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Abstract  
 
In a single glance at a collection of objects, we can appreciate their numerosity. But what are the 
“objects” over which this number sense operates? Most work in this domain has implicitly assumed 
that we estimate the number of discrete, bounded individuals actually present in the visual field. 
However, in many instances we can construe such individuals as potential parts of composite objects 
that they can create—as when we assemble furniture or complete a jigsaw puzzle. Here, we 
demonstrate that visual numerosity estimation is sensitive to such part-whole relations, such that the 
number of items in a display is underestimated when it contains spatially separated but easily 
combinable objects. Participants saw brief displays containing non-contiguous “puzzle-piece” stimuli, 
and reported which display had more pieces. Crucially, most of the pieces appeared in pairs that either 
could or could not efficiently combine into new objects. In four experiments, displays with 
combinable pieces were judged as less numerous than displays with non-combinable pieces—as if the 
mind treated two geometrically compatible pieces as being the single whole object they could create. 
These effects went beyond various low-level factors, and they persisted even when participants were 
explicitly trained to treat individual pieces as the units that should be counted. Thus, despite the many 
ways that sets of objects may be construed for the purposes of counting, visual perception 
automatically takes into account the ways that object parts may combine into wholes when extracting 
numerosity from visual displays. 
 
Keywords: approximate number system, ANS, perception, shape, possibility, visual relations 
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Introduction 

Daily life often requires us to represent how many items are in view, as when children decide how 
many toys their friend has or adults determine whether they have gathered enough vegetables for 
dinner. Crucially, answering such questions involves first and foremost estimating the number of 
relevant items. 
 
Adult humans have a remarkable capacity to represent exact quantities using cognitive machinery, but 
they also share another capacity with both prelinguistic infants and non-human animals: the ability to 
approximate numerical quantities. Many researchers posit that these representations arise through a 
suite of cognitive mechanisms often called the Approximate Number System (ANS). This system 
emerges early on (Xu & Spelke, 2000; Izard, Streri, & Spelke, 2014; Izard, Dehaene-Lambertz, & 
Dehaene, 2008) and persists into adulthood, as explored in studies requiring observers to estimate the 
number of dots in a briefly viewed display (Barth, Kanwisher, & Spelke, 2003; Cordes, Gelman, 
Gallistel, & Whalen, 2001). Indeed, this process is rapid and automatic (Sanford, Topaz, & Halberda, 
2023; Halberda & Feigenson, 2008), and may even exhibit one of the key signatures of visual 
processing: retinotopic adaptation (Burr & Ross, 2008; see Yousif, Clarke, & Brannon, 2024, and 
Myers, Firestone, & Halberda, 2024, for discussion and evaluation of alternative explanations). 
 
Numerous aspects of the ANS remain vigorously debated (see, e.g., Clarke & Beck, 2021, and 
commentaries found within). For example, some researchers argue that estimates of number might 
arise via a non-numerical sensory integration system that integrates continuous perceptual variables 
correlated with numerosity rather than relying on an ANS (Gebuis, Kadosh, & Gevers, 2016; Gebuis 
& Reynvoet, 2012). Related research argues for a “sense of magnitude” rather than “sense of number” 
(Leibovitch et al., 2017). 
 
However, with regard to visual number estimation, one surprisingly fundamental question has 
remained underexplored: namely, what counts as an item to be enumerated in the first place? Consider 
Figure 1A. When one is determining their quantity of shoes, one must first decide whether to count 
individual shoes or pairs. Consider also Figures 1B and 1C: These images contain discrete, segmented 
individuals, but it is clear that these individuals can combine with one another, potentially becoming 
part of a larger composite object. These observations lead to a question: How, if at all, does visual 
number estimation accommodate the relationship between individual object-parts and the wholes they 
can create? 
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Segmented objects as “units” of visual number estimation 
 
Many visual processes, including attention and working memory, are at least partly “object-based.” For 
example, in studies of visual attention, observers are faster to identify targets when they appear on the 
same object as a probe rather than on a different (equidistant) object (Egly, Driver, & Rafal, 1994; see 
also Kahneman, Treisman, & Gibbs, 1992). Likewise, the capacity of visual working memory depends 
on whether to-be-remembered features appear within the same object or on different objects (e.g., 
Luck & Vogel, 1997); and even high-level social relations like chasing appear to be object-based (van 
Buren, Gao, & Scholl, 2017). 
 
This aspect of visual processing also arises in number estimation, which appears to rely on discrete, 
segmented objects. Perhaps most strikingly, Franconeri, Bemis, and Alvarez (2009) asked observers to 
estimate which of two displays had more items. In one display, items were connected by thin lines, and 
in the other, they were not. Remarkably, observers underestimated the number of items in the 
connected-item display, despite being told to ignore the connecting lines (see also He, Zhang, Zhou, & 
Chen, 2009; Kirjakovski & Matsumoto, 2016). Relatedly, a study by Adriano, Rinaldi, & Girelli 
(2021) found that observers systematically underestimated the numerosity of displays containing 
illusory connectors—lines defined only by aligned contours on the items themselves (similar to 
Kanizsa triangles), rather than by luminance discontinuities between them (Grossberg & Mingolla, 
1987). These sets of findings suggest that linking objects together (whether through actual physical 
connections or perceptual inference via modal completion) can cause the mind to underestimate the 
number of objects present. 
 

 
Figure 1. Displays with ambiguous numbers of items. (A) An array of shoes (nine pairs or 18 individuals); 
(B) A diagram for assembling a table (depicting one full table, two parts, or four pieces of wood); (C) A set 
of puzzle pieces that can make a complete puzzle (one nearly completed puzzle, five disconnected elements, 
or nine individual pieces). 
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Object parts and the wholes they can create 
 
Notably, all of the above cases (including the object-based numerosity studies) assume, either 
implicitly or explicitly, that the input units to numerical estimation are actual objects—discrete, 
segmented individuals appearing in the visual field—even when those objects are composed of items 
linked by physical connections (whether actual or illusory; Adriano et al., 2021; Franconeri et al., 
2009). But consider again Figures 1B and 1C. Although we may appreciate the spatially distinct parts 
of the table in Figure 1B, or the individual puzzle pieces in Figure 1C, we can also appreciate the full 
table or completed puzzle that such arrangements suggest. 
 
In recent work, we demonstrated that visual perception automatically represents the potential objects 
that combinable object parts may create (Guan & Firestone, 2020). In that study, participants were 
instructed to respond, under time pressure, to a particular target (e.g., a square) appearing within a 
stream of distractors (broken-up square “parts”). Sometimes, the distractors were pairs of objects that 
could create the target in combination; in other cases, the distractors could not combine to create the 
target but shared other low-level properties (e.g., shape, color). Strikingly, participants occasionally 
“confused” combinable objects for their potential wholes, as indicated by a greater number of false-
alarms to pairs of distractors that could create their target than to pairs that could not. In other words, 
participants represented combinable object parts as their combined wholes. In this paper, we will 
focus on this specific phenomenon: the propensity for separate parts to be perceptually combined into 
a single, coherent object. 
 
