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A Sensorimotor Numerosity System
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Incoming sensory input provides information for the planning and execution of
actions, which yield motor outcomes that are themselves sensory inputs. One
dimension where action and perception strongly interact is numerosity perception.
Many non-human animals can estimate approximately the humber of external
elements as well as their own actions, and neurons have been identified that
respond to both. Recent psychophysical adaptation studies on humans also pro-
vide evidence for neural mechanisms responding to both the number of externally
generated events and self-produced actions. Here we advance the idea that these
strong connections may arise from dedicated sensorimotor mechanisms in the
brain, part of a more generalized system interfacing action with the processing of
other quantitative magnitudes such as space and time.

A Sensorimotor Numerosity System

Early physiological studies suggested that the cerebral cortex is organized in many areas, each
functionally specialized to analyze different features of the perceptual environment [1,2]. Recent
work, however, is beginning to show very strong interactions between different perceptual
features, pointing to shared associative mechanisms. Perhaps the most prominent proposal is
the A Theory Of Magnitude (ATOM) model [3], positing that the human parietal cortex processes
jointly quantitative information about space, time, and number to optimize action planning and
execution [3,4]. This theory has spawned multiple studies investigating how the perception of
space, time, and number relies on shared mechanisms, with less attention dedicated to how
perceptual information combines with action programming and execution.

Here we propose that, for the perception of number, or numerosity (see Glossary), there exists a
common neural system subserving both action and perception: a sensorimotor numerosity
system, tuned to numerosity signals from both perception and action planning and execution.
This proposal is supported by a range of studies suggesting that mechanisms processing the
numerosity of externally generated events (regardless of sensory modality or presentation format)
may also process internally generated events, such as goal-directed motor routines. We also
review evidence suggesting that a sensorimotor system of this type may process quantitative
information of non-numerical dimensions such as space and time.

Numerosity Estimation

The number of items is represented in humans by two distinct processes: a cultural and
language-dependent system that encodes precisely the cardinality of elements; and a more
primitive system shared with a variety of non-human species termed the approximate number
system (ANS), which encodes quantity (or numerosity) in an approximate, non-symbolic
manner [5,6]. Numerosity perception differs from both symbolic number representation (digits)
and serial counting, in that it is rapid, parallel, and approximate. Numerosity estimation errors
scale proportionally to physical numerosity, following Weber’s law, at least over a limited
range [7,8]. This opinion deals almost exclusively with the notion of numerosity, so the
proposed functional and anatomical mechanisms may be distinct from those dedicated to
processing exact quantities.

24 Trends in Cognitive Sciences, January 2021, Vol. 25, No. 1 https://doi.org/10.1016/}.tics.2020.10.009

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Highlights

Behavioral studies show that humans
and other animals can estimate the
numerosity of both external stimuli and
self-produced actions.

Recent psychophysical studies using
motor-adaptation  techniques have
characterized the link between action
and magnitude perception, advancing
the concept of a sensorimotor system
encoding both external stimuli and inter-
nally generated actions.

The sensorimotor numerosity system
might reside in the parietal cortex.

1Depar‘(ment of Neuroscience,
Psychology, Pharmacology and Child
Health, University of Florence, Florence,
Italy

Department of Translational Research
and New Technologies in Medicine and
Surgery, University of Pisa, Pisa, Italy
3Institute of Neuroscience, National
Research Council, Pisa, Italy

*Correspondence:
davidcharles.burr@unifi.it (D.C. Burr).

L)

Check for
updates


https://doi.org/10.1016/j.tics.2020.10.009
https://doi.org/10.1016/j.tics.2020.10.009
https://doi.org/10.1016/j.tics.2020.10.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tics.2020.10.009&domain=pdf

Trends in Cognitive Sciences

Humans and animals can estimate the numerosity not only of external events, but also of self-
generated actions. For example, mice learn to press a lever a defined number of times for a
reward, with average responses and variability increasing proportionally to the target number of
repetitions (scalar variability) [9]. Bees estimate the distance between the nest and a feeder by
combining the number of visual landmarks with other cues of travelled distance, some of them
likely to be related to internal variables such as estimates of energy spent or flight duration [10].
Desert ants estimate the number of steps to infer walked distance; if their legs are elongated or
shortened, they over- or underestimate distance [11]. Processing of the numerosity of internally
generated events plays a critical role in frog mating behavior: in some species female frogs select
mates by the number of ‘chuck sounds’ they make, which in turn affects male responses, which
must match or exceed the chucks of competitors [12].

When humans are asked to reproduce a target number with a series of fast motor repetitions
(without counting), both the mean and the variability of the estimates scale linearly with target
number. The pattern of results closely resembles that of a perceptual version of the task where
participants verbally estimate the numerosity of impulses of rapid sequences of flashes [13].

Taken together, the studies suggest that humans and other species estimate the numerosity of
self-generated actions and that the characteristics of this function closely resemble those asso-
ciated with the estimation of sensory stimuli. Further evidence for interactions between action
and numerosity perception comes from studies on saccadic eye movements in humans. At the
time of fast saccadic eye movements, visual estimates of the numerosity of a cloud of dots be-
come strongly compressed [14], paralleling similar effects that occur in space and time [15,16].
Fast saccades toward the more numerous of two arrays can be executed very quickly (latencies
as short as 190 ms), suggesting a link between action and numerosity systems through
dedicated pre-attentive mechanisms operating on feed-forward signals [17]. Distortions also
occur with manipulations of symbolic numbers, where participants underestimate the results of
additions and subtractions when digits are presented at the time of saccades [18].

Perceptual and Motor Number Neurons

The neural substrates of numerosity perception in both animals and humans is reasonably well
understood. A series of seminal electrophysiological studies [19-23] has shown that single-cell
activity in the prefrontal and parietal cortices of macaques is specifically tuned to the numerosities
of both spatial arrays and temporal sequences (Figure 1A,B). In humans, similarly tuned
responses to numerosity have been recorded from the horizontal part of the intraparietal sulcus
(HIPS) with an fMRI habituation paradigm [24]. Interestingly, in monkeys, cells in parietal sensori-
motor area 5 [located near the ventral intraparietal area (VIP)] respond to the number of self-
generated motor actions (Figure 1C [25]). Monkeys were trained to perform an arm movement
(e.g., push) five times, then to switch to another movement (e.g., turn) for another five times
and then back to the initial moverment. Around a third of the cells in sensorimotor area 5 were se-
lectively tuned to a specific repetition of the motor routine, shown by the normalized activity of the
number-action cells in Figure 1C. Furthermore, transient pharmacological inactivation caused nu-
merical errors in repetition of actions (while not producing motor deficits), demonstrating a causal
link between the activity of these neurons and action numerosity [26]. Given the low numerosities
involved (around 5), monkeys may have engaged in counting rather than estimation, but the study
nevertheless demonstrates a clear link between number and action.

There is also evidence for numerosity tuning of single-cell activity from the medial temporal lobe
(MTL) of human neurosurgical patients performing calculation tasks on symbolic and non-
symbolic stimuli [27]. The first operand and the subsequent delay period elicited clear responses
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Glossary

Numerosity: number is represented in
humans by two distinct processes — a
cultural and language-dependent
system that encodes precisely the
cardinality of elements and a more
primitive system termed the ANS, which
encodes quantity (or numerosity) in an
approximate, non-symbolic manner.
Numerosity perception is rapid, parallel,
and approximate, and errors scale
proportionally to physical numerosity
following Weber’s law, at least over a
limited range.

Perceptive field: the portion of space
that elicits perceptual responses.
Perceptive fields can be estimated by
psychophysical adaptation techniques
by varying the spatial interval between
the adaptor and the test. When the
adaptor stimulates a portion of space
outside the receptible field activated by
the test stimulus, no adaptation effects
are expected. Perceptive fields are often
considered to be the perceptual
correlate of neural perceptive fields.
Point of subjective equality (PSE):
the point along a stimulus dimension at
which a variable stimulus is judged to be
equal to a standard stimulus. At that
point the probability of judging the
variable stimulus as larger or smaller than
the other is 50%. The PSE is usually
given by the median (50%) of
psychometric functions describing the
probability of judging the variable
stimulus as larger than the other.
Weber fraction: the smallest variation
that can be perceived, normalized by the
perceived (or sometimes physical)
magnitude test stimulus. In
discrimination experiments it is typically
derived from psychometric functions as
the stimulus change needed to pass
from the PSE to a certain criterion

(e.9., 75% correct response),
normalized by the PSE. In magnitude
estimation experiments it can be
measured as the ratio of the standard
deviation and the perceived mean of the
responses.
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Figure 1. Numerosity-Tuned Neurons. (A) Numerosity neurons recorded from monkey prefrontal cortex. Monkeys memorized the numerosity of a dot ensemble (sample), then
after a delay period of 1 s indicated whether a second stimulus (match) had the same or different numerosity. The graph shows the normalized activity of neurons during sample
presentation, clearly tuned to spatial numerosity (dots). (B) Neurons tuned to temporal numerosity (flashes and sounds) recorded from monkey prefrontal and parietal cortices.
Monkeys memorized the numerosity of a sequence of pulses to compare with the numerosity of a dot ensemble. Tuning similar to numerosity perception of spatial ensembles
emerged. (C) Action numerosity neurons recorded from monkey area 5. Monkeys performed a specific arm movement five times, then made another movement another five
times, then the initial movements again. The graph shows the normalized activity of neurons during the waiting period between each movement. Several units showed
preferential activation when the monkey was waiting for a given number of movement repetitions. (D) Numerosity selective neurons recorded from intracranial electrodes in
human medial temporal lobe of surgical patients performing a calculation task, summing or subtracting two successive dot clouds. The figure shows the average activity of
neurons recorded during the presentation of the first stimulus. As with monkeys, some neurons show stronger responses for a given, preferred numerosity. Reproduced, with
permission: (A,B) [20], (C) [26], and (D) [27]. Abbreviations: IPCF, lateral prefrontal cortex; IPS, intraparietal sulcus; VIP, ventral intraparietal area.

from the hippocampus, parahippocampal cortex, entorhinal cortex, and amygdala for both non-
symbolic (Figure 1D) and symbolic numbers. Most number-selective cells were found in the
parahippocampal cortex, which is highly interconnected with frontal and parietal areas. It also
contains cells activated by hand-grasping execution and observation [28], opening the possibility
that this area could mediate the interaction between number and action.

Numerosity and Action in the Human Brain

Imaging studies in humans have shown that regions activated during numerosity perception are
located nearby and in partial overlap with action areas (eye or hand movements) in the parietal
cortex [29,30]. Recent studies have used functional and structural criteria to define putative
human homologs of macaque areas [31-37]. For example, a decoder trained to distinguish left-
ward from rightward saccades in a likely homolog of area lateral intraparietal (LIP) generalized to
distinguish between subtraction and addition [35], both symbolic and non-symbolic, nicely
complementing the psychophysical studies showing the influence of saccades on arithmetic
[18]. In addition to the LIP, another study [32] localized the human homolog of area VIP with visual
motion and tactile stimulation of the face and found that both regions encode the numerosity of
visual arrays in multivoxel patterns of evoked activity.

Using a phase-encoding mapping technique, six field maps have been identified along the human
IPS, the most posterior (IPS1/2) a candidate homolog of the monkey LIP, and the most anterior
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(IPS3/4/5) candidate homolog of the monkey VIP [38]. These regions, located in the superior/
medial parts of the IPS and superior parietal gyrus, are more active when visually processing
non-symbolic numerical quantities than digits [39] and selectively encode the numerosity of
visual arrays in patterns of activity [31] (Figure 2A). Population receptive-field mapping
techniques [34,36] have revealed topographically organized maps (NCP1-3) in partial overlap
with these regions, which are selective to non-symbolic numerosities. Like the macaque VIP,
area NCP1 is located posterior to a region of visual tactile convergence (Figure 2B [33]). This
region may correspond to area 5 [40], which in monkeys hosts neurons involved in the senso-
rimotor control of limb action [41], including numerosity [25,26].

Interestingly, a recent study found that a nearby parietal area with another numerosity map (area
NCP3) is recruited during numerical processing of observed actions [42]. Other studies identified
a multisensory homunculus along the posterior central sulcus (PoCS), posterior to the primary
somatosensory cortex and extending into the inferior PoCs and anterior intraparietal sulcus.
The hand representation is ‘out of order’ and located lateral and anterior to the region VIP+
[responsive to tactile stimulation of the face (Figure 2C); for a review see [43]). Upper and lower
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Figure 2. Multisensory and Number-Responsive Regions. (A) Areas in the intraparietal cortex recruited for visual processing of arrays of items over Arabic numerals.
Colored outlines identify the major anatomical sulci and gyri based on the Destrieux Atlas [83] on a FreeSurfer average surface; white outlines identify the field maps IPSO-5
based on visual topography [84]. Beta weights obtained from the RSA multiple regression analysis for number (black triangles), average item size (circles), total field area
(TFA) (diamonds), total surface area (TSA) (squares), and density (red triangles) while participants were judging the numerosity of the arrays. (B) Flattened maps of left
parietal lobe of human PALS B12 brain atlas. Black lines identify the human numerosity maps, with the yellow star approximately corresponding to a region of
visuotactile integration. (C,D) A group-average map of somatotopic areas activated by passive tactile stimulation on six body parts (C) and a model of action
representation (D). D, defense; E, eye movements; F, feeding; G, grasping; P, pointing; R, reaching; T, touching; W, walking. Reproduced, with permission: (A) [31,37],
(B) [383], and (C) [43,85].
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limbs are also represented intermingled in a more medial region in the superior parietal lobe.
These areas have been implicated in the sensory and visuomotor control of actions such as
reaching and grasping and defensive and feeding behaviors (Figure 2D). The proximity of areas
supporting hand movements and numerosity representation may mediate the psychophysical
interaction between hand tapping and numerosity, which we will discuss in some detail.

Overall, given the role in sensorimotor integration and action guidance played by these areas, it
is likely that they are implicated in the behavioral interactions between numerosity and action.
Together with the prefrontal cortex, implicated in the maintenance of working memory of
supramodal (visual, auditory, and tactile) numerosity information [44,45], and with the
mediotemporal regions containing numerosity selective neurons [27], these parietal areas may
constitute the neural substrate of the proposed sensorimotor number system in humans.
Although these hypotheses are largely speculative, the anatomical proximity of areas recruited
for numerosity and action processing could favor their interaction, as has been proposed for
numerosity and size processing [46].

Psychophysical Evidence for a Sensorimotor Numerosity System

The animal electrophysiological and human imaging evidence for brain mechanisms dedicated to
numerosity find strong support from psychophysical studies in humans leveraging the technique
of adaptation (Box 1). Perceptual adaptation is one of the most simple, powerful, and robust
behavioral techniques to probe sensory mechanisms: after observing a particular stimulus
(adapter) for some time, subsequent stimuli are usually misperceived, showing strong negative
aftereffects. Adaptation aftereffects are assumed to reflect changes in the response functions
of the neurons selective to a particular feature [47-50] and hence reveal properties of the
underlying perceptual mechanisms: ‘if you can adapt it, it’s there’ [51].

Burr and Ross [52] demonstrated that, like most perceptual attributes, visual numerosity is
highly susceptible to adaptation (see also [53]). After exposure to a dense dot array for several
seconds, the numerosity of a subsequent array was strongly underestimated (and vice versa
for low-numerosity adapters). The period of adaptation need not be long, with strong adaptation
effects after less than 1 s of exposure [54]. Numerosity adaptation changes the pattern of
numerosity-evoked activity in the parietal region: classifiers trained to discriminate between
numerosities before adaptation did not generalize to the same numerosity after adaptation and
vice versa [55].

Adaptation is not limited to the numerosity of spatial arrays. Adapting to a series of rapid flashes
causes underestimation in the apparent numerosity of subsequent sequences of flashes and vice
versa [56]. The adaptation effects occur with sounds as well as flashes and also cross-modally:
adapting to sound sequences distorts the numerosity of both sounds and flashes and vice
versa. Most surprisingly, the effects are cross-format: adapting to sequences of flashes distorts
the apparent numerosity of spatial arrays of dots. Taken together, these psychophysical results
support the idea that the numerosity of stimuli is a primary perceptual attribute like color, orienta-
tion, or motion. At some stage of encoding, numerosity becomes independent of perceptual
characteristics such as sensory modality or presentation format [52,56,57]. These adaptation
studies, together with electrophysiological studies [20] reporting supramodal and cross-format
numerosity neurons in the monkey, strongly point to a generalized number sense.

Anobile et al. [57] developed a psychophysical adaptation technique to further characterize
sensorimotor numerosity mechanisms in humans. Participants were required to tap in mid-air

for several seconds (adaptation phase) then judge the numerosity of a visual stimulus displayed
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Box 1. Perceptual Adaptation

Perceptual adaptation is a psychophysical technique that can reveal and characterize specific sensory mechanisms. The
technique typically involves an adaptation phase where the participant passively observes an adaptor stimulus for a period
and is then asked to judge a test stimulus, typically by comparing it with another stimulus in an unadapted location.
Adaptation usually causes misperception of specific aspects of the stimulus, such as direction of motion, which become
biased in the opposite direction to the adaptor: after observing for a few seconds the downward movement of a waterfall,
shifting gaze to the adjacent region will cause it to appear to move upward [78]. This phenomenon is attributed to an
imbalance in the relative activities of neurons tuned to vertical motion after sustained stimulation of those tuned to
downward motion. The test stimulus will then tap a system that is functionally unbalanced, producing measurable illusory
perceptual aftereffects. This technique can reveal neural populations sensitive to the tested feature (e.g., numerosity) and
give information on how it is functionally organized, revealing selectivity to specific stimulus features such as motion
direction, orientation, size, perceptual numerosity (Figure I), and many others [49]. Adaptation is ubiquitous throughout
all sensory systems, representing a form of short-term plasticity, probably serving as a tool to calibrate perception to their
environment statistics [68,69,79-81].
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Figure I. Schematic Representation of the Adaptation Aftereffect. (A) Activity of hypothetical numerosity channels
tuned to specific numerosities (4, 8, 12, 16, and 20 in the example). Before adaptation, a test stimulus of 12 dots would
cause the strongest activity in the channel tuned to 12 (B) and the perception will be veridical. (C) Repeated exposure
to a highly numerous dot array (or numerous actions) would decrease the activity of the neurons encoding high
numerosities, leaving relatively unchanged those encoding lower numerosities. (D) A test stimulus of 12 dots would now
cause stronger activity in a channel tuned to a lower numerosity (eight in the example), shifting the perception toward
lower numbers and causing the classic negative aftereffect.

near the tapping region. Motor adaptation distorted apparent numerosity in the same way as
visual adaptation (Figure 3A,B [57]): after a short period of adaptation to rapid tapping, participants
underestimated the number of stimuli presented near the tapping region, while adaptation to slow
tapping caused overestimation. During the motor adaptation phase, participants were asked not to

Trends in Cognitive Sciences, January 2021, Vol. 25, No. 1~ 29
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Figure 3. Motor Adaptation Effect on Numerosity Perception. (A-D) Participants tapped rapidly or slowly in mid-air while fixating a central point on a blank monitor
(motor adaptation). After the adaptation phase (~6 s) a stimulus was briefly (~250 ms) presented around the motorically adapted region or in the opposite hemifield. After a
sequence of fast tapping, the perceived numerosity of dots (A), flashes (B), and sounds (C) were all underestimated compared with slow adaptation (red compared with
blue symbols). The motor adaptation effects were all spatially selective, occurring only for stimuli presented around the adapted location (unbroken lines) and not extending
to stimuli presented in the opposite hemifield (broken lines). The effect on the auditory numerosity also occurred in congenitally blind adults (D). (E) The spatial selectivity of
the adaptation effect was broad, occurring for all stimuli falling within a radius of ~10° (arrows) around the motorically adapted region. In this case motor adaptation was
performed in separate blocks at various distances relative to the visual stimuli (flashes and dots). (F) The reference frame of the motor adaption effect on numerosity was
world centered: tapping with the right hand in the right hemispace affected stimuli presented in the right hemispace (black), while tapping with the right hand in the left
hemispace affected stimuli presented in the left hemispace (red). The same reference frame describes selectivity in blind adult participants (square symbols).
Reproduced, with permission: (A-D) [57,66], (E) [58], and (F) [6,57,66].

count the number of actions, and given the high tapping rate in the ‘fast’ condition, it was unlikely
that they did. Motor adaptation modified the perceived numerosity of both simultaneously
presented dot arrays (Figure 3A) and sequentially presented streams of flashes (Figure 3B).
Importantly, the adaptation effect was spatially selective, affecting only stimuli presented around
the adapted region, suggesting a genuine sensory effect rather than a cognitive bias (Box 2). A
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Box 2. Motor Adaptation Directly Acts on Sensory Processing

Much evidence for sensory—motor neural interactions comes from adaptation studies. It is therefore critical to demonstrate that
this type of adaptation affects sensory processing directly rather than simply biasing decision changes. A recent study shows
that motor adaptation directly affects perceptual rather than decision processes. Using a technique pioneered by Gallagher
et al. [82], Maldonado-Moscoso et al. [72] measured both visual and motor adaptation of numerosity with a standard
forced-choice technique and asked observers to indicate how confident they were with their decision (Figure |A), reasoning that
minimum confidence should occur where the adapted test and unadapted probe appear to be most similar. If adaptation
works at a perceptual level, this point of minimal confidence should occur at the PSE of the adapted psychometric functions.
Figure | show that this prediction was verified. Adaptation to tapping shifted the psychometric functions (Figure IB) rightward,
changing the PSE by at ~15%, and the shift was accompanied by a commensurate shift in the confidence curves, with the
point of minimal confidence aligning with the PSE. Maximal reaction times (another index of certainty) also shifted to align with
the PSE. This is strong evidence that the adaptation effects occur at perceptual, pre-decision stages.

In a control experiment where responses were cognitively biased with a reward technique rather than by perceptual
adaptation, shifts in PSE were not accompanied by shifts in either confidence or reaction times.
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Figure |. Motor Adaptation Effects Occur at Perceptual Stages. (A) After judging which of two arrays appeared to be
more numerous (baseline, blue; adaptation to fast tapping, red), subjects reported their level of confidence of the judgment.
(B) The broken lines indicate point of subjective equality (PSE) values from psychometric functions (upper panel) and arrows
the peaks of the best-fit Gaussians to the confidence or reaction time distributions. Adapted, with permission, from [72].

subsequent study [58] characterized better the spatial selectivity of motor adaptation (perceptive
field), showing that for both simultaneous and sequential numerosity, adaptation was restricted to
an area of radius 12° around the adapted region (Figure 3E).

Trends in Cognitive Sciences, January 2021, Vol. 25, No. 1~ 31
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Adaptation perceptive fields are broad, characteristic of high-level neural populations [59],
suggesting that the motor activity might distort high-level sensorimotor areas. Other
evidence for a relatively high level of sensory processing is the adaptation reference frame.
Features encoded at a relatively high level are often organized within spatiotopic rather
than retinotopic coordinates [60-63], at least when attention can be directed toward the
stimulus location [64]. Interestingly, adaptation to temporal numerosity (sequences of
flashes) was spatiotopic rather than retinotopic [56], demonstrated by interspersing a
saccadic eye movement between the adaptation and test phases. Similarly, numerosity
motor adaptation occurs in external (real world) coordinates: when the right hand tapped in
the left spatial hemifield, the adaptation aftereffect was confined to the left hemifield, around
the adapted region ([57]; Figure 3F). That motor adaption occurs in real-word coordinates
presumably allows interactions between vision, audition, touch, and action, all of which have
different coordinate systems [65].

Motor adaption also changes the perceived numerosity of sequences of auditory tones [66],
in a similar repulsive way. Again, adaptation is spatially selective in a world-centered refer-
ence frame, as with vision. Interestingly, congenitally blind adults showed a comparably
strong effect of motor adaptation of auditory numerosity ([66]; Figure 3D), and the effect
remained selective in word-centered coordinates (Figure 3F). This demonstrates that early
visual experience is not essential for the development of connections between numerosity
and action.

All of these studies rely on the psychophysical technique of adaptation, which is thought to
directly affect neural responsiveness, as illustrated schematically in Box 1. Many explanations
have been advanced for adaptation, including simple neural fatigue [67], calibration and
normalization [50,68], and optimization of neural function [69,70]. Whatever the mechanism
driving adaptation, to serve as a tool to uncover the neural substrate of numerosity encoding
it should act on sensory or perceptual processes rather than just biasing decisions. For
example, Morgan [7 1] showed that encouraging participants to adopt a simple rule like ‘if
unsure respond “greater than™ caused substantial shifts in psychometric functions, mimicking
adaptation effects. That numerosity adaptation is spatially specific makes this explanation
unlikely (as cognitive biasing should be more generalized), but the potential criticism is never-
theless relevant and important.

To address this issue, Maldonado Moscoso et al. [72] measured observer confidence
and reaction times during motor adaptation. As may be expected, minimal confidence
and maximal reaction times occurred when test and probe stimuli were most similar,
at the point of subjective equality (PSE) of the psychometric function. Crucially,
these minima and maxima shifted with adaptation, to follow the perceived rather than
physical point of stimulus equality (Box 2). This shows that adaptation acts early in pro-
cessing at a sensory level before confidence judgements rather than as a consequence
of them.

Beyond Number: Motor Adaptation of Time and Space

The previous section presented evidence for the existence of a sensorimotor number
system for perception and action, most likely residing in parietal cortex. As parietal cortex
also encodes space and time [4], motor adaptation may also distort these non-numerical
features. However, we would not expect motor adaptation to generalize to all perceptual
features, especially those not involving magnitude coding along the lines of the ATOM
model [4].
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Two recent studies have directly investigated and confirmed these predictions. One measured
the perceived duration of peripherally presented drifting gratings after tapping quickly or slowly
for afew seconds (Figure 4A). As with numerosity, fast tapping caused a substantial underestima-
tion of the perceived duration of the stimulus presented in the motorically adapted region, while
slow tapping expanded the perceived duration ([58]; Figure 4B,E). Again, the selectivity was in
real-world coordinates. The spatial region affected by motor adaptation was broad but selective,
a 12° radius around the adapted region (Figure 4D). Again, the spatial selectivity points to a
genuine perceptual effect rather than a generic cognitive phenomenon.

Motor adaptation also alters the perception of visual space [7 3], although the effects were weaker
than those for time and number. Motor adaptation compressed the perceived distance between
dot pairs by about 3% (Figure 4F-H).

It may seem that fast and slow tapping affects all perceptual judgements. However, this is not
the case. Motion perception (the first reported visual aftereffect [47]) was not affected by motor
adaptation [58]: the perceived speed of drifting gratings remained veridical after extensive periods
of hand tapping (Figure 4C). This result suggests that the motor—sensory interactions are specific
for representations of the magnitudes time, space, and numerosity, rather than acting on all
perceptual attributes.
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Figure 4. Motor Adaptation Distorts Time and Space But Not Motion Speed Perception. (A) Participants made a series of fast or slow mid-air tapping
movements for a few seconds with the right hand in the right visual hemifield. After a pause, a drifting grating with variable duration was presented in the adapted
location, followed by one of fixed duration presented in the opposite hemifield; participants judged either which lasted longer or which moved faster. (B) Data were
fitted with psychometric functions to estimate the points of subjective equality (PSEs). Fast tapping caused the perceived duration to be underestimated (rightward shift
of red psychometric function) compared with baseline (broken-line psychometric function) and slow tapping overestimation (blue psychometric function). (C) The shift of
PSEs induced by fast and slow motor adaptation. Motor adaptation strongly affected perceived duration, but not perceived speed. (D,E) The adaptation effect on
duration was spatially selective, occurring for stimuli presented within ~12° of the adapted location (black arrow; same technique as for numerosity), symmetrically
expanding and compressing perceived time by about 15%. (F) Space: After the adaptation phase, subjects were presented with two simultaneous dot pairs and
indicated which was shorter. (G) Data were fitted with psychometric functions to estimate the PSE. Compared with the baseline, adaptation to fast tapping causes a
small rightward shift of the psychometric. (G,H) Motor adaptation on average compressed the perceived spatial separation of about 0.13°, an effect of about 3%.
Reproduced, with permission: (A-E) [58] and (F-H) [73].
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Concluding Remarks and Future Directions

In recent years there has been growing scientific interest in the idea that humans and other species
possess a number sense facilitating quick but rough estimates of the number of objects in space
and events in time. Here we suggest that the number sense is intimately linked to action, to consti-
tute a ‘sensorimotor numerosity system’ keeping track of the numerosity of internally self-produced
actions as well as events in the environment. This system seems to be tightly linked with perception
of space and time as well as numerosity. Considering the number sense not as a passive percep-
tual system but as an active system intimately connected with action opens new research horizons
(see Outstanding Questions).

No electrophysiological study has to date searched for sensorimotor neurons specific for
numerosity. The perceptual adaptation studies reviewed here predict their existence, providing
theoretical motivation to conduct electrophysiological studies designed to reveal this type of
mechanism. A similar question should be also addressed in humans, to investigate the
neurofunctional links between numerosity and action processing and to delineate a possible
neural hierarchical model of the sensorimotor number system, which goes beyond the simple
anatomical proximity of number- and action-sensitive regions. For example, some of the stages
may be affected by attentional resources or cognitive processes.

Many studies have reported positive correlations between numerosity precision (Weber fraction)
and cognitive arithmetic skills [74], suggesting that the number sense may serve as a ‘start-up tool’
for mathematics acquisition [75]. Interestingly, a link between mathematics acquisition and motor
skills has also been reported in children with learning disabilities, showing a correlation between
motor skills and proficiency in solving mathematical problems [76]. Children with developmental
coordination disorder (DCD), which impairs both gross and fine motor functions [77], perform
poorly on symbolic mathematics, numerosity discrimination, and motor tasks. If numerosity preci-
sion interacts with the symbolic system supporting the development of arithmetic skills, and also
with the action system, it becomes crucial to assess the importance of the motor component of
numerosity mechanisms in shaping symbolic mathematical skills. Answering these open questions
could provide further practical guidance for education methods, perhaps suggesting alternative
strategies to teach and potentiate mathematical learning. For example, the often-used training pro-
grams that aim to boost visual numerical acuity could be supplemented by other exercises focused
on enhancing sensitivity for motor numerosity.

The development of the sensorimotor system for numerosity does not require visual experience,
as congenitally blind adults have adaptation similar to that of sighted adults [66]. It would be inter-
esting to test clinical populations with congenital or acquired motor deficits to test to what extent
a motor deprivation can impact the perception of numerosity and whether this in turn can have
cognitive repercussions on the development of arithmetic skills.

In conclusion, parallel lines of research have shown that humans and other animals are able to
estimate the numerosity of incoming stimuli as well as the numerosity of self-produced actions.
Here we suggest, with ample supporting evidence, that these two tasks — numerosity for action
and for perception — are mediated by a common shared mechanism. As perception and action
are strongly linked in everyday life, the emergence of a sensorimotor mechanism would seem
to be a parsimonious and evolutionary useful strategy.
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