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Number adaptation survives spatial displacement
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SUMMARY

Canonical visual adaptation effects, such as those observed for color or orientation, are spatially specific,
consistent with their locus in early, retinotopically organized visual areas.'? In contrast, number adaptation
effects have been localized to the intraparietal sulcus (IPS), a higher-level region of the dorsal visual pathway
involved in (among other things) tracking objects as they move across space and time.>™® This suggests that
number may be a crucial test case for adaptation more generally, potentially revealing non-retinotopic adap-
tation effects. We predicted that number adaptation effects should persist even when the spatial positions of
adapted and test stimuli are constantly changing. Six experiments measured adaptation when (1) adapted
and tested dots were presented within constantly translating visible discs, (2) adapted and tested dots
moved about constantly within the visibly translating discs, and (3) adapted and tested dots moved about
constantly within bounded invisible translating discs. In all cases, we found object-specific number adapta-
tion—as if adaptation travels with an object or bounding region. Additionally, we found that adaptation was
specific to target objects—i.e., it did not transfer to other objects within the same hemifield—and that the size
of the adaptation effect was equally large for moving and static stimuli. Unlike the retinotopic adaptation ef-

fects characteristic of other early visual features,'*? number adaptation can be bound to moving objects.

RESULTS

Our perceptual system automatically extracts certain features
from visual scenes, including color, orientation, contrast, and
spatial frequency.’® Such attributes are considered funda-
mental to early visual processing and are often revealed by visual
adaptation—a phenomenon whereby prolonged exposure to a
specific stimulus attribute diminishes sensitivity to that attribute.
Adaptation is typically thought to result from altered sensory rep-
resentations in early visual areas such as V1. On this view, such
effects depend on the precise position of stimuli on the retina.
Thus, adaptation is thought to occur before objects have been
identified and tracked. Against this received view, it would be
surprising to find that any form of adaptation moved, bound to
an object.

Some of the strongest evidence that number is a genuine
perceptual feature (like color or contrast) comes from studies
demonstrating visual adaptation to number,>'* wherein pro-
longed exposure to a large number of dots decreases numerosity
estimates of subsequent probe displays. These effects replicate
across many display conditions, with controls for low-level visual
features like brightness,” relative contrast,'” total surface area,”
and density.® Like canonical adaptation effects, number adapta-
tion is phenomenologically striking (Figure 1A; see demonstration
at https://carolinemyers.github.io/number-adaptation/) and diffi-
cult to override through task knowledge or goals.>® Number
may be a particularly strong candidate for adaptation effects
that survive spatial shifts. Indeed, numerosity may be extracted
from, and adapt within, non-retinotopic frames of reference,
including duration,'® temporal event structure,’”"'® and other
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non-numerical features, as well as across modalities
(although see Yousif et a
Unlike early visual areas, the intraparietal sulcus (IPS), which
supports number adaptation,® may not primarily be retinotopi-
cally organized®® (although see Golomb and Kanwisher®®), and
it is involved in processing spatial relationships and tracking ob-
jects, supporting stable representations of multiple objects
across shifting retinal coordinates.’®® Thus, IPS occupies a
unique computational role: it encodes numerical information
while simultaneously supporting the spatial updating of objects
over time. On some accounts, the human number system
may have co-opted spatial circuits in IPS through cortical recy-
cling, whereby abstract numerical representations inherited
functional properties from spatial attention and object-tracking
systems.***° If so, then number adaptation might reflect these
origins, operating not over fixed retinal locations but over ob-
ject-based representations that move through space.

1.24).

The present experiments

To test whether number adaptation persists despite spatial
translation, we investigated number adaptation for dot arrays
with changing spatial properties (Figure 1B), asking whether
adaptation occurs (1) when adapted and tested dots are pre-
sented within constantly moving visible discs, (2) when adapted
and tested dots themselves move within moving visible discs,
and (3) when adapted and tested dots move within bounded,
invisible moving discs. We also tested whether adaptation trans-
fers to an unadapted disc in the same hemifield. Across six ex-
periments, number adaptation persisted despite drastic
changes to spatiotopic and retinotopic position when probes
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A Static, canonical number adaptation

B Dynamic, present task and stimuli
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Figure 1. Static and dynamic adaptation
displays
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(A) Schematic of a static, canonical number
adaptation task. Observers are exposed to a
greater and lesser cloud of dots on the left and
right (adaptation phase), followed by a probe with
an equal middling number of dots (test phase).
Observers typically experience the cloud previ-
ously containing fewer dots to contain more at
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test.