The current study: Do potential objects “count” too? 
 
Might such potential wholes be treated by the visual system as input units for other visual processes, 
like visual number estimation and comparison? In the current study, we test this possibility. 
Participants were presented with brief displays of “puzzle-piece” stimuli, and were simply asked to 
decide which display had more pieces (Fig. 2). One display contained pairs of pieces that could 
efficiently combine into new objects, and the other display contained pairs that could not (Fig. 3). In 
Experiment 1, pieces with protrusions appeared adjacent to pieces with matched indentations (so they 
could combine into a single whole object) or mismatched indentations (so they could not). 
Experiment 2 replicated this design with additional instructions and training which ensured that 
participants understood that they should consider individual puzzle pieces as the unit of comparison 
between displays. In Experiment 3, pairs of pieces were vertically offset from one another in order to 
minimize low-level visual grouping cues such as modal completion. In Experiment 4, pairs of pieces 
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with matching protrusions and indentations faced toward one another (so they could easily combine 
into a single whole object) or faced away from one another (so they could not). To foreshadow the key 
result, in all of our experiments, participants judged displays with combinable objects as less numerous 
than displays with objects that were not combinable, suggesting that visual comparison of 
numerosities takes into account the (potential) whole objects that can be made of (actual) visible parts. 
Demos of these experiments can be viewed at https://www.palresearch.org/partwholenumber. 
 

 
Figure 2. Experimental design for Experiments 1–4. On each trial, participants performed a numerosity 
comparison task. They observed two displays of stimuli (one blue, one orange), separated by a fixation cross. 
Each display contained a certain number of “puzzle-piece” stimuli. After seeing both displays, participants 
were asked which of the displays had more pieces (or fewer pieces, for a separate group of participants). 
Crucially, in one display the pieces were in a “matched” configuration (in which the pieces could efficiently 
combine into whole objects), and in the other display, pieces were in a “mismatched” configuration (in which 
the pieces could not, Experiments 1–3) or in an outward-facing configuration (in which the matching pieces 
faced outward so could not efficiently combine, Experiment 4). 
 
 
 

1000ms

350ms

1000ms

Which 
had 

more?

https://www.palresearch.org/partwholenumber
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Experiment 1: Combinable parts as single wholes in number estimation 
 
Can the combinability of distinct object parts into wholes influence visual number estimation? 
Experiment 1 tested this possibility using a standard two-interval numerosity comparison task, with 
displays containing either combinable or non-combinable "puzzle-piece" objects. 
 
Methods 
 
Open Practices 
All experiment materials, including pre-registrations, stimuli, code, analyses, and anonymized data, are 
available at https://www.palresearch.org/partwholenumber. This website also includes demos of each 
experiment, so readers can experience the tasks for themselves. 
 
Participants 
Two-hundred participants were recruited from Prolific. (For a discussion of the reliability of this 
subject pool, see Peer, Brandimarte, Samat, & Acquisti, 2017.) This sample size was determined from 
pilot studies. Sample sizes were pre-registered for this and all other experiments. To ensure the quality 
of our data, participants were pre-screened to be US nationals, to have completed a minimum of 50 
previous submissions, to have achieved a minimum approval rate of 85% (on their previous Prolific 
submissions), and to have not participated in other related experiments (e.g., pilots). 

 
Stimuli & Procedure 
Stimuli consisted of “puzzle-piece” objects: modified half-ovals with indentations or protrusions. 
These indentations and protrusions were either square or round, and individual pieces either had one 
or two indentations or protrusions. Stimuli were grouped into two categories: “singles” and “pairs.” 
Singles consisted of individual pieces, whereas pairs consisted of two pieces facing each other, one of 
which had indentation(s) and one of which had protrusion(s). Pairs were grouped into two 
subcategories: “matched” and “mismatched” (Fig. 3A). Matched pairs consisted of combinable 
pieces—the protrusions could fit into the indentations. Therefore, it was easy to perceptually 
“combine” the pieces into a complete, unbroken object (Guan & Firestone, 2020). By contrast, 
mismatched pairs consisted of pieces that could not easily combine into one object. Although the 
mismatched pieces faced toward one another, the protrusions could not fit into the indentations (e.g., 
a single square protrusion facing two round indentations). 
 

https://www.palresearch.org/partwholenumber
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On each trial of the study, participants viewed two displays of puzzle pieces presented sequentially, 
each of which was presented for 1000 ms (Fig. 2). The displays (height: 500 px; width: 700 px) were 
separated by a fixation cross lasting for 350 ms. After these displays, participants were asked to 
determine which of the two displays had more pieces (or fewer pieces, with the specific probe question 
randomly assigned across participants). The two displays each consisted of four singles and two to four 
pairs. The number of singles did not vary between trials or displays, and they were included for two 
reasons: first, to minimize the possibility that observers would assume that pieces always belonged in 
pairs, and second, to make the task of numerosity comparison more difficult. Thus, each display 
contained 8, 10, or 12 total pieces. On each trial, single pieces were chosen randomly from all possible 
pieces with replacement. 
 
One display always contained blue pieces (RGB: 72, 160, 248), and the other orange (RGB: 234, 155, 
86). Each participant was randomly assigned to always see the blue display or the orange display first. 
All puzzle-piece stimuli were embedded on a white background within 1002 px x 374 px images, 
which were randomly positioned in the display. In each display, each image was randomly assigned a 
size between 105 px and 145 px width (height fixed to the ratio of the source images) and oriented at a 
random angle between 0 and 360 degrees, utilizing a 3 x 4 grid to prevent overlap among stimuli (with 
each item randomly jittered by 5 pixels horizontally/vertically). “Pair” images contained two pieces, 
with one on each side of the image. The sizes, positions, and orientations of the pieces in each pair were 
fixed to one another. “Single” images contained only one piece, occupying one side of the image with 
blank space on the other. This ensured that individual puzzle pieces (whether from images of pairs or 
singles) would not inadvertently appear in the space immediately across from the individual piece in 
images of singles when these images were randomly positioned in the display. 
 
Crucially, the displays were split into two types: “matched” and “mismatched.” In “matched” displays, 
each of the pairs in the display was matched, and therefore could be combined into a complete object. 
In “mismatched” displays, each of the pairs in the display was mismatched, and therefore could not 
possibly be combined into a complete object. Each trial consisted of one matched display and one 
mismatched display. 
 
