly changed perceived numerosity in the predicted direction,
with all statistical comparisons (bootstrap and between participant testing) highly significant (p<0.002).
Importantly, both the minima in confidence and the maxima in reaction times followed the PSE, again highly
significantly (p £0.001). The shifts in confidence and reaction times strongly imply that adaptation affects the
perceptual representation of numerosity (rather than only the response), so the most difficult comparisons were
those at the adapted PSE rather than at physical equality.

If the adaptation resulted from a surreptitious response bias coming in to play when observers were unsure
(rather than a genuine perceptual change), the point of minimal confidence should not change, as it would be
that lack of confidence allowing cognitive factors to intervene. That is to say, if confidence is driving the effect,
it must precede the perceptual comparison causing the apparent change in PSE, and therefore not be affected
by it (as indeed it is not affected when the PSE is biased by reward, or adaptation to implied motion'’. Reaction
times should also remain longest at physical equality, where the uncertainty was highest. On the other hand, if
the actual representation of numerosity had changed, then the most difficult comparison should be where the
apparent numerosities coincide, at the PSE. Indeed, in previous studies when observers were asked to deliberately
bias their PSE when unsure'®, or were selectively rewarded for specific responses!®, the peaks in confidence and
in RTs did not change. Nor did confidence change after adaptation to “implied motion” in stationary images'”.

Taken together, the present results provide very strong evidence that “reverse adaptation” of numerosity
is a real phenomenon, not easily dismissed as a “cognitive response bias”. That said, it is also true that reverse
adaptation was weaker than standard adaptation, even though the ratios of the adaptor to test were matched
(both a factor of two). The absolute magnitude of the reverse adaptation (aggregate data) was 0.9, compared with
2.0 for standard adaptation. The individual participant data told a similar story, with Cohen’s d 0.53 for reverse
adaptation compared with 1.4 for standard, significantly lower (t(29) =3.43, p=0.002). The reduced magnitude
of the adaptation is consistent with previous studies looking at reverse adaptation>?~1L. It also explains why the
effect is not obvious on demonstration: an effect of half of a standard deviation corresponds to d’~0.5, unlikely
to be evident on a single trial.

Although scientists have been studying perceptual adaptation for over a century, there is still no formal
consensus on the underlying mechanisms, nor on its functional role?>*” Many suggestions have been made,
from the simple idea of neural fatigue through to various versions of increasing efficiency, by expanding the
operating range?.

The clearest example of a beneficial effect of adaptation is undoubtedly light adaptation in the retina®: we
can discriminate relatively small changes in luminance over a range of light intensity spanning ten orders of
magnitude, because retinal mechanisms adjust sensitivity to match prevailing conditions. Similar processes may
occur with numerosity. Tsouli et al.** used fMRI to measure neural responses to numerosities in humans after
adaptation to both high and to low numerosities: both forms of adaptation altered the preferred numerosities
within numerosity maps, further objective proof that adaptation to low causes genuine effects on numerosity-
selective neural mechanisms. The adaptation biases preference towards the numerosity of the adapter (rather
than away), in a similar way that luminance shifts the response of retinal cells. Although the effect may seem
to be in the wrong direction (attractive rather than repulsive), it is actually in the right direction to underlie
perceptual repulsion. For example, within a “labelled-line” like model of neural representation, if a neuron
normally responds to “57, after adaptation to “1” its preferred response would shift to “4”, so presenting 4 dots
would active the “5-neuron’, and it should appear to be more numerous. These mechanisms not only account
for the perceptual phenomena, but could in principle allow for the numerosity mechanisms to adjust to the
prevailing numerosity, as retinal cells adjust to the prevailing light levels. As with luminance adaptation, it would
lead to negative aftereffects, away from the adaptor numerosity.

One motivation for this study was to meet directly Yousif et al’s!? challenge to the existence of numerosity
adaptation. We have dispensed with many of his arguments elsewhere®!, and concentrate here on reverse
adaptation, which they specifically acknowledge is incompatible with their theory: “For proponents of number
adaptation, there is a clear path to vindication. If reverse adaptation and cross-modal adaptation could be
compellingly demonstrated — by way of an unambiguous visual demonstration — little wind would remain in
our sails”? (p. 5).

Their major argument against reverse adaptation is that it is not evident in a classroom demonstration. They
state that “If, following this debate, no party can provide phenomenologically compelling demonstrations of
either reverse number adaptation or cross-modal number adaptation, then we would suggest that both cases
should be disregarded as evidence of (perceptual) number adaptation™? (p. 5). The only scientific evidence
they deem admissible is a highly conspicuous demonstration: quite a high bar! Imagine this criterion being
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applied to all branches of neuroscience, including single-cell recordings, EEG and pupillometry. Illusions and
demonstrations have unquestionably made major contributions to our field**; but perceptual science also
advances with clever, well controlled and often covert psychophysical experiments***. Our initial report on
number adaptation? showed results for only two participants, relying strongly on the compelling demonstration.
But that one form of number adaptation is so amenable to demonstration does not establish a precedent for all
further research in numerical cognition.

Our estimates of effect size confirm that reverse adaptation is not sufficiently large to be obvious on inspection.
However, our study also shows that adapting to sparse stimuli systematically increases the apparent numerosity
of subsequent stimuli in the vast majority of participants. Importantly, the phenomenology was reinforced
by indirect measurements of confidence, and the time taken to respond. It would be virtually impossible to
fake these data (particularly the reaction times), either deliberately or subconsciously. They clearly point to the
most difficult judgments occurring when the reference numerosity is matched the perceived numerosity after
adaptation (to either high or low). The peaks in confidence and reaction times followed the estimate of perceived
numerosity, equally robustly for the two adaptation conditions.

Recently, many claims have been made of cognition affecting perception, some rather extreme. One claim
(mentioned earlier) is that adaptation to “implied motion” in stationary images affecting perception of real visual
motion'S, but there have been many others. Firestone and Scholl*® discuss several of the more bizarre claims, and
suggest a few criteria for accepting the effects as real. We would like to propose another: that the measurements
be made in forced choice, and reaction times shown to robustly shift with the adapted PSE, clear evidence
for a perceptual effect. This is simple to do. While estimating confidence requires extra responses from the
participant, reaction times are free, available from the response timestamps. In our study reaction times were
more robust than confidence estimates, as the data of all 30 participants were well fit by gaussians, while we were
able to sensibly fit individual confidence data in only 20 of the 30 participants. And the time taken to respond
is a truly objective measure, very difficult to fake even for an observer acquainted with the entire procedure
(virtually impossible for a naive observer).

To conclude, we show that number adaptation, both to high and low numerosities, is a strong and robust
perceptual phenomenon, not readily dismissed by the “old news” hypothesis. Adaptation to numerosity is very
real, consistent with claims that number is a perceptual attribute.

Data availability
The original data for this experiment can be found at: https://zenodo.org/records/15615038.
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