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ARTICLE INFO ABSTRACT

Keywords: Non-numeric stimulus features frequently influence observers' number judgments: when judging the number of
Number perception items in a display, we will often (mis)perceive the set with a larger cumulative surface area as more numerous.
Feedback

These “congruency effects” are often used as evidence for how vision extracts numeric information and have
been invoked in arguments surrounding whether non-numeric cues (e.g., cumulative area, density, etc.) are
combined for number perception. We test whether congruency effects for one such cue — cumulative area —
provide evidence that it is necessarily used and integrated in number perception, or if its influence on number is
malleable. In Experiment 1, we replicate and extend prior work showing that the presence of feedback eliminates
congruency effects between number and cumulative area, suggesting that the role of cumulative area in number
perception is malleable rather than obligatory. In Experiment 2, we test whether this malleable influence is
because of use of prior experiences about how number naturalistically correlates with cumulative area, or the
result of response competition, with number and cumulative area actively competing for the same behavioral
decision. We preserve cumulative area as a visual cue but eliminate response competition with number by
replacing one side of the dot array with its corresponding Hindu-Arabic numeral. Independent of the presence or
absence of feedback, we do not observe congruency effects in Experiment 2. These experiments suggest that
cumulative area is not necessarily integrated in number perception nor a reflection of a rational use of natu-
ralistic correlations, but rather congruency effects between cumulative area and number emerge as a conse-
quence of response competition. Our findings help to elucidate the mechanism through which non-numeric cues
and number interact, and provide an explanation for why congruency effects are only sometimes observed across
studies.

Congruency effects
Response conflicts

1. Introduction challenge of inference: determining which features are relevant — and
which can be ignored - for arriving at the correct percept of the number
of objects in the external world. Yet, how vision ultimately accomplishes

this has been a source of considerable debate.

With seemingly little effort, we can rapidly extract numeric infor-
mation from a visual scene. A quick glance will instantly, though

imprecisely, tell us whether our shopping cart likely has too many items
to go to the express checkout or which line likely has the fewest people
in it. Despite the apparent ease through which we can do this, how vision
extracts numeric information remains unclear. One major challenge to
understanding how we perceive number is that it is not based on a one-
to-one correspondence between visual features and perceptual repre-
sentations. Non-numeric cues, such as the area and density of objects,
are often closely related to numeric information, making it difficult for
number to be reliably inferred from any single perceptual feature
(Anobile et al., 2016; DeWind et al., 2015; DeWind & Brannon, 2012;
Gebuis, Reynvoet, 2012a, 2012b). Number perception is thus a

Under some models, vision is thought to fundamentally rely on
extracting and combining a bundle of non-numeric features (e.g., cu-
mulative area, size, density, convex hull, luminance, etc.) in order to
infer number. That is, rather than encoding number directly (e.g.,
through neural mechanisms that are domain-specific to number; Anobile
et al., 2016; Burr & Ross, 2008; Ross & Burr, 2010), visual perception
depends on some mixture of concurrent visual features to infer number
indirectly, a process which may also be refined through development
(Dakin et al., 2011; Gebuis et al., 2016; Gebuis & Reynvoet, 2012b,
2012c; Leibovich et al., 2017; Szucs et al., 2013). At the same time, a
major question surrounding the role of non-numeric features in visual
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number perception is whether theses cues used to infer number are
mandatory and stable, or whether they are malleable and sensitive to
practice and experience.