 The possible ratios between the two displays varied such that the number of pieces in the matched 
display could be equal to the number of pieces in the mismatched display (ratios of 8/8, 10/10, or 
12/12), or unequal (ratios of 8/10, 10/12, 8/12, 12/10, 10/8, or 12/8). We included eight trials of each 
of the unequal ratio types. We included 16 trials of each equal-ratio trial type in order to obtain more 
precise data on the effect of “matchness” when the number pieces did not actually differ across 
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displays. The order of the matched and mismatched display for each trial (matched first or matched 
second) was also counterbalanced for each ratio. There were 96 trials in total, with trial order 
randomized.  
 

 
Figure 3. Display conditions and results for Experiments 1–4, collapsed across numerosity ratios. In 
Experiments 1–3, one display had “matched” pieces (that could combine into a whole object) and one display 
had “mismatched” pieces (that could not). Experiment 4 featured only matching pieces, but they faced 
inward in one display and outward in the other. Experiments 2–4 also ensured that participants understood 
the instruction to judge the number of puzzle pieces (and not their potential wholes) by including a pre-task 
in which they were instructed to count the “blickets” (puzzle pieces) with feedback. Bars show the mean 
proportion of responses where matched (or inward) displays were chosen as less numerous. In all four 
experiments, the results show that participants reported matched displays (or inward displays) as less 
numerous than mismatched (or outward) displays. Error bars reflect 95% confidence intervals. *** p < .001. 
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Analysis 
In accordance with our pre-registered analysis plan, participants were excluded if they failed to 
perform at or above 70% accuracy, or if they failed to contribute a complete dataset. There were 177 
participants included in the analyses after these exclusions.1 
 
In this and subsequent experiments, we conducted two types of analyses (both pre-registered). First, 
we calculated the proportion of trials for each participant in which they chose the matched display as 
being less numerous than the mismatched display, and performed a one sample t-test across participant 
means, comparing the means to 50% (chance). Significant above-chance responses here would indicate 
that matched displays were overall judged to be less numerous than mismatched displays. 
 
To complement this simpler analysis, we also performed a classic psychometric analysis that is standard 
in the literature on numerosity estimation (e.g., Odic, Libertus, Feigenson, & Halberda, 2013a; Odic, 
Pietroski, Hunter, Lidz, & Halberda, 2013b; Sanford, Topaz, & Halberda, 2023). This analysis 
allowed us to more precisely model the relationship between participants’ numerosity judgments and 
the actual numerosity ratio between the matched and mismatched displays. We fit separate 
psychometric functions for each participant to determine the point of subjective equality (PSE) for 
matched and mismatched trials, where the PSE is defined as the numerosity ratio of matched and 
mismatched displays at which their numerosity of the two displays appears to be equivalent (see details 
on fitting procedure in next paragraph). We then performed a one-sample t-test on the shift in the 
mean PSE across participants relative to baseline, where the baseline corresponds to a numerosity ratio 
of one (i.e., the numerosity of the two displays is seen as equivalent when there are an equal number of 
pieces in each one). A PSE lower than one would indicate that a smaller number of mismatched pieces 
is required (relative to the number of matched pieces) to make the number of pieces in the mismatched 
and matched displays appear equivalent. 
 
The psychometric function for each participant was fit to individual trial-level data using the 
following procedure. First, the numerosity ratio, r, was determined for each trial. This r parameter was 
defined using the following rules: 
 
 

 
1 It is worth noting that none of the reported effects depended on this exact exclusion criterion. When we ran exploratory 
analyses excluding only participants with below chance accuracy (<50%), all effects remained statistically significant and in 
the same direction across experiments. (The sole exception was the psychometric analysis in Experiment 2, which—while 
not statistically significant—trended numerically in the same direction.) 
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If nmismatched > nmatched: r = nmismatched / nmatched 
If nmatched > nmismatched: r = 2 – nmatched / nmismatched 
If nmismatched = nmatched: r = 1 

The parameter was defined in this way in order to ensure that the ratios reflected symmetrically 
around 1: 0.50, 0.75, 0.80, 1, 1.20, 1.25, and 1.50. 
 
Next, we modeled the response probability at each numerosity ratio. Trials in which participants 
responded that the matched display had fewer pieces were coded as 1, and other trials were coded as 0. 
Using the cumulative normal distribution in R (pnorm) and maximum likelihood estimation, we fit 
three parameters for each participant: a lapse parameter (g), a Weber fraction (w), and a shift parameter 
(d). These parameters are illustrated in the following piecewise equation, where p represents the 
probability that a participant would respond that the matched display has fewer pieces for a given 
numerosity ratio: 

 
The lapse parameter (g) corresponds to the proportion of guesses. The Weber fraction (w) corresponds 
to the steepness of the psychometric function. The shift parameter (d) was the measure of interest: it 
corresponds to the horizontal shift of the psychometric function and thus represents the “bias” away 
from a PSE (point of subjective equality) of 1. If matched displays and mismatched displays with the 
same number of pieces appear to be equally numerous, we would expect a PSE of 1. However, if 
participants perceive matched displays as less numerous than equinumerous mismatched displays—in 
line with our prediction—we would expect a PSE shifted below one, corresponding to a negative d. 
 
Results 
 
We predicted that participants would more often respond that matched displays had fewer pieces (or, 
correspondingly, that mismatched displays had more pieces). These predictions were confirmed: 
participants tended to report that matched displays were less numerous more often than mismatched 
displays (M = 51.45%, t(176) = 4.53, p < .001, dz = 0.341, 95%, CI = [50.82%, 52.07%]) (Fig. 3A). This 
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effect was also evident non-parametrically: 118 of 177 participants responded in this direction in at 
least 50% of trials. The secondary analysis on psychometric function fits confirmed these results: the 
mean PSE across participants was significantly lower than one (M = 0.992, t(176) = 3.04, p = .003, dz = 
0.229, 95%, CI = [0.987, 0.997]). This suggests that in order for participants to be equally likely to 
answer that matched and mismatched displays had fewer pieces, the ratio of mismatched to matched 
pieces had to be lower, more broadly indicating that matched displays appeared less numerous to 
participants. No difference was observed in the mean proportion of matched-display responses 
between participants who were asked about which display had more pieces vs. those asked about 
which display had fewer pieces (92 vs. 85; unpaired t-test: t(172.43) = 0.55, p = .58). 

 
These results suggest that estimates of numerosity were sensitive to the combinability of object parts 
(here, puzzle pieces)—as if the visual system was automatically combining discrete parts into “wholes” 
and comparing numerosities based on these combined items, rather than on the actual pieces 
themselves. 
 

Experiment 2: Which had more “blickets”? 
 
We have suggested that the present effects arise because the mind estimates numerosities over whole 
objects—including possible but non-existent objects mentally represented by virtue of their 
combinable parts. However, perhaps our previous results might be explained by features of the task 
itself. In particular, the instructions may have been sufficiently vague that they were open to 
misinterpretation. Participants were instructed to report which display had more or fewer pieces but 
were not explicitly told what was meant by “piece.” It is possible that some participants interpreted 
“piece” to mean any object—including those objects that could be formed by combining two smaller 
pieces—rather than interpreting “piece” as the puzzle pieces themselves. Experiment 2 addressed this 
possibility by introducing an extended instruction phase that included an explicit training phase (with 
feedback) about what counted as a piece, referred to as “blickets” in this new experiment. Training 
participants with such labels ensured that participants would interpret the individual pieces as the 
units to be enumerated (Brooks, Pogue, & Barner, 2011). 
 
Methods 
 
Participants 
Two-hundred participants were recruited from Prolific. We chose this sample size to match that of 
Experiment 1.  
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Stimuli, Procedure, and Analyses 
The stimuli for the current experiment were identical to those from Experiment 2 (Fig. 3B). The 
procedure was the same as that of the previous experiment, with several changes introduced to ensure 
that participants unambiguously understood that they were to compare the number of individual 
puzzle pieces across displays. First, rather than referring to the stimuli as “pieces,” we referred to them 
as “blickets,” and participants were explicitly told that each individual puzzle piece counted as a 
blicket. We provided several introductory displays in which participants were told how many blickets 
were in the display (e.g., “Here are 6 blickets…,” “Here are 8 blickets…,” etc.). Next, participants 
completed a qualifying pre-experiment task, in which they were asked to indicate the exact number of 
blickets in five sample displays (similar to the displays that would be presented during the main task). 
Participants could only proceed to the next sample display if they correctly entered the number of 
pieces in the display. If participants made three errors, they were not permitted to complete the main 
experiment and were redirected to the Prolific site. If they passed this qualifying task, participants were 
permitted to continue on to the main experiment, which was identical to Experiment 1 except that 
pieces were referred to as “blickets.” Analysis procedures were the same as in Experiment 1. 

 
Results 
 
The criteria for exclusion were pre-registered, and were the same as in Experiment 1, with the 
additional criterion that a participant was excluded if they made three errors in the pre-experiment 
instructions/training task. This left 172 participants. Our first analysis was consistent with the results 
of Experiment 1: participants tended to judge the matched displays to be less numerous more often 
than the mismatched displays (M = 51.47%, t(171) = 4.90, p < .001, dz = 0.374, CI = [50.88%, 
52.06%]) (Fig. 3B). This effect was also evident non-parametrically: 118 of 172 participants responded 
in this direction in at least 50% of trials. The secondary psychometric analysis showed similar results: 
the mean PSE across participants was shifted to be significantly below baseline (M = 0.992, t(171) = 
3.98, p < .001, dz = 0.304, CI = [0.988, 0.996]). No difference was observed in the mean proportion of 
matched-display responses between participants who were asked about which display had more pieces 
vs. those asked about which display had fewer pieces (87 vs. 85; unpaired t-test: t(169.79) = 0.60, p = 
.55). 
 
Taken together, these results suggest that the effect of combinability on numerosity estimation was 
not driven by ambiguity in the task instructions. Instead, even when participants knew that individual 
segmented objects were the units to be compared across displays, they could not resist the tendency to 
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treat the discrete wholes formed by combinable object parts as the units for visual numerosity 
estimation. 
 

Experiment 3: Combinability per se? 
 
Although previous experiments identified an influence of combinability on numerosity, it remains 
unclear whether this effect can be extricated from lower-level spatial grouping cues—in particular, 
modal completion. Specifically, it is possible that the paired pieces were modally completed at their top 
and bottom contours, giving rise to a percept of a single object without a need to invoke part-whole 
relationships. This alternative explanation is important given evidence that both modal completion 
and spatial alignment affect numerosity (e.g., Adriano et al., 2021; Dewind et al., 2020). Notably, if 
modal completion were solely responsible, it should influence both matched and mismatched pairs, 
although it is still possible that it might do so more strongly in the matched pairs, since their aligned 
indentations and protrusions might facilitate modal completion. To address this possibility, we take 
inspiration from Guan & Firestone (2020), who found that the perception of object combinability 
persisted even when those objects were displaced such that their contours were misaligned. The 
present experiment asks whether the findings of the previous two experiments generalize when the 
pieces in stimulus pairs are displaced, thereby disrupting contour alignment and modal completion for 
the matched pieces—and, consequently, testing whether combinability influences numerosity beyond 
these lower-level effects.  
 
Methods 
 
Participants 
Two-hundred participants were recruited from Prolific. We chose this sample size to match that of 
Experiments 1 and 2.  
 
Stimuli, Procedure, and Analyses 
We modified the paired stimuli (both matched and mismatched pairs) by vertically offsetting the left 
and right pieces in each pair from each other by 20% of the image height (half the height of the 
protrusions). This ensured that paired pieces still faced each other, but their outer contours and 
protrusions were misaligned (Fig. 3C). Otherwise, this experiment proceeded identically to 
Experiment 2.  
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Results 
 
The pre-registered exclusion criteria were identical to Experiment 2, leaving 180 participants. As in 
Experiments 1 and 2, participants tended to judge the matched displays to be less numerous more 
often than the mismatched displays (M = 51.45%, t(179) = 4.75, p < .001, dz = 0.354, CI = [50.85%, 
52.06%]) (Fig. 3C). This effect was also evident non-parametrically: 122 of 180 participants responded 
in this direction in at least 50% of trials. The secondary psychometric analysis showed similar results: 
the mean PSE was shifted significantly below baseline (M = 0.990, t(179) = 4.74, p < .001, dz = 0.353, 
CI = [0.986, 0.994]). No difference was observed in the mean proportion of matched-display 
responses between participants who were asked about which display had more pieces vs. those asked 
about which display had fewer pieces (98 vs. 82; unpaired t-test: t(167.97) = 0.20, p = .84). 
 
Recall that our modifications to the stimuli were intended to disrupt modal completion. Notably, 
previous studies have shown that misaligning objects to disrupt illusory contour formation also 
diminishes their effect on numerosity judgments (Adriano et al., 2021). Therefore, the present results 
suggest that the perception of combinability per se influences numerosity estimation, above and 
beyond lower-level spatial linkages such as those induced by modal completion. 
 

Experiment 4: Generalization to a new combinability manipulation 
 
The previous three experiments used the same “combinability” manipulation between matched and 
mismatched displays. However, manipulating the type of fit (i.e., whether the protrusions match the 
indentations) is not the only way that pieces can be made more or less combinable. Consider Figure 
3D. Although the matching pieces can easily combine into one discrete object, when they are each 
rotated 180 degrees to face away from one another, they can no longer easily combine. In a final 
experiment, we ask whether the effect of combinability on visual numerosity estimation would 
generalize to a completely different combinability manipulation. 
 
Methods 
 
Participants 
Two-hundred participants were recruited from Prolific. We chose this sample size to match the 200 
used in each of the previous three experiments.  
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Stimuli & Procedure 
In line with the previous three experiments, stimuli consisted of the same set of “puzzle pieces,” and 
these pieces were always grouped either as singles or as pairs. However, unlike the prior experiments, 
pairs always had matching indentations and protrusions. Rather than categorizing pairs as “matched” 
or “mismatched,” pairs were either “inward” (indentations and protrusions oriented towards each 
other) or “outward” (indentations and protrusions oriented away from each other) (Fig. 3D). Inward 
pairs represented easily combinable pieces of the exact kind featured in the “matched” pairs of 
Experiments 1–3. By contrast, outward pairs could not be easily combined into one object, as doing so 
would involve mentally rotating one of the two pieces in a pair by 180 degrees. Because the protrusions 
and indentations were always matched, any observed differences between inward and outward displays 
can be attributable to the difference in orientation rather than peculiarities of the puzzle-piece parts. 
The procedure and analyses were identical to that of Experiments 2 and 3. 
 
Results 
 
The criteria for exclusion were the same as in Experiments 2 and 3 and were pre-registered. This left 
177 participants. As expected, participants tended to report that inward displays were less numerous 
than outward displays (M = 59.13%, t(176) = 17.67, p < .001, dz = 1.33, CI = [58.11%, 60.14%]) (Fig. 
3D). This effect was also evident non-parametrically: 162 of 177 participants responded in this 
direction in at least 50% of trials. The secondary psychometric analysis showed similar results: the 
mean PSE across participants was also significantly shifted below baseline (M = 0.935, t(176) = 15.38, 
p < .001, dz = 1.16, CI = [0.927, 0.944]). No difference was observed in the mean proportion of 
matched-display responses between participants who were asked about which display had more pieces 
vs. those asked about which display had fewer pieces (106 vs. 71; unpaired t-test: t(170.76) = 0.73, p = 
.46). 
 
Interestingly, the combinability effects in the current experiment appeared to be stronger than in the 
previous experiments: participants judged the inward displays to be less numerous about 59.1% of the 
time, compared to about 51.5% of the time for Experiments 1–3. This was confirmed statistically: 
exploratory unpaired t-tests showed that the current experiment’s combinability effect (proportion of 
trials where combinable displays were chosen to be less numerous) was significantly greater than the 
effect in the other three experiments (all t’s > 9.11, p’s < .001), while the other three experiments did 
not differ significantly from one another (all t’s < 1.25, p’s > .60) (p values corrected for six 
comparisons using the Bonferroni-Holm method). 
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These results suggest that the phenomenon observed in Experiments 1–3 is generalizable to a different 
form of visual combinability—specifically, the effect of piece orientation. Even though all the pairs in 
this experiment had matching protrusions and indentations, participants dramatically underestimated 
the number of pieces in inward displays relative to outward displays. Taken together, these results 
provide additional evidence that the visual system tends to “enumerate” combinable parts in terms of 
their distinct wholes.  
 

General Discussion 
 

Humans have the impressive ability to estimate numerosities, a capacity that arises early and develops 
with age (Xu & Spelke, 2000, Izard, Streri, & Spelke, 2014, Izard, Dehaene-Lambertz, & Dehaene, 
2008). Some research suggests that this capacity may even display telltale signatures of automatic visual 
processing, such as adaptation (Burr & Ross, 2008; Myers et al., 2024; cf. Yousif et al., 2024). The 
present experiments used combinable objects to ask what may be treated as perceptual “units” in visual 
numerosity estimation. Across four experiments, we found that displays with combinable pieces were 
reported as less numerous than displays with non-combinable pieces. This effect was observed for 
matched vs. mismatched pairs of object parts (Experiment 1), persisted even when participants were 
instructed to treat individual pieces as the units to be enumerated (Experiment 2), could not be 
explained solely by lower-level influences such as modal completion (Experiment 3), and generalized to 
a different combinability manipulation using inwards-facing vs. outwards-facing pairs (Experiment 4). 
Taken together, these findings suggest that the mind automatically considers the potential wholes that 
combinable parts can form—and in turn treats these composite objects as the inputs to visual 
numerosity estimation. More broadly, the current studies extend previous work on the perception of 
“possible objects” beyond recognition (Guan & Firestone, 2020) to its downstream effects on other 
mental processes. 
 
Combinability and grouping 
 
Notably, the existence of part-whole effects in visual numerosity estimation was not a foregone 
conclusion. On one hand, general grouping effects have been clearly established in numerosity tasks—
whether through explicit or modally completed connections (e.g., Adriano et al., 2021; Franconeri et 
al, 2009; Qu, Clarke, Luzzi, & Brannon, 2024), lower-level features such as spacing, color, contrast, or 
orientation (Ciccione & Dehaene, 2020; DeWind, Bonner, & Brannon, 2020; Lei, & Reeves, 2023; 
Qu, Dewind, & Brannon, 2022; Zhao & Yu, 2016) or higher-level properties such as the typical 
arrangement of objects in a scene (e.g., chairs facing a table; Carter & Kaiser, 2024). On the other 
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hand, previous work had not yet established if and how part-whole effects might play a role in visual 
numerosity estimation. Moreover, our effects went beyond classic Gestalt grouping cues such as 
parallelism and even modal completion. In particular, while the strength of such cues in Experiments 1 
and 2 might have differed between matched and mismatched pairs where the protrusions met the 
indentations (Figs. 3A and 3B), this was not the case in Experiment 3 where pieces were vertically 
misaligned (Fig. 3C), and yet part-whole effects of the same magnitude were still observed. It is also 
worth noting that these grouping cues do not apply in the case of Experiment 4, and yet the effect was 
stronger in that case. Thus, our findings may be construed as a novel influence of high-level grouping 
(here, part-whole combinability) on visual number estimation. 
 
It is worth acknowledging that the absolute size of the effects observed in our studies is smaller than 
that observed in previous work. For example, in Franconeri et al. (2009), participants underestimated 
number by almost 25% in the barbell condition. In our work, by contrast, participants judged 
combinable displays as containing more items than equinumerous non-combinable displays about 
51.5% of the time (Experiments 1–3) or 62% of the time (Experiment 4). However, the magnitude of 
the effects reported here is unsurprising given the subtlety of our combinability manipulation, and it is 
in line with relatively small effect sizes for other subtle manipulations such as those producing modally 
completed connectors (Adriano et al., 2021). 
 
Importantly, neither the part-whole combinability studied here, nor explicit connections or other 
grouping cues (e.g., as in Franconeri et al., 2009), have “all-or-none” effects on perceived number. In 
other words, connecting pairs of items does not strictly halve perceived number. While our data (and, 
to our knowledge, previous work) cannot definitively explain why, one possibility is that grouping or 
combinability cues operate probabilistically: their presence increases the likelihood—but does not 
guarantee—that certain pairs of items will be treated as a single unit during enumeration. Another 
possibility is that enumeration and grouping or combinability processes run in parallel, such that some 
items may be enumerated before grouping effects fully take hold. Future work can investigate these 
possibilities more directly. 
 
The nature of numerosities in visual number estimation 
 
While the theoretical status of the ANS remains a subject of intense discussion (for example, Clarke & 
Beck, 2021; Gebuis et al., 2016; Leibovitch et al., 2017), our studies speak to current debates over what 
kinds of number such a system might represent—natural numbers (e.g., 8, 9, …), rational numbers 
(e.g., 8.5, 9.0, …), irrational numbers (e.g., √2, π, …)—or even whether it represents number at all. 
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Recently, Clarke and Beck (2021) argued that the system for estimating numerosities represents both 
natural and non-natural rational numbers (i.e., that it is a system for approximating number per se). 
However, some researchers suggest that such a system might instead represent non-numerical features 
such as area, convex hull, or other such properties that covary with number. Indeed, participants 
routinely underestimate numerosities when objects are smaller or have less perimeter (Gebuis et al., 
2016; Leibovich et al., 2017). Our studies suggest a different possibility: that in some cases, the system 
for estimating numerosities represents object parts as such (e.g., nine half-objects as a numerosity of 
4.5)—i.e., in terms of a rational number value, just as Clarke and Beck suggest (see also Yousif, 2021). 
Indeed, if observers assign a rational number value to pairs of half-objects, then that would give rise to 
the kinds of results we have observed. While such an explanation would still need to account for 
effects of combinability (i.e., when object parts would and would not be treated as wholes), object 
parts of the kind used in our studies could prove useful in future research addressing what kind(s) of 
number the system for processing numerosities represents.  
 
“Fitting” relations in perception and cognition 
 
Our work contributes to the growing literature showing that automatic visual processing extracts not 
only basic visual properties such as color, texture, shape, or location, but also relations between objects 
(for reviews and commentaries, see Hafri & Firestone, 2021; Hafri, Green, & Firestone, 2023; Hafri & 
Papeo, 2025). While the primary goal of the current studies was to determine how potential part-
whole relations influence downstream visual processes like number estimation, the combinability of 
our “matched” puzzle pieces can also be construed as instantiating a fitting relation (unlike the 
“mismatched” pieces, which cannot). Interestingly, this kind of fitting—between two tightly fitting 
object parts—bears similarities to the notion of tight-fit that has been explored both developmentally 
and cross-linguistically (Bowerman, 1996; Johannes, Wilson, & Landau, 2016; Hespos & Spelke, 2004; 
Landau, Johannes, Skordos, & Papafragou, 2017; Levinson, 2003). For example, Korean lexicalizes 
such tight-fitting (“kkita”; e.g., a key fitting snugly into a lock) in ways that distinguish it from more 
general notions of containment (“nehta”, e.g., a pen loosely placed in a mug). While it remains debated 
whether such distinctions persist cognitively into adulthood for speakers of languages that do not 
explicitly lexicalize them (Norbury, Waxman, & Song, 2008; Landau, Davis, Gürcanlı, & Wilson, 
2023), our results could be considered complementary perceptual evidence for this cognitive 
distinction. We speculate that such tight-fitting relations might indeed be privileged in visual 
processing precisely because they transform separate entities into a unified whole (unlike related 
notions such as containment, which may keep the participating entities as distinct perceptual objects). 
Future work could provide additional perceptual evidence for this distinction by directly comparing 
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perceptual effects for the kind of fitting relation studied here (involving tightly fitting object parts) 
and others (e.g., a knife loosely placed in a cup; Hafri, Bonner, Landau, & Firestone, 2024). 
 
Looking Forward 
 
Our studies raise many exciting questions for future research. For example, what are the limits on how 
the visual system processes geometric fit? In particular, is there a “capacity limit” on how many pieces 
can be simultaneously combined? In the current study, combinable stimuli were limited to pairs of 
pieces. However, future research could investigate whether larger groups of pieces are represented as 
the single whole they could create, and whether this combinability would continue to bias the 
downstream effects on numerosity estimation (as in Fig. 1C). With an increasing number of pieces in 
each group, perhaps the visual system takes longer to combine them, or completely fails to do so—
consistent with the three- or four-item limit in studies of object-based attention (Pylyshyn & Storm, 
1988; Scholl, 2001). 
 
A second open question is what other processes might be influenced by combinability. One example 
to consider is object-based attention (Chen, 2012; Scholl, 2001). For example, previous research has 
identified a “same-object advantage,” in which observers respond faster to a target when it appears 
within a cued object than in a non-cued object at an equal distance (Egly, Driver, & Rafal, 1994; cf. 
Chou & Yeh, 2018). Our findings raise the intriguing possibility of a “combinable-objects advantage,” 
in which attention would spread more easily between two locations on combinable pieces compared 
with locations on non-combinable pieces. Another example to consider is object-based warping, in 
which the distance between two dots within an object is perceived as greater compared to the same 
distance across two different objects (Vickery & Chun, 2010). Perhaps the distance between dots on 
two combinable pieces might likewise be perceived as greater compared to when they are on non-
combinable pieces.  
 
More broadly, our results suggest that the visual system treats combinable parts as a whole object when 
estimating numerosity from a visual display. In other words: possible objects “count” too. 
 

Acknowledgments 
 
For helpful discussion and/or comments on previous drafts, the authors thank members of the Johns 
Hopkins University Perception & Mind Laboratory. The authors would especially like to thank Emily 
Sanford for providing assistance with conducting the psychometric analyses. 



PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 20 

 

 

Declarations 
 

Funding: This work was supported by the National Natural Science Foundation of China No. 
32400854 and Priority-Funded Postdoctoral Research Project at Zhejiang Province awarded to C. 
Guan; National Science Foundation Grant No. BCS-2021053 awarded to C. Firestone; by National 
Science Foundation Directorate for Social, Behavioral, and Economic Sciences (SBE) Postdoctoral 
Research Fellowship No. SMA-2105228 awarded to A. Hafri. 
Conflicts of interest/Competing interests: NA 
Ethics approval: These experiments were approved by the IRB of JHU.  
Consent to participate: All participants included in the present analyses provided their full, 
informed consent to participate in the study. 
Consent for publication: Participant data was anonymized for publication, with no identifying 
information linked to any individual participant.  
Availability of data and materials: All experiment materials, including pre-registrations, stimuli, 
code, analyses, and anonymized data, are available at https://www.palresearch.org/partwholenumber. 
Code availability: See “Availability of data and materials.” 
Author’s contributions: Chenxiao Guan: Conceptualization, Resources, Visualization, Writing - 
original draft, and Writing - review & editing. David Schwitzgebel: Conceptualization, Data 
curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing - original 
draft, and Writing - review & editing. Chaz Firestone: Conceptualization, Funding acquisition, 
Project administration, Supervision, Writing - original draft, and Writing - review & editing. Alon 
Hafri: Conceptualization, Funding acquisition, Software, Supervision, Writing - original draft, and 
Writing - review & editing. 
 

References 
 

Adriano, A., Rinaldi, L. & Girelli, L. (2021). Visual illusions as a tool to hijack numerical perception: 
disentangling nonsymbolic number from its continuous visual properties. Journal of Experimental 
Psychology Human Perception & Performance, 47. 10.1037/xhp0000844.  

Adriano, A., Rinaldi, L., & Girelli, L. (2022). Nonsymbolic numerosity in sets with illusory-contours 
exploits a context-sensitive, but contrast-insensitive, visual boundary formation process. Attention, 
Perception, & Psychophysics, 1-16. 

Barth, H., Kanwisher, N., & Spelke, E. (2003). The construction of large number representations in 
adults. Cognition, 86(3), 201-221. 

https://www.palresearch.org/partwholenumber


PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 21 

 

 

Barth, H., Kanwisher, N., & Spelke, E. (2003). The construction of large number representations in 
adults. Cognition, 86(3), 201-221. 

Bowerman, M. (1996). Learning how to structure space for language: A cross-linguistic perspective. In 
P. Bloom, M. F. Garrett, L. Nadel, & M. A. Peterson (Eds.), Language and Space (pp. 385–436). 
MIT Press. 

Brooks, N., Pogue, A., & Barner, D. (2011). Piecing together numerical language: Children's use of 
default units in early counting and quantification. Developmental Science, 14(1), 44-57. 

Burr, D., & Ross, J. (2008). A visual sense of number. Current biology, 18(6), 425-428. 

Carter, A.A., & Kaiser, D. (2024). An object numbering task reveals an underestimation of complexity 
for typically structured scenes. Psychonomic Bulletin & Review, 1–10. 
https://doi.org/10.3758/s13423-024-02577-2 

Ciccione, L., & Dehaene, S. (2020). Grouping mechanisms in numerosity perception. Open Mind, 4, 
102-118. 

Chen, Z. (2012). Object-based attention: A tutorial review. Attention, Perception, & Psychophysics, 
74(5), 784-802. 

Chou, W. L., & Yeh, S. L. (2018). Dissociating location-based and object-based cue validity effects in 
object-based attention. Vision Research, 143, 34-41. 

Clarke, S., & Beck, J. (2021). The number sense represents (rational) numbers. Behavioral and Brain 
Sciences, 44:e178. 

Cordes, S., Gelman, R., Gallistel, C. R., & Whalen, J. (2001). Variability signatures distinguish verbal 
from nonverbal counting for both large and small numbers. Psychonomic bulletin & review, 8(4), 
698-707. 

DeWind, N. K., Bonner, M. F., & Brannon, E. M. (2020). Similarly oriented objects appear more 
numerous. Journal of Vision, 20(4), 4-4. 

Ding, X., Gao, Z., & Shen, M. (2017). Two equals one: two human actions during social interaction 
are grouped as one unit in working memory. Psychological science, 28(9), 1311-1320. 

Egly, R., Driver, J., & Rafal, R. D. (1994). Shifting visual attention between objects and locations: 
evidence from normal and parietal lesion subjects. Journal of Experimental Psychology: General, 
123(2), 161. 

https://doi.org/10.3758/s13423-024-02577-2


PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 22 

 

 

Franconeri, S. L., Bemis, D. K., & Alvarez, G. A. (2009). Number estimation relies on a set of 
segmented objects. Cognition, 113(1), 1-13. 

Gebuis, T., Kadosh, R. C., & Gevers, W. (2016). Sensory-integration system rather than approximate 
number system underlies numerosity processing: A critical review. Acta psychologica, 171, 17-35. 

Gebuis, T., & Reynvoet, B. (2012). The interplay between nonsymbolic number and its continuous 
visual properties. Journal of Experimental Psychology: General, 141(4), 642. 

Grossberg, S., & Mingolla, E. (1987). The role of illusory contours in visual segmentation. In S. Petry 
& G. E. Meyer (Eds.), The perception of illusory contours (pp. 116 –125). Springer. 
https://doi.org/10.1007/978-1-4612-4760-9_12 

Guan, C., & Firestone, C. (2020). Seeing what’s possible: Disconnected visual parts are confused for 
their potential wholes. Journal of experimental psychology: General, 149(3), 590. 

Hafri, A., Bonner, M.F., Landau, B., & Firestone, C. (2024). A phone in a basket looks like a knife in a 
cup: Role-filler independence in visual processing. Open Mind, 8, 766–794. 

Hafri, A., & Firestone, C. (2021). The perception of relations. Trends in Cognitive Sciences, 25(6), 475-
492. 

Hafri, A., Green, E. J., & Firestone, C. (2023). Compositionality in visual perception. Behavioral and 
Brain Sciences, 46, E277. 

Hafri, A., Papafragou, A., & Trueswell, J.C. (2013). Getting the gist of events: Recognition of two-
participant actions from brief displays. Journal of Experimental Psychology: General, 142(3), 880-
905. 

Hafri, A. & Papeo, L. (2025). The past, present, and future of relation perception. Journal of 
Experimental Psychology: Human Perception and Performance, 51(5), 543–546. 

Hafri, A., Trueswell, J.C., & Strickland, B. (2018). Encoding of event roles from visual scenes is rapid, 
spontaneous, and interacts with higher-level visual processing. Cognition, 175, 336-52. 

Halberda, J., & Feigenson, L. (2008). Developmental change in the acuity of the" Number Sense": The 
Approximate Number System in 3-, 4-, 5-, and 6-year-olds and adults. Developmental psychology, 
44(5), 1457. 



PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 23 

 

 

He, L., Zhang, J., Zhou, T., & Chen, L. (2009). Connectedness affects dot numerosity judgment: 
Implications for configural processing. Psychonomic bulletin & review, 16(3), 509-517. 

Hespos, S. J., & Spelke, E. S. (2004). Conceptual precursors to language. Nature, 430(6998), 453–456. 
https://doi.org/10.1038/nature02634 

Izard, V., Dehaene-Lambertz, G., & Dehaene, S. (2008). Distinct cerebral pathways for object identity 
and number in human infants. PLoS biology, 6(2), e11. 

Izard, V., Streri, A., & Spelke, E. S. (2014). Toward exact number: Young children use one-to-one 
correspondence to measure set identity but not numerical equality. Cognitive Psychology, 72, 27-
53. 

Johannes, K., Wilson, C., & Landau, B. (2016). The importance of lexical verbs in the acquisition of 
spatial prepositions: The case of in and on. Cognition, 157(2016), 174–189. 
https://doi.org/10.1016/j.cognition.2016.08.022 

Kahneman, D., Treisman, A., & Gibbs, B. J. (1992). The reviewing of object files: Object-specific 
integration of information. Cognitive psychology, 24(2), 175-219. 

Kirjakovski, A., & Matsumoto, E. (2016). Numerosity underestimation in sets with illusory contours. 
Vision research, 122, 34-42. 

Landau, B., Davis, E. E., Gürcanlı, Ö., & Wilson, C. (2023). How Does English Encode ‘Tight’ Vs. 
‘Loose-fit’ Motion Events? It’s Complicated. Language Learning and Development, 1-24. 

Landau, B., Johannes, K., Skordos, D., & Papafragou, A. (2017). Containment and Support: Core and 
Complexity in Spatial Language Learning. Cognitive Science, 41, 748–779. 
https://doi.org/10.1111/cogs.12389 

Lee, T. S., & Nguyen, M. (2001). Dynamics of subjective contour formation in the early visual cortex. 
Proceedings of the National Academy of Sciences of the United States of America, 98(4), 1907–1911. 
https://doi.org/10.1073/pnas.98.4.1907 

Lei, Q., & Reeves, A. (2023). Numerosity depends on normalized contrast energy: Review and square-
root law model. Vision Research, 211, 108280. 

Leibovich, T., Katzin, N., Harel, M., & Henik, A. (2017). From “sense of number” to “sense of 
magnitude”: The role of continuous magnitudes in numerical cognition. Behavioral and Brain 
Sciences, 40. 

https://doi.org/10.1111/cogs.12389
https://doi.org/10.1073/pnas.98.4.1907


PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 24 

 

 

Levinson, S. C. (2003). Space in language and cognition: Explorations in cognitive diversity. Cambridge 
University Press. 

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working memory for features and 
conjunctions. Nature, 390(6657), 279-281. 

Myers, C., Firestone, C., & Halberda, J. (2024). Similarly oriented objects appear more numerous. 
Journal of Vision, 24, 1310. 

Norbury, H. M., Waxman, S. R., & Song, H. J. (2008). Tight and loose are not created equal: An 
asymmetry underlying the representation of fit in English-and Korean-speakers. Cognition, 109(3), 
316-325. 

Odic, D., Libertus, M. E., Feigenson, L., & Halberda, J. (2013a). Developmental change in the acuity 
of approximate number and area representations. Developmental psychology, 49(6), 1103–1112. 

Odic, D., Pietroski, P., Hunter, T., Lidz, J., & Halberda, J. (2013b). Young children's understanding 
of “more” and discrimination of number and surface area. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 39(2), 451. 

Papeo, L. (2020). Twos in human visual perception. Cortex, 132, 473-478. 

Papeo, L., Goupil, N., & Soto-Faraco, S. (2019). Visual search for people among people. Psychological 
Science, 30(10), 1483-1496. 

Papeo, L., Stein, T., & Soto-Faraco, S. (2017). The two-body inversion effect. Psychological science, 
28(3), 369-379. 

Peer, E., Brandimarte, L., Samat, S., & Acquisti, A. (2017). Beyond the Turk: Alternative platforms 
for crowdsourcing behavioral research. Journal of Experimental Social Psychology, 70, 153-163. 

Pylyshyn, Z. W., & Storm, R. W. (1988). Tracking multiple independent targets: Evidence for a 
parallel tracking mechanism. Spatial Vision, 3, 179–197. 

Qu, C., Clarke, S., Luzzi, F., & Brannon, E. (2024). Rational number representation by the 
approximate number system. Cognition, 250, 105839. 

Qu, C., DeWind, N. K., & Brannon, E. M. (2022). Increasing entropy reduces perceived numerosity 
throughout the lifespan. Cognition, 225, 105096. 



PART-WHOLE EFFECTS IN VISUAL NUMBER ESTIMATION p. 25 

 

 

Sanford, E.M., Topaz, C.M., & Halberda, J. (2023) Modeling Magnitude Discrimination: Effects of 
Internal Precision and Attentional Weighting of Feature Dimensions. Available at SSRN: 
https://ssrn.com/abstract=4066212 or http://dx.doi.org/10.2139/ssrn.4066212 

Scholl, B. J. (2001). Objects and attention: The state of the art. Cognition, 80(1-2), 1-46. 

Vestner, T., Tipper, S. P., Hartley, T., Over, H., & Rueschemeyer, S. A. (2019). Bound together: 
Social binding leads to faster processing, spatial distortion, and enhanced memory of interacting 
partners. Journal of Experimental Psychology: General, 148(7), 1251. 

Vickery, T. J., & Chun, M. M. (2010). Object-based warping: An illusory distortion of space within 
objects. Psychological science, 21(12), 1759-1764. 

Wagemans, J., Elder, J. H., Kubovy, M., Palmer, S. E., Peterson, M. A., Singh, M., & von der Heydt, 
R. (2012). A century of Gestalt psychology in visual perception: I. Perceptual grouping and 
figure–ground organization. Psychological bulletin, 138(6), 1172. 

Xu, F., & Spelke, E. S. (2000). Large number discrimination in 6-month-old infants. Cognition, 74(1), 
B1-B11. 

van Buren, B., Gao, T., & Scholl, B. J. (2017). What are the underlying units of perceived animacy? 
Chasing detection is intrinsically object-based. Psychonomic Bulletin & Review, 24(5), 1604–1610. 
https://doi.org/10.3758/s13423-017-1229-4 

Yousif, S. R. (2021). Numerosity, area-osity, object-osity? Oh my. Behavioral and Brain Sciences, 44. 

Yousif, S. R., Clarke, S., & Brannon, E. M. (2024). Number adaptation: A critical look. Cognition, 
249, 105813. 

Zhao, J., & Yu, R. Q. (2016). Statistical regularities reduce perceived numerosity. Cognition, 146, 217-
222. 

https://ssrn.com/abstract=4066212
https://dx.doi.org/10.2139/ssrn.4066212
https://doi.org/10.3758/s13423-017-1229-4

