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relations distributed across the display. Consequently, even if both cues produce numerosity 

underestimation, they may rely on partially different perceptual organization mechanisms. Determining 

whether symmetry alters numerosity representations at processing stages similar to or different from those 

observed for connectedness therefore provides an opportunity to understand whether distinct forms of 

perceptual organization converge onto common numerosity representations. To this aim we first isolated 

neural responses to physical numerosity and then tracked how these responses are progressively 

modulated by symmetry-based grouping, in order to characterize when perceptual organization begins to 

reshape numerosity representations. We hypothesized that if symmetry reduces perceived numerosity 

through grouping-related processes that reorganize the display into perceptual units, its neural signature 

should emerge at relatively late processing stages, reflecting the activation of mechanisms involved in 

perceptual organization and object segmentation, similarly to what has been observed for connectedness. 

This parallelism would further support the view that symmetry-induced underestimation may arise from 

grouping-based mechanisms rather than from the purely attentional sampling processes originally 

proposed. 

To anticipate the results, we found that that numerosity is represented in multiple stages: an early stage 

reflecting physical numerosity and a later stage corresponding to perceived numerosity, both 

independently of low-level visual features. The later stage interacts with symmetry-based grouping cues, 

suggesting that the symmetry-induced underestimation arises from later-stage perceptual grouping 

mechanisms.  
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transient or sustained over time. Early numerosity-related activity was highly time-specific, with neural 

patterns most accurately captured when training and testing occurred at the same time points, indicating 

that initial numerosity encoding is brief and transient. As processing progresses, these representations 

became more temporally generalized, reflecting a shift toward a stable, enduring numerosity code that 

could potentially interact with symmetry-related segmentation cues. 

Based on several shared characteristics, we previously proposed that the symmetry-induced 

underestimation illusion may arise through mechanisms similar to those underlying connectedness 44,45. 

In our view, symmetry may engage perceptual organization processes that contribute to a reduction in 

perceived numerosity. One possible interpretation is that these processes involve forms of perceptual 

grouping, although the exact nature of the grouped representation remains unknown. This conclusion is 

supported by striking parallels between the symmetry induced and the connectedness illusions. First, in 

both cases, underestimation is stronger at low numerosities 44,50, likely because objects become harder to 

segment at higher numerosities. Second, the magnitude of underestimation scales with the strength of the 

grouping cue, either additional axes of symmetry or an increased number of connected pairs 39,40,44. Third, 

in both illusions, the effect is more pronounced in individuals with lower autistic traits, who may rely less 

on detail-oriented perceptual strategies 44,51. Finally, underestimation is enhanced when attentional 

resources are available and diminished under dual-task conditions, suggesting that both illusions depend 

on cognitive resources supporting grouping 45,52. Importantly, these similarities do not specify what 

constitutes the relevant perceptual unit in a symmetric display. Unlike connectedness, where grouping can 

be naturally described in terms of explicitly linked pairs, symmetry may support multiple and potentially 

concurrent forms of organization, ranging from pairwise correspondences across the symmetry axis to 

more distributed contour- or object-based representations. The present results do not allow us to 

distinguish among these possibilities. The current study further supports our hypothesis and extends this 

body of behavioral evidence by highlighting parallels at the neural level. In a combined fMRI and EEG 

study, Fornaciai and Park27 reported that the connectedness effect emerged around 150 ms after stimulus 

onset and could be decoded from activity patterns in area V3. Similarly, our study demonstrates that the 

temporal dynamics of the symmetry-driven numerosity underestimation illusion closely mirror those 

observed for the connectedness illusion. This temporal convergence raises the intriguing possibility that 

grouping principles may contribute to numerosity perception at a relatively common stage of processing, 

where visual input is structured into perceptual units. Such an interpretation aligns with behavioral 

evidence indicating that numerosity perception depends on perceptual organization processes driven by 

multiple Gestalt grouping cues. Notably, recent work has shown that connectedness and symmetry can 
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act concurrently and in an approximately additive manner, suggesting that they independently contribute 

to shaping perceived numerosity 42. However, the presence of similar temporal dynamics and additive 

behavioral effects does not necessarily imply that these grouping cues rely on identical neural 

mechanisms. It is possible that different cues are initially processed through partially distinct mechanisms, 

whose outputs later converge onto a shared representation of perceptual units. In this respect, symmetry 

may differ from connectedness in a theoretically important way, as it represents a more implicit, 

configurational cue rather than an explicit physical link between elements. This distinction may have 

implications for the relative contribution of feedforward and feedback processes. Indeed, although the 

relatively late latency of the connectedness effect was initially interpreted as reflecting re-entrant feedback 

from higher-order areas, subsequent evidence suggests that such feedback is not strictly necessary for 

connectedness to bias numerosity perception 27,53. Specifically, Fornaciai et al. 53 investigated the 

interaction between the connectedness illusion and serial dependence, a perceptual bias induced by recent 

sensory history, while using backward masking to suppress feedback signals without disrupting 

feedforward processing. They found that serial dependence was modulated by perceived numerosity, 

which was reduced by connectedness, rather than by physical numerosity, even when backward masking 

prevented conscious perception of the connected stimuli. While this does not rule out a role for feedback 

when stimuli are consciously perceived, these findings suggest that the perceptual organization induced 

by connectedness may operate automatically through feedforward mechanisms alone. In particular, the 

authors suggest that it may rely on multiple feedforward sweeps occurring at different times: an initial 

sweep conveying low spatial frequency information, followed by a second sweep that refines perceptual 

units using high spatial frequency signals carried by the connecting lines. In contrast, symmetry does not 

rely on explicit high spatial frequency linking elements, thus the late activity observed here may more 

likely reflect re-entrant feedback processes rather than purely feedforward dynamics. One speculative 

interpretation of the present findings is that the symmetry-induced numerosity underestimation may 

involve incremental grouping mechanisms that progressively organize visual elements into larger 

perceptual structures45. According to the incremental grouping theory, perceptual grouping occurs via two 

processes: base grouping and incremental grouping 46. Base grouping is rapid, parallel across the visual 

field, and relies on feedforward activation of neurons tuned to specific features or feature conjunctions 

(e.g., color, orientation, or their combinations). In contrast, when no neurons are directly tuned to a feature 

or feature conjunction, such as with symmetry or the combination of numerosity and symmetry, 

incremental grouping is engaged. This process is slower, capacity-limited, and attention-dependent. 

During incremental grouping, neurons representing grouped features enhance their activity through 
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A limitation of the present study is the relatively modest sample size (n = 19). While this range is typical 

for within-subject EEG studies using multivariate analyses 27,28 it remains below current benchmarks for 

large-scale neuroimaging research. However, the results are supported by convergent evidence across 

analyses (VEP, RSA, MVPA), cluster-based permutation statistics, and consistent effect sizes across 

participants. Future work with larger independent samples will be important to further validate and 

generalize these findings. 

In summary, the present EEG study demonstrates that numerosity is represented across multiple stages of 

visual processing: an early stage reflecting raw/physical numerosity, and a later stage that more closely 

corresponds to perceived numerosity. In both stages, numerosity is encoded independently of other low-

level visual features, consistent with prior EEG23,27 and fMRI findings 32,33. The later numerosity-related 

responses are more sustained, potentially allowing for interactions with symmetry-based cues. Notably, 

the temporal dynamics of the symmetry-driven numerosity underestimation illusion resemble those 

reported for the connectedness illusion 27, suggesting that symmetry-induced underestimation may also 

emerge at intermediate/high stages of visual processing. We propose that this effect arises from later-stage 

perceptual grouping mechanisms, whereby numerosity is computed from perceptually segmented objects. 

Supporting this view, the current study shows that numerosity signals interact with symmetry only in a 

relatively late temporal window, possibly suggesting that attentional and incremental grouping processes 

may be engaged for symmetry to influence numerosity perception.  

 
Materials and Methods 
 

Participants 
Twenty-three adult volunteers (4 men, 19 women; mean ± SD age: 24 ± 5) took part in the study. The 

sample size was based on previous EEG studies investigating similar phenomena, using comparable 

methodologies 27,60. Four participants were excluded due to technical issues during EEG recording, 

resulting in a final sample of 19 participants. All participants had normal or corrected-to-normal vision 

and were naïve to the purpose of the study. The study was approved by the local ethical 

research committee. Written informed consent was obtained from all participants, and the study was 

conducted in accordance with the ethical guidelines of the Commission for Research Ethics at the 

University of Florence (protocol no. 174, September 23, 2021), and the Declaration of Helsinki. 
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Numerosity 
(N) 

Spatial 
Arrangement 

(symm. or rnd.) 

Convex hull  
(deg²) 

Density  
( dots/deg²)  

Item Size  
(deg) 

Total Surface 
Area 

 (TSA,  deg²) 

10 random 19 0.5 0.3 4.71 
56 0.2 

12 

symmetry 22 0.5 

0.3 5.65 59 0.2 

random 23 0.5 
57 0.2 

symmetry 22 0.5 

0.6 11.30 59 0.2 

random 23 0.5 
57 0.2 

22 random 42 0.5 0.3 10.36 
58 0.4 

24 
symmetry 44 0.5 

0.3 11.30 59 0.4 

random 46 0.5 
58 0.4 
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