Here, we explore this question through testing the malleability of one
specific visual feature: cumulative area. We focus on this cue over other
relevant features for two key reasons. First, cumulative area has been
especially well-documented as an influence on number perception via
congruency effects (Aulet & Lourenco, 2021; Gebuis, Reynvoet, 2012b;
Gilmore et al., 2016; Hurewitz et al., 2006). For example, when deciding
which side of an array is more numerous, observers are often faster and
more accurate on area ‘“‘congruent” trials, where the side with the
greater number of objects is also greater in cumulative area or other non-
numeric cues (e.g., has the larger convex hull, higher luminance, etc.;
Aulet & Lourenco, 2021; Dakin et al., 2011; Gebuis, Reynvoet, 2012b;
Gebuis & van der Smagt, 2011; Hurewitz et al., 2006). On area
“incongruent” trials, observers tend to choose the set that appears
physically larger as having numerically more items, even if populated by
fewer dots (e.g., Dakin et al., 2011; Gebuis, Reynvoet, 2012b). Findings
such as these have led to arguments that cumulative area is integral to
number perception and that changes in area dimensions necessarily and
obligatorily influence number (Aulet & Lourenco, 2021). Consistent
with this, popular neural network models deterministically code for
number by weighing cumulative area with cumulative extent of edges
(e.g., Stoianov & Zorzi, 2012). Second, recent theories on how numeric
information might spontaneously emerge from viewing natural scenes
also place cumulative area as a central feature in this learning process, as
visual number strongly correlates with cumulative area in natural scenes
(e.g., Nasr et al., 2019, Testolin, Zou, et al., 2020b). Hence, exploring
whether cumulative area, itself, is a mandatory or malleable cue is
important for understanding how vision ultimately arrives at number.
However, our goal is not to suggest that other features do not play any
role in this process. Instead, we aim to provide an experimental strategy
for how one might go about teasing apart the precise role of any one
visual feature on number perception.

One approach taken to disentangle the influence of mandatory
versus malleable effects is through providing trial-by-trial feedback. In
previous work, DeWind and Brannon (2012) found that providing trial-
by-trial feedback in a speeded number discrimination task decreased
observers' reliance on non-numeric cues (e.g., cumulative area), with
accuracy improving on trials where the side with numerically greater
dots was populated by a smaller cumulative area. In this way, feedback
may have served to eliminate congruency effects through signaling to
observers that the typical — albeit natural correlation — between number
and cumulative area does not hold, allowing observers to readily
abandon their use of this cue. At the same time, however, the authors
note the lack of a control (i.e., no feedback) condition in their study,
make it unclear whether feedback - itself — was used as the cue to what
visual features were relevant to number, or whether practice and
experience with the task was used to key in observers to what visual
information was relevant (DeWind & Brannon, 2012).

In Experiment 1, we replicate and extend the work of DeWind and
Brannon (2012) by directly comparing the presence vs. the absence of
feedback on speeded number discrimination. If cumulative area is
obligatory for number perception, then we'd expect that observers will
demonstrate congruency effects regardless of whether or not they
received feedback on the task. That is, we should find that observers are
less accurate on Incongruent trials (i.e., where the array with numeri-
cally more dots appears visually smaller) both in the No Feedback and
Feedback conditions. However, if congruency effects are reduced or
eliminated with feedback, this would suggest that cumulative area is not
a mandatory part of visual number perception (e.g., see Aulet & Lour-
enco, 2021).

But if feedback does reduce congruency effects between number and
cumulative area (e.g., DeWind & Brannon, 2012), this could occur for
multiple theoretical reasons. First, feedback could signal to observers
that their normal priors about the co-occurrence of number and
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cumulative area are not appropriate here. For example, in typical visual
experiences, cumulative area is strongly and frequently correlated with
number (Aulet & Lourenco, 2021; Hurewitz et al., 2006; Nasr et al.,
2019; Testolin, Dolfi, et al., 2020a; Testolin, Zou, et al., 2020b; Zorzi &
Testolin, 2018). As a result, it would be rational for observers to form
expectations that number and cumulative area should be correlated (i.e.,
the side that is more numerous also appears visually larger). However,
when provided feedback that contradicts this expectation (e.g., the more
numerous side is the side that actually appears smaller), this could allow
observers to abandon their reliance on prior experiences and minimize
the use of cumulative area as a cue to numerosity. Alternatively, feed-
back could serve to help reduce response competition between number
and cumulative area. In response to feedback, observers may more
readily monitor their responses, allowing them to avoid responding
according to the wrong cue (i.e., cumulative area), thus minimizing the
effect of cumulative area on their behavioral responses (e.g., Barth,
2008; Picon et al., 2019).