(B) The dynamic adaptation task design used in
the present experiments, where adaptation and
test stimuli are presented within constantly
translating contexts.
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appeared on previously adapted discs but did not transfer to un-
adapted discs in the same hemifield. A final set of experiments (5
and 6) confirmed that the magnitude of the adaptation effect is
equally strong in both static and moving displays.

Experiment 1: Adaptation survives continuous
translation

In experiment 1, observers viewed two randomly and indepen-
dently moving discs on either side (left or right) of the display while
fixating on a centrally placed cross (Figure 2). During adaptation,
varying numbers of dots appeared and faded at 3-s intervals, reap-
pearing at new locations within each continuously moving disc. Af-
ter 12 s, the dots disappeared and the discs continued moving for
an additional 1 s. Next, a tone signaled the appearance of a new
number of probe dots, appearing for 500 msin new locations within
each disc; observers judged which disc contained more dots and
gave responses (left vs. right) with a keypress. The 1-s delay, dur-
ing which the empty discs continued to move, eliminated spatial
overlap with the adaptor dots. Although the number of dots varied
across trials, ratios between numerosities remained constant to
control for the scalar variability of numerosity perception.®*’
Because there was no effect of numerical scale across the adap-
tation effect (all p > 0.1), and because we used a constant display
region size, this indicates that adaptation effects were consistent
across different amounts of density, contour length, and filled re-
gion of the adapted dots.

We analyzed performance on critical trials in which observers
adapted to different numbers of dots but were shown an equal
number of dots at test (STAR Methods). The magnitude of the
adaptation effect was computed as the proportion of critical tri-
als in which observers judged that the side previously containing
the smaller number of dots during adaptation now contained a
larger number of dots at test (Figure 3A). Results revealed a sig-
nificant adaptation effect, with observers more likely to judge the
disc previously containing fewer dots during adaptation as hav-
ing more dots at test (3 = 0.336, SE = 0.08, z = 4.22, p < 0.0001).

Experiment 2: Adaptation persists despite additional
random dot motion

Experiment 2 introduced additional individual dot motion, such
that the black dots now moved randomly within the discs as they
translated (Figure 3B). This was to further disrupt positional cues,
while ensuring zero overlap between adapted and tested dots.
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The predicted adaptation effect persisted, with observers again
more likely to judge the disc containing fewer dots during adapta-
tion as having more dots at test (p = 0.586, SE = 0.075, z = 7.86,
p < 0.0001).

Experiment 3: Adaptation persists without visible object
boundaries

Experiment 3 replicated the setup of experiment 2 but removed
the visible red discs, leaving the dots to translate while still con-
strained by a (now invisible) boundary (Figure 3C). This was done
to test whether our effects required a visible bounding object.
Despite removing the discs, we again found adaptation to num-
ber: on critical trials, subjects reported the side that contained
fewer dots during adaptation as containing more dots at test
(B =0.549, SE = 0.093, z = 5.93, p < 0.0001).

Experiment 4: Adaptation is object specific, not
retinotopic or hemifield based

Experiment 4 tested whether the adaptation effects observed in
experiments 1-3 are object specific rather than hemifield spe-
cific (e.g., “painted” across the entire adapted hemifield). Test
dots could appear on either the same discs that were previously
adapted (same-object condition) or on other independently mov-
ing, unadapted discs within the same hemifield (different-object
condition). If adaptation effects are object specific, we should
expect adaptation effects only in the same-object condition.
Indeed, subjects showed a robust adaptation effect when test
dots appeared within the same disc as the adaptation stimuli
(B = 0.293, SE = 0.082, z = 3.56, p < 0.001), but not when test
dots appeared in different discs within the same hemifield (p =
—0.025, SE = 0.039, z = —0.66, p > 0.5), ruling out a hemifield-
wide explanation (Figure 3D). Further, to test whether retinotopic
adaptation could explain these results, on each critical test trial,
we computed whether or not the test disc fell entirely within the
swept path of the adapted disc. This binary overlap measure did
not predict adaptation (3 = —0.11, SE=0.08,z= —1.40,p = 0.16),
the same-object advantage remained robust (3 = —0.36, SE =
0.07, z = —5.3, p < 0.0001), and the interaction was not signifi-
cant (3 =0.13, SE=0.11,z=1.1, p > 0.1). In another approach,
we quantified overlap continuously as the percentage of the test
disc that fell within the path of the adapted disc (0%-100%).
Again, overlap did not predict adaptation (3 = —0.19, SE =
0.18,z=-1.07, p > 0.1), the same-object effect remained strong
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Example trial sequence (Experiment 1)

Fade in <

and hold
3500 ms
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Adaptation phase (3x)

Fade out <

500 ms

1000 ms J ¥ “\u

Response
Until keypress

Figure 2. Representative experimental protocol and trial sequence for experiment 1

During the adaptation phase, observers viewed two large discs translating independently on either side of a central fixation cross. Dots within the discs gradually
faded in over 500 ms, remained fully visible for 3,000 ms, and then gradually faded out over 500 ms. This cycle repeated three times during the 12-s adaptation
phase, with dots reappearing at new locations each time. Following the adaptation phase, the empty discs continued to translate for an additional 1,000 ms,
further ensuring zero overlap between adaptation and test stimuli. A tone signaled the onset of the test phase, with a new set of test dots appearing for 500 ms in
different locations within the discs. Observers indicated which disc contained more dots at the time of the tone via a keypress.

(B=-0.61, SE=0.18, z= —3.29, p < 0.001), and the interaction
was not significant (8 = 0.39, SE = 0.22, z=1.725, p > 0.05), indi-
cating that spatial overlap between the test disc and adapted
path did not account for the observed object-specific adaptation
effect.

Experiment 5: Adaptation produces measurable
perceptual shifts

To quantify the strength of the dynamic number adaptation ef-
fect, with the intention of comparing the effect size for dynamic
adaptation to more canonical, static adaptation demonstrations,
we ran a conceptual replication of experiment 1 with a broader
range of test values (experiment 5 dynamic). During adaptation,
observers viewed two translating discs containing 48 dots (test
disc) and 24 dots (reference disc). At test, the reference disc al-
ways contained 24 dots, whereas the number of test dots on the
adapted side varied across nine test numerosities (12-48; STAR
Methods). All other parameters remained identical to experi-
ment 1.

We fit observers’ responses with cumulative Gaussian func-
tions, plotting the probability of choosing the test disc as
“more numerous” as a function of test numerosity (Figure 4A).
The point of subjective equality (PSE) defined the test numerosity
at which participants were equally likely to judge either disc as

containing more dots (e.g., Castaldi et al.,® Harvey et al.,* Fairhall
et al.,® Burr and Ross,® Ross and Burr,” DeSimone et al.,® and
Burr et al.%). In the adaptation condition, the PSE shifted signifi-
cantly rightward relative to a baseline (no adaptation) condition
(t(29) = 5.39, p < 0.0001), corresponding to a ~#10% increase in
the number of dots needed to match the perceived numerosity
of the 24-dot reference following adaptation.

Experiment 6: Dynamic and static adaptation yield
comparable effects

In experiment 6, a new group of participants completed our nu-
merical decision task using the exact same displays as in exper-
iment 5 (dynamic), but now the stimuli remained entirely static—
fixed at +480 px from fixation.

We note that adaptation effect sizes vary widely across the
number adaptation literature and are influenced by many task,
stimulus, and observer parameters—including delay duration
between adapt and test®?*; test-to-adapt ratio®°'42*; numeros-
ity range'**%; and item shape,° color,'*'*2° and luminance®® —
making direct comparisons across studies challenging. Thus, it
is of central importance that stimulus parameters be kept con-
stant across comparisons.

Static adaptation to a large numerosity produced a significant
shift in PSE relative to a baseline (no adaptation) condition
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A Experiment 1: translating discs Magnitude of adaptation effect

R "\

Subject

P(choose smaller adapter side)

B Experiment 2: dot motion within discs

[

C Experiment 3: visible discs removed

D Experiment 4: unadapted control discs

Il Adapted discs
8 M Unadapted discs

Figure 3. Observers demonstrate the predicted adaptation effect across three experiments, demonstrating that number adaptation is not
constrained to retinotopic coordinates

(A) Experiment 1: adaptor and test stimuli are presented within two independently translating discs, with no spatial overlap between adaptation and test phases.
Adaptation is measured on critical trials as the increased likelihood of reporting the disc previously containing fewer dots during adaptation as having more dots
at test.

(legend continued on next page)
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Figure 4. No difference between static and
dynamic adaptation

(A) Group-level psychometric functions from ex-
periments 5 (dynamic) and 6 (static), showing the
probability of choosing the test disc as more
numerous than a fixed 24-dot reference across a
range of test numerosities (12-48). Each curve
reflects cumulative Gaussian fits to participants’
responses in adaptation and baseline conditions.
Adaptation produced a clear rightward shift in
both dynamic (red) and static (gray) conditions,

-50 -33 0 33 100 Dynamic

Difference from 24-dot reference (%)

Condition

indicating underestimation of the test disc. Base-
line curves are plotted with dashed lines; adap-
tation curves with solid lines.

(B) Point of subjective equality (PSE) shifts for

Static

dynamic and static displays, computed as the difference in PSE between adaptation and baseline for each subject. Both conditions yielded significant PSE shifts
(**p < 0.001), and the size of the shift did not differ between conditions (n.s.). Boxplots show mean and interquartile range; individual subject data are overlaid.

(t(29) = 5.15, p < 0.0001). Critically, the magnitude of this adap-
tation effect did not differ between dynamic (experiment 5) and
static (experiment 6) displays (t(57.93) = —0.04, p > 0.5;
Figure 4B). That is, number adaptation is robust to spatial trans-
lation, with an effect size comparable to canonical (static) adap-
tation effects with matched stimulus parameters.

DISCUSSION

Across six experiments, number adaptation effects survived
drastic changes to the spatial properties of adaptor and test
stimuli. Adaptation persisted when dots appeared in new loca-
tions (experiment 1), when individual dot motion was added
(experiment 2), and when visible disc boundaries were removed
(experiment 3). Adaptation occurred only for previously adapted
discs, even when visually similar objects were present within the
same hemifield (experiment 4).

This pattern suggests that number adaptation is neither
spatially diffuse nor hemifield wide but object bound. That is, ob-
servers track and adapt to the numerosity of specific entities in
the visual field rather than regions of space per se. This aligns
with evidence that number adaptation is implemented in mid-
level areas like IPS, implicated in both numerosity encoding
and object-based tracking. Experiments 5 and 6 support this
interpretation: dynamic adaptation effects were preserved and
statistically indistinguishable from matched static conditions
despite stimuli occupying entirely different retinotopic positions
and undergoing continuous object motion.

Although these effects resemble classic adaptation phenom-
ena, their underlying mechanisms may diverge from those sup-
porting early visual adaptation in important ways. Unlike canon-
ical (retinotopic) adaptation effects localized to early visual
areas, Castaldi et al. found that number adaptation attenuates
responses in IPS but not in early visual cortex.® Using multivar-
iate pattern analysis, they could decode adaptation states from
IPS (but not V1), marking a striking reversal of the typical pattern

observed in low-level adaptation, where early visual areas carry
the adaptation signal, and parietal cortex does not.

This divergence suggests a broader functional distinction.
Although IPS encodes numerosity, it is also involved in a very
different class of computations required to track objects as
they move across the visual field.?”*° In multiple-object tracking
(MOT), IPS activity scales proportionally with tracking load.?®%°
Causally, inhibiting IPS via transcranial magnetic stimulation
(TMS) impairs tracking performance and reduces sensitivity to
object-specific trajectories,®’ whereas stimulation enhances
tracking accuracy.®® Beyond tracking, IPS supports spatial up-
dating across eye movements by encoding saccade targets in
a gaze-invariant format, despite differences in retinal input.>“°
TMS to IPS also impairs performance on double-saccade tasks
requiring cross-saccadic updating.*’ Together, these findings
establish IPS as a locus for object-centered updating across ob-
ject motion and eye movements.

This duality is striking: a single region encodes abstract prop-
erties like number while solving the dynamic correspondence
problem. This suggests that successful numerical representation
may require selecting items prior to enumeration —something af-
forded by object-bound collections, like those studied here. This
also aligns with cortical recycling accounts, wherein symbolic
systems like number co-opt older spatial attention and tracking
circuits.®**® If so, number adaptation may inherit this object-
based, spatially flexible format. Consistent with this view, our ef-
fects persisted, even when spatial alignment between adaptor
and test was disrupted, yet remained object specific. This profile
distinguishes number adaptation from canonical effects that are
typically spatially specific and fail to generalize across changes
in location or context.?

This object specificity also directly challenges a recent ac-
count proposing that number adaptation reflects spatiotopic
attenuation to unchanging information rather than true adapta-
tion to numerosity.”* On this view, adaptation effects depend
on spatial overlap between the adaptor and test, and should
be eliminated when stimuli no longer occupy the same region.

(B) Experiment 2: adaptor and test stimuli include additional individual dot motion within the translating discs, further disrupting positional cues. Adaptation
effects persist, with observers more likely to judge the disc containing fewer dots during adaptation as having more dots at test.

(C) Experiment 3: adaptor and test stimuli move within invisible bounded regions.

(D) Experiment 4: adaptor and test stimuli either appeared on the same discs (red bars) or different discs (gray bars), yet they were always within the same
hemifield as the adaptor stimuli. The adapted disc replicated our adaptation result, whereas no effect was observed on the unadapted disc.
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In experiments 1-6, we eliminated spatial overlap (novel dot con-
figurations and new locations following delay) and still observed
robust adaptation, provided test dots reappeared on the adapt-
ed disc. This contradicts the core prediction of the “old news”
hypothesis,?* which requires continuity of low-level input across
space and time. Instead, our results support an account in which
the relevant unit of number adaptation is neither location nor
spatial repetition but object identity.

This emphasis on objecthood further distinguishes our find-
ings from earlier reports of aftereffects that may generalize
across retinotopic coordinates—e.g., spatiotopic adaptation to
duration,'® motion aftereffects across saccades,'® and cross-
modal number adaptation.?*%? Our results differ in an important
way: we show that number adaptation is not only spatially flex-
ible but also tied to discrete moving objects within a purely vi-
sual, within-modality context. Number adaptation may be func-
tionally flexible: capable of operating over multiple reference
frames depending on context. In this way, number adaptation
may resemble other perceptual phenomena (e.g., motion pro-
cessing) that flexibly recruit multiple reference frames in accor-
dance with task demands.*?

Nevertheless, our findings converge with a core motivation
behind recent critiques: if number adaptation reflects genuine
recalibration of perceived numerosity, it must be driven by
number itself —not by spatial overlap, repetition, or other low-
level confounds. Our results satisfy this demand, offering a
demonstration of number adaptation that is unconfounded by
spatial overlap or stimulus repetition—yet still robust and
perceptual in nature.

In sum, because adaptor and test stimuli were presented in
different locations, and with intervening motion, these effects
cannot be explained solely by reduced sensitivity to repeated
spatial information, whether retinotopic or spatiotopic. Unlike
traditional adaptation phenomena anchored to early retinotopy,
number adaptation is free to move.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Psychophysical data This paper https://osf.io/6exy9/

Software and algorithms

MATLAB R2020b Mathworks, Natick, MA, USA http://www.mathworks.com/products/
matlab/; RRID: SCR_001622

JsPsych de Leeuw et al.** https://www.jspsych.org/7.3/; RRID:
SCR_023508

R (version 4) R Core Team™® https://www.r-project.org; RRID:
SCR_001905

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Each experiment recruited 30 college-age undergraduate and graduate students from the Johns Hopkins University SONA Subject
Pool to participate in exchange for one hour of course credit. All subjects were over the age of 18 and reported normal or corrected-
to-normal vision.

All experimental procedures and documents were approved by the Institutional Review Board at Johns Hopkins University in
accordance with the Declaration of Helsinki. All participants were naive to the experimental hypotheses and provided informed con-
sent and prior to and throughout their participation.

METHOD DETAILS

Apparatus and setup

Stimuli were generated and presented using custom Javascript code in conjunction with the JsPsych framework™ on an Apple iMac
desktop computer projecting to a 1920 x 1080px display with a 100 Hz refresh rate. The display was calibrated and linearized using a
vPixx i1Display Pro Spectra-Colorimeter photometer. Centrally-fixating observers were tested in a dimly lit, sound-attenuated room,
maintained with a forehead and chinrest.

k44

Stimuli

In Experiments 1-4, the number of dots during adaptation and test phases were structured around a fixed ratio of 1:2:4 with varying
numerical magnitudes. This ratio was instantiated using dot values of 7:14:28, 5:10:20, and 10:20:40, ensuring a consistent relative
scaling while varying absolute magnitudes. Following successful completion of 5 familiarization trials, participants underwent a series
of 122 experimental trials per participant. The majority (75%) of trials were critical adaptation trials in which participants were adapted
to the extreme values of each set (smallest and largest numbers) randomly presented on the left and right discs, with subsequent
testing at the intermediate value. The remaining 25% of trials were equally divided among three trial types - this was done to ensure
honest responding and that subjects had some trials that were unambiguously more or less on the adapted discs. On one third of
these trials, the larger numerical value from the adaptation phase was presented again on the same disc during the test phase,
with the intermediate value on the opposite disc. On another third of these trials, the smaller numerical value from the adaptation
phase was presented on the same disc at test, with the intermediate value presented on the opposite disc. The final third of trials
involved adapting participants to the intermediate numerical value on both discs, followed by a test phase where the larger and
smaller numbers were presented on the discs. Note that none of these trial types was designed to probe adaptation effects, but rather
provide an estimate of accuracy under conditions in which the test stimuli veridically differed in dot count. As we report in the main
text and below, accuracy was near-ceiling on these trials (all p’s >.1).

Procedure

In Experiment 1, observers viewed two large red discs (RGB: (255, 0, 0), luminance: 9.741 cd/m?, CIE Lxy: [9.741,0.6452,0.3333])
250px in diameter that independently and randomly translated on either side (left or right) of a fixation cross centered on a
1920x1080px monitor at a speed of 2.5px/frame. The motion algorithm initialized each disc with a random travel direction (angle)
uniformly between 0 and 2x radians, and on each frame the disc’s center is updated by adding a fixed displacement (Ax = 2.5-cos60,
Ay = 2.5-sin0) along this direction. The direction is largely maintained across frames (yielding linear movement at steady speed),
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except for two cases in which the code alters the angle: (1) with a small probability (1% each frame) the direction is reset to a new
random angle, introducing a random change of direction, and (2) if the disc is about to hit a boundary of its allowed region (either the
vertical midline separating left/right hemifields or the display’s top/bottom edges), the direction is adjusted to redirect the disc back
within bounds. In this boundary-check logic, an impending collision on the left or right causes the angle to be randomized within the
opposite 180° hemisphere (preventing the disc from going out of bounds).

In the adaptation phase, varying numbers of dots initially faded in over 500ms to reach full visibility. Once fully visible, the dots
remained on each disc for 3000ms before beginning to fade out again. This cycle was repeated 3 times, each time with dots reap-
pearing at new locations within the continuously-moving discs. After the 12 second adaptation phase, the dots disappeared and the
discs continued moving for an additional 1000ms. Following this delay, a tone signaled the appearance of a new number of probe
dots, appearing for 500ms in new locations within each disc; observers judged which disc contained more dots and recorded their
responses (left vs. right) with a keypress. Observers were instructed to maintain fixation throughout the trial; reaction time was
emphasized over accuracy. Experiment 2 was identical to Experiment 1, except the black dots moved about randomly within the
discs as they faded in and out. Experiment 3 was identical to experiment 2, but the red discs were no longer present on screen:
dots continued to move about randomly, and were still constrained by the (now invisible) disc boundary. Experiment 4 was identical
to Experiment 1, except two discs were present in each hemifield. Within each hemifield, the two discs moved independently; there
was no collision-avoidance or path-inhibition rule. On 50% of trials, test dots appeared on the same discs that were previously
adapted (same-object condition), and on the remaining 50% of trials test dots appeared on the unadapted discs (different-object
condition).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data cleaning and analysis
All analyses were computed with R.** In all experiments, we excluded trials in which reaction time fell beyond 5 MAD of the median
reaction time (5% of all trials.)

Proximity and overlap analyses

To assess whether spatial overlap between adaptor and test predicted the adaptation effect in Experiment 4, we computed a trial-
level proximity metric for the entire set of critical trials. On each trial, we computed the adapted disc’s entire swept area during the
adaptation phase by taking the union of all logged disc centers and dilating each center by the disc radius. we calculated, for each
trial, whether the location of the disc containing the test stimulus fell within this adapted region. We entered this overlap measure as a
predictor in a mixed-effects logistic model predicting the adaptation effect (Adaptation effect ~ Overlap * Object Condition +
(1|subject)).

We also quantified spatial correspondence between adaptor and test continuously by computing, for each critical trial, the degree
of overlap between the test disc and the adapted disc’s swept path (0-100%). We used this continuous overlap measure in a mixed-
effects logistic regression predicting the adaptation effect, with random intercepts for subject and fixed effects of overlap amount,
object condition (same- vs different-object), and their interaction (Adaptation effect ~ Overlap Amount * Object Condition +
(1|subject)).

Comparing the magnitude of the adaptation effect for static and dynamic displays

To compare the magnitude of our number adaptation effects to effect sizes reported for canonical (static) cases of number adapta-
tion, we also ran a methodologically-identical replication of Experiment 1, only changing the numbers of dots shown during adapta-
tion and test phases. This allowed us to compare the PSE shift between adaptation and baseline conditions, a standard approach for
quantifying perceptual aftereffects in numerosity adaptation paradigms (e.g., Burr and Ross,® Ross and Burr,” DeSimone et al.,® and
Burr et al.%). Subjects (n = 30) were first simultaneously presented with a disc containing 48 dots (adaptor disc) and a disc containing
24 dots (reference disc). As in Experiment 1, the discs continued to translate for a 12-second period, with dots fading in and out at
3-second intervals. Following this adaptation phase and a 1-second delay, a tone signaled the onset of the test phase, and dots ap-
peared in new locations on both the adapted (previously 48-dot disc) and neutral (previously 24-dot) discs. The number of dots pre-
sented on the adapted disc systematically varied across 9 test values (12, 14, 17, 20, 24, 29, 34, 40, or 48 dots), while the number of
dots presented on the reference disc remained constant (24 dots). To measure the effect of adaptation on perceived numerosity, we
measured subjects’ probability of responding that the adapted disc contained more dots than the 24-dot reference disc as a function
of test numerosity, and compared this adaptation condition to a baseline condition in which no adaptation occurred. Should adap-
tation occur, adaptation to 48 dots would result in a perceived reduction in the number of dots subsequently presented on the adapt-
ed disc at test.

We computed the proportion of trials in which each subject reported the test disc as containing more dots than the standard
(24-dot) disc as a function of test numerosity for both baseline and adaptation conditions, and fit these data with cumulative gaussian
functions. We then measured the point of subjective equality (PSE), given by the physical test numerosity at which subjects were
equally likely to judge either test or reference disc as containing more dots.
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Controls and performance analyses

To ensure observers were not engaging in systematically biased response strategies, we analyzed performance on unambiguous
trials where both adaptor discs contained an equal number of dots and only the number of dots appearing at test differed. We
used mixed-effects logistic regression models to test whether the accuracy of participants was significantly above chance (0.5),
including a random intercept for each subject to account for within-subject variability.

For experiments 1-3, we tested whether overall accuracy on non-critical trials differed across the three numerical scales used (e.g.
[5, 10, 20], [7, 14, 28], or [10, 20, 40]), using mixed-effects logistic regression models accounting for within-subject variability. The
dependent variable was accuracy, coded as 1 for correct responses and 0 for incorrect responses, analyzed as binomial data,
and the model included the magnitude values used on that trial as a fixed effect and each subject as a random effect.
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