To disentangle these possibilities about what may contribute to the
malleability of cumulative area, we take inspiration from the work of
Picon et al. (2019), who demonstrate that response competition can be
eliminated by asking participants to estimate the number of dots rather
than discriminate between which side of the display has ‘more’ dots. In
typical speeded number discrimination, the labels of ‘more’ and ‘less’
can apply not only to the number of dots but also other non-numeric
dimensions (e.g., the side with larger/smaller cumulative area). In
cases where number and non-numeric cues do not coincide (e.g., the side
with numerically more dots has a smaller surface area) this creates
competition for the same response code (see also Barth, 2008; Odic
et al., 2013; Pietroski et al., 2009). But, in number estimation, cate-
gorical numerical responses are not inherently possible for non-numeric
dimensions. In line with this, Picon et al. (2019) showed that estimation
eliminates some congruency effects, namely those between contour
length and number, suggesting that at least some of these effects result
from response conflicts. While their work examined several non-
numeric features that are thought to be important for number percep-
tion (e.g., contour length, convex hull/density), cumulative area was not
explored. This leaves open the possibility that any effects observed in
Experiment 1 could be due to either a flexible prior or the result of
response competition.

In Experiment 2, we preserve cumulative area as a feature for
number discrimination but replace one side of the dot array with a
Hindu-Arabic numeral. This eliminates any competition between non-
numeric cues during the comparison of the two dot arrays, since the
side represented by the numeral has no cumulative area, while still
preserving the effect of congruency on the side with dots, as a high-
numbered set is sometimes represented using a high cumulative area
(consistent with the naturalistic prior) and sometimes using a low cu-
mulative area (inconsistent with the naturalistic prior). Thus, if con-
gruency effects between number and cumulative area result from
response conflicts, eliminating the competition between these features
should eliminate the congruency effect, independent of the presence or
absence of feedback. If, instead, congruency effects arising from the
influence of cumulative area remain, then we would expect the pattern
of responses to be similar to Experiment 1. The latter would then suggest
that cumulative area is a flexible cue to number, which stems from
reliance on naturalistic priors.

2. Experiment 1
2.1. Preregistration

This experiment was fully pre-registered, including in sample size
and primary analyses. The link to the pre-registration, as well as the
data, stimuli, and analysis scripts can be found on the Open Science
Framework (OSF; the full preregistration can be found here: https://osf.
io/4fja3/?view_only=ac70869c68784a038a79105b7d4b8787;


https://osf.io/4fja3/?view_only=ac70869c68784a038a79105b7d4b8787;
https://osf.io/4fja3/?view_only=ac70869c68784a038a79105b7d4b8787;
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materials can be found here: https://osf.io/jfmny/?view_only=e3c3
0e7858ea40649a4e7a3aa8595598).

2.2. Participants

Past research yields a wide range of effect sizes for congruency ef-
fects between number and cumulative area in number discrimination
tasks with and without feedback (DeWind & Brannon, 2012; Halberda &
Feigenson, 2008; Inglis & Gilmore, 2014; Tokita & Ishiguchi, 2010).
Hence, we conservatively assumed that the true size of the effect was
medium (d = 0.25). Based on an a priori power analysis, we determined
that we would need 52 participants (26 per condition: No Feedback,
Feedback) to reach 90 % power in order to detect a significant effect (a
= 0.01) of the interaction between feedback and area congruency on
Accuracy. Any participants with a self-reported learning or develop-
mental disorder, who failed to complete all trials (i.e., <100 %), or had
chance performance (determined through a binomial test) were
excluded and replaced until the target sample size was met.

Fifty-two university students participated for course credit (M =
21.4). An additional three participants were excluded and replaced: 2
experienced technical issues resulting in their inability to complete the
study, and 1 did not significantly perform above chance. All experi-
mental methods and procedures were reviewed and approved by the
[EXCLUDED FOR BLINDED REVIEW] of Research Ethics.

2.3. Methods and procedures

Participants were tested in-person in a quiet room on a 22.5” iMac
running custom-made Psychtoolbox-3 scripts in MATLAB (Brainard,
1997; Kleiner et al., 2007; Pelli, 1997). They were shown 256 randomly
ordered displays of blue and yellow dots, with yellow dots appearing on
the left side of the screen and blue dots on the right (Fig. 1). They were
instructed to judge which set was more numerous by pressing the “F”
key if they thought there were more yellow dots and the “J” key if they
thought there were more blue dots. Stimuli were counterbalanced such
that both the yellow and blue dots were more numerous for half the total
trials. Performance was measured through Accuracy, corresponding to
the percentage of trials in which participants correctly identified the
more numerous side of the screen.

Stimuli remained visible on the screen for a maximum of 1200 ms or
until participants responded, whichever came first. To vary the degree of
difficulty of the task, we manipulated the total number and ratio of
yellow to blue dots across trials. The arrays varied between 10 and 50
dots. These quantities were chosen given previous work which has
suggested that small quantities (e.g., those <4) are perceived by sepa-
rate mechanisms compared to larger quantities (e.g., those above 5;
Barth et al., 2003; Feigenson et al., 2004; Mandler & Shebo, 1982; Trick
& Pylyshyn, 1994; Whalen et al., 1999; Xu, 2003; Zimmermann, 2018).
For example, small numerosities are perceived exactly and show distinct
psychophysical signatures including a lack of ratio dependence and
being less susceptible to adaptation effects (Anobile et al., 2014; Fei-
genson et al., 2004; Mandler & Shebo, 1982; Zimmermann & Fink,
2016). In contrast, perception of large numerosities are frequently
shown to be more imprecise and, critically, susceptible to congruency
effects (e.g., Feigenson et al., 2004; Odic & Starr, 2018). At the same
time, some previous work suggests that with age, perception of large
quantities that are more frequently encountered (e.g., those >5 but
below 25) can become increasingly precise (albeit not exact; Gebuis &
Reynvoet, 2011; Izard & Dehaene, 2008; but see Cheyette & Piantadosi,
2020). To account for this, we include two “Set Sizes” for these larger
numerosities.

For the “Small” set, arrays varied near-uniformly from 10 to 20 dots.
For the “Large” set, arrays varied near-uniformly from 25 to 50 dots.
Half of all trials consisted of Small set sizes, and the other half were
Large sets. However, we made no specific a priori predictions about the
potential effects of set size on performance. For Small and Large sets, we
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presented four identical ratios: 2.0 (e.g., 20 yellow vs. 10 blue dots; 50
yellow vs. 25 blue dots), 1.5, 1.25, and 1.07 (e.g., 16 yellow vs. 15 blue
dots; 32 yellow vs. 30 blue dots). With this design, accuracy should in-
crease as the ratio increases, so we should expect to see greatest accu-
racy on the highest ratio (2.0) and the worst accuracy on the lowest ratio
(1.07).

To examine the impact of cumulative area on number discrimina-
tion, we varied whether cumulative area correlated or conflicted with
the number of dots in the arrays. This method is consistent with several
other studies (e.g., Halberda et al., 2008, 2012; Halberda & Feigenson,
2008; Libertus et al., 2011, 2012; Mazzocco et al., 2011; Odic, 2018;
Odic et al., 2013)." For half the trials, the more numerous side of the
array was also larger in cumulative area (i.e., Congruent trials), and on
the other half of the trials, the more numerous array was smaller in
cumulative area (i.e., Incongruent trials; Fig. 1). If the mismatch be-
tween cumulative area and number impacts discrimination, then we
should expect lower Accuracy on Incongruent trials compared to
Congruent trials. Alternatively, if participants ignore cumulative area as
a cue to number, then we would expect no congruency effects, with
Accuracy being equal on Congruent and Incongruent trials.

Recent work on cumulative area perception has suggested that ob-
servers might not perceive area veridically, but systematically under-
estimate it by performing an “additive” heuristic (e.g., adding the two
lengths of a square rather than multiplying them; Yousif & Keil, 2020).
In our stimuli, “additive cumulative area” is held constant on Incon-
gruent trials (e.g., the side that twice as many dots is only half as large),
and it covaries with side with numerically more dots on Congruent tri-
als. Therefore, even if participants perceive area “additively”, we would
still expect to find a congruency effect, albeit an attenuated one.

To test the malleability of congruency effects between cumulative
area and number, participants (N = 52) were randomly assigned to
either a No Feedback (n = 26) or Feedback (n = 26) condition. In the No
Feedback condition, observers received no indication of their perfor-
mance after each trial. In contrast, for the Feedback condition, the
phrases “Correct” or “Incorrect” was visually displayed at the center of
the screen following each trial. We predicted that if participants' use of
cumulative area during number discrimination is malleable to the in-
fluence of feedback, then we would observe congruency effects only in
the No Feedback condition. That is, if feedback eliminates congruency
effects, we expected participants in the Feedback condition to perform
equally well on Congruent vs. Incongruent trials, and only participants
in the No Feedback condition to show worse performance on Incon-
gruent compared to Congruent trials. Importantly, observing an impact
of feedback on Incongruent trials would suggest that cumulative area is
not mandatory for visual number perception, and that instead it may
only be flexibly used as a cue for number (e.g., due to naturalistic priors
or later decision-making processes).

! Manipulating cumulative area necessarily may manipulate other non-
numeric features (e.g., density/spread, convex hull). In contrast to some
other stimuli (e.g., Burr & Ross, 2008), here, cumulative area is not linearly
related to the number of dots, so instead we calculate density as the convex hull
divided by the cumulative area. For posterity, we report the correlations for
both the yellow and blue dots separately. In our stimuli, convex hull and cu-
mulative area were not significantly correlated: Yellow r (62) = 0.03, p = .815,
Blue r (62) = 0.17, p = .179. Though - as would be expected based on how
density is calculated here — convex hull and density are significantly related to
each other, Yellow r (62) = 0.48, p < .001, Blue r (62) = 0.40, p < .001, as are
cumulative area and density, Yellow r (62) = — 0.84, p < .001, Blue r (62) = —
0.80, p < .001. We do not make claims about whether or not participants could
use other cues to numerosity for number discrimination, as even density and
convex hull are not the only other non-numeric features that could possibly
influence number. Though critically, our stimuli are such that cumulative area
is only correlated with the number of dots on half the trials. We provide cal-
culations for cumulative area, convex hull, and density based on pixel counts
are provided for each stimulus on OSF as part of our study materials.


https://osf.io/jfmny/?view_only=e3c30e7858ea40649a4e7a3aa8595598
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Fig. 1. Stimuli examples from Experiment 1 and 2
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Note. For Experiment 1, the example shows 10 yellow vs. 20 blue dots for the Small Set Size and 25 yellow vs. 50 blue dots from the Large Set Size. In Experiment 2,
the blue dots are replaced with their corresponding Arabic digit. For Congruent trials, the set with numerically more dots also had the larger cumulative area. On
Incongruent trials, the set with numerically more dots had the smaller cumulative area. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

2.4. Results

Following our pre-registration, we analyzed our data using both
traditional frequentist approaches, and a more nuanced and powerful
Bayesian analysis. The results are identical under both approaches.
However, we provide both analyses to give readers an alternative to
frequentist statistics without a major loss of interpretability or
readability.

We first examine the influence of feedback, area congruency (i.e.,
trial type), set size, and ratio on accuracy using classical frequentist
approaches. A 2 (Condition: No Feedback, Feedback) x 2 (Area Con-
gruency: Congruent, Incongruent) x 2 (Set Size: Small, Large) x 4
(Ratio: 2.0, 1.50, 1.25, 1.07) Greenhouse-Geisser corrected repeated
measures ANOVA over Accuracy revealed a main effect of Condition, F
(1,50) =6.19,p = .016, n% = 0.03, a main effect of Area Congruency, F
(1,50) =11.27,p = .002, n% = 0.02, and a main effect of Ratio, F(2.35,
117.34) =1168.15,p < .001, n% = 0.77, but no main effect of Set Size, F
(1, 50) = 0.28, p = .598, n3 < 0.01. There was also a significant Con-
dition x Area Congruency interaction, F(1, 50) = 6.52, p = .014, n%, =
0.01, but no other significant interactions between Condition, Area
Congruency, Ratio, and/or Set Size (all p's > 0.213).

To further probe these effects and interactions, we performed plan-
ned post-hoc Tukey-corrected pairwise comparisons. As can be seen in
Table 1, participants in the No Feedback Condition were less accurate
than those in the Feedback condition (averaging across Area Congru-
ency, Ratios, and Set Sizes), t(50) = —2.49, p = .016. Additionally, those
in the No Feedback condition were significantly worse on Incongruent
trials compared to Congruent trials, t(50) = 4.18, p < .001 (Fig. 2). In
contrast, participants in the Feedback condition performed equally well
on the Congruent and Incongruent trials, {(50) = 0.57, p = .572. These
results demonstrate that — at least for cumulative area — congruency
effects are malleable and sensitive to feedback. We also observed dif-
ferences in performance across ratios, with participants performing
better on easier (i.e., larger) ratios in both No Feedback and Feedback

Table 1
Accuracy across experiments, area congruency, and conditions.
Area congruency No feedback M (SE) Feedback M (SE)
Experiment 1 Congruent 83.8 (0.01) 85.1 (0.01)
Incongruent 80.0 (0.01) 84.6 (0.01)
Experiment 2 Congruent 74.3 (0.01) 80.3 (0.01)
Incongruent 73.8 (0.01) 79.3 (0.01)

Note. Table depicts accuracy as the mean proportion of trials correct. Standard
errors are included in parentheses next to average accuracy.

conditions. However, overall, participants given feedback demonstrated
greater accuracy, with accuracy, itself, being broadly consistent with
prior work using similar stimuli (e.g., Odic et al., 2013; Odic, 2018;
Table 1).

2.4.1. Bayesian analyses

Our main analyses demonstrate effects of feedback and area con-
gruency on observers' number discrimination accuracy. Accuracy mea-
surements are themselves a combination of potential changes in
response bias (e.g., preference for congruent trials) and stimulus dis-
criminability (e.g., Weber fraction). To further decompose these effects
into changes in response bias, stimulus discriminability, or both, we fit
Bayesian, multilevel regression models to the raw response data using
RStan (Stan Development Team, 2020). These models are straightfor-
ward extensions of multilevel (or “mixed-effects™) probit regression.

A multilevel approach allows for partial pooling of information
across participants to optimally estimate the effect sizes of within-
subject experimental manipulations. Therefore, it is particularly
appropriate for estimating group-level psychometric functions when
each individual subject has a limited number of trials (on the order of
hundreds) compared to more traditional psychophysics experiments,
which sometimes require thousands of trials per subject to estimate.

A Bayesian approach provides a convenient form of regularization to
ensure stable estimates of lapse/random guess rates, which cannot easily
be obtained with commonly used packages for maximum-likelihood
fitting of multilevel models. In addition, maximum-likelihood ap-
proaches to lapse-rate estimation often need to be fitted with hard
constraints to avoid local minima (e.g., must be <5 % of trials); the
Bayesian approach allows for softer constraints with informative priors.
We evaluated experimental effects directly with parameter estimates;
effects are deemed credible when 95 % of their posterior density ex-
cludes 0.

We used generalized linear models with probit transforms (i.e.,
normal CDF) to model the psychometric function, augmented with an
additional lapse rate parameter to allow the asymptotes to be >0 and
<1. We discuss the model specifications below.

2.4.1.1. Model specifications. Responses (coded as 0 and 1) were
modeled with a Bernoulli likelihood, with probability of responding 1
represented by p (see Eq. (2.1)). This probability is a function of two
latent quantities modeled simultaneously: (1) an underlying probability
of responding to one of the two stimuli as a function of the experimental
manipulations and individual participants' biases and sensitivities, rep-
resented by a probit-transformed linear prediction ®(u), and (2) the
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Experiment 2
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Fig. 2. Results from Experiment 1 and 2

Note. The figure depicts mean accuracy measured as the mean proportion correct (collapsed across Set Size) as a function of stimulus Ratio (x-axis: 1.07, 1.2, 1.5, 2.0;
e.g., 10 yellow dots vs. 20 blue dots; Arabic digit 10 vs. 20 yellow dots), Condition (panels: No Feedback, Feedback), and Area Congruency (color). The scatter points
correspond to group-level accuracy, with confidence intervals around the mean shown, with fainter points used to indicate individual participants' performance. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

latent lapse rate A specified as in Odic (2018). This function is repre-
sented in Eq. (2.2). We discuss each of these parts of the likelihood in
turn, followed by notes about specifying priors for the free parameters,
including participant-specific (“random™) effects.

response; ~ Bernoulli(p;) 2.1

pi= (1= A)@0) +5 22)

The prediction u is a linear function of the following coefficients
(represented with the usual symbol ) and the model/design matrix (see
Eq. (2.3)): (1) an intercept Sy to account for baseline response biases, (2)
a coefficient f; to quantify the effect of the log of the ratio of the dot
arrays presented as pairs (fixed for each stimulus pair across partici-
pants), (3) a coefficient fo representing the effect of congruency (where
incongruent trials were scored as —0.5 and congruent trials were scored
as 0.5), (4) a coefficient f3 representing the effect of feedback (no
feedback was scored as —0.5, feedback was scored as 0.5), and the full
set of two- and three-way interactions. Each coefficient corresponding to
a within-subject manipulation was paired with a subject-level random
effect, indicated with the symbol 7.

Wi = Po + 10+
(81 + t1;) (In(Ratio;) )+
(B,) (Feedback;)+
(8, + 13) (Congruency, )+
(B,)(In(Ratio;) x Feedback; )+
(Bs -+ 73j) (In(Ratio;) x Congruency, )+

(2.3)

(Bs) (Feedback; x Congruency,;)+
(,)(In(Ratio;) x Feedback; x Congruency; )

Because the latent lapse rate is bounded between 0 and 1, for con-
venience we modeled it with a logistic regression equation, with terms
corresponding to the group mean lapse rate 1 and subject-specific lapse
rates 7y4j. See Eq. (2.4).

1

A (= Grm) (2.4

Since it was not possible to use fully informative priors based on past

designs, for coefficients in the linear model we used weakly informative
priors (see Egs. (2.5) and (2.6)). Coefficients in the linear portion of the
model were given Gaussian priors centered at 0 with a standard devia-
tion of 2. The lapse rate 1 was given a normal prior with mean below
zero such that 50 % of its inverse-logit-transformed probability density
would be below a rate of 0.07 and 95 % would be below a rate of 0.25.

Following Sorensen and Vasishth (2015), we specified the correla-
tion matrix for within-subject effects by placing an LKJ prior over its
Cholesky decomposition. The vector ¢ includes the estimated standard
deviations of each of the participant-specific coefficients corresponding
to each . The Cholesky-decomposed matrix is given by L. These are
multiplied by a matrix of normally distributed random variables z to
create the matrix of correlated participant-level coefficients 7.

B, ~ Normal(0,2) (2.5)
2 ~ Normal(—1.5,0.5) (2.6)
6 ~ Cauchy(0, 1) 2.7)
L ~ LKI(2) (2.8)
z ~ Normal(0, 1) (2.9)
T = (diag(e)(L)(z))" (2.10)

2.4.1.2. Bayesian results. The marginal means as a function of stimulus
ratio, trial feedback, and area congruency are shown in Fig. 3. We also
include a graphical table of the most important parameter values,
generated using the ggdist package (Kay, 2021) in Fig. 4.

As expected, participants displayed a very high sensitivity to the (log
of the) ratio between the two numbers, replicating the main effect of
Ratio in the frequentist analysis. In addition, both feedback and stimulus
congruency credibly moderated the effect of ratio (Ratio x Feedback
and Ratio x Area Congruency interaction terms), with the slope of the
psychometric function being steeper on average with feedback and
when cumulative surface area was congruent with number.

A credible Ratio x Feedback x Area Congruency interaction revealed
the effect of most interest: the presence of feedback eliminated the Ratio
x Area Congruency interaction (the effect of area congruency on par-
ticipants' sensitivity to ratio). Ratio x Area Congruency interaction was
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Experiment 2

No Feedback Feedback

No Feedback Feedback
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Fig. 3. Selection across experiments.

-04 0.0 04 -04 0.0 04
log(Number of Dots / Hindu-Arabic Numeral)

Note. The figure depicts the marginal means (lines), 95 % credible intervals (ribbons), and empirical proportions (scatterplot points) as a function of stimulus Ratio
(x-axis), Condition (panels), and Area Congruency (color). For Experiment 1, dot arrays assigned numbers 1 and 2 were fixed across participants; ‘congruent’ means
that the dot array with larger cumulative area was number 2, while ‘incongruent’ means that the dot array with the larger cumulative surface area was number 1. For
Experiment 2, one side of the dot array was replaced with a Hindu-Arabic numeral, and was fixed across participants; ‘congruent’ means that the dot array was more
numerous and consisted of a larger cumulative area; ‘incongruent’ means that the dot array was less numerous but consisted of a visually large cumulative area (or

vice versa).
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L
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Fig. 4. Parameters and corresponding posterior distributions plotted with density estimates
Note. Parameters are show on the x-axis, with the posterior distribution for these parameters shown on the y-axis. Below each posterior, its corresponding mean and

95 % credible interval are printed.

not credibly different from 0 in the presence of feedback (simple slope
mean = 0.174; 95 % credible interval = [—0.491, 0.851]). It was only
credibly different from 0 without feedback (simple slope mean = 1.22;
95 % credible interval = [0.639, 1.77]).

2.5. Discussion

In Experiment 1, participants showed strong congruency effects in
the absence of feedback: when number and cumulative area conflicted
(e.g., the side with the larger cumulative area was populated by
numerically fewer dots), participants were less accurate. However, this
effect was eliminated when participants were given feedback. This
suggests that congruency effects between cumulative area and number
are malleable to the influence of feedback and that number may not
strictly depend on cumulative area as a non-numeric visual feature. In
other words, these findings challenge the notion that cumulative area is
obligatory for number perception. We return to and expand upon this

point in the General Discussion. Furthermore, while these findings are
consistent with those reported by DeWind and Brannon (2012), our data
clearly point to the role of feedback rather than mere training/practice
for reducing congruency effects through the inclusion of a no feedback
condition.

But if the influence of cumulative area on number is malleable,
where does it exert its influence? For example, we find evidence that
cumulative area (as well as dot size) influences numeric judgments. In
particular, the Bayesian analyses highlight a bias observers had for
overestimating the smaller dots and underestimating the larger dots,
which was absent on congruent trials. However, what role feedback
played in how participants used cumulative area is unclear. One possi-
bility is that feedback served to eliminate biases in incongruent trials
because it allowed participants to update their priors about the way in
which visual features are correlated with the displays. Given that cu-
mulative area is frequently correlated with number in natural scenes (e.
g., Nasr et al., 2019; Testolin, Zou, et al., 2020b), rational observers may
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normally rely on these naturalistic correlations between number and
cumulative area, except when they have clear reasons to believe that the
stimuli they are viewing are not consistent with the distributions of
features they learned through prolonged experience (Gebuis et al., 2016;
Gebuis, Reynvoet, 2012b; Leibovich et al., 2017). In this case, receiving
feedback that their use of cumulative area is resulting in low accuracy
may have allowed participants to update their expectations. An alter-
native is that feedback eliminated response competition between cumu-
lative area and number for the same behavioral response (e.g., ‘more’/
‘less’; Barth, 2008; Picon et al., 2019). However, much like how the
classic Stroop effect (Stroop, 1935) can be eliminated when participants
can point to the color rather than reading it (e.g., Durgin, 2000), feed-
back could have served as a way to reduce response competition on
incongruent trials, allowing participants to avoid biases towards cu-
mulative area.

There is also a way in which the results of Experiment 1 could be seen
as consistent with a mandatory integration view of cumulative area in
number perception (e.g., Aulet & Lourenco, 2021). Perhaps participants
who were given feedback recognized that on some trials their (mis)
perception of the dots misaligned with the feedback and chose to will-
ingly invert their responses on those trials, despite still using cumulative
area to perceive number. By analogy, consider how participants might
eventually give correct answers for visual illusions without actually
changing their perception of them.

Therefore, a stronger test of whether cumulative area is an obligatory
cue for number perception would be a demonstration that, even without
feedback, participants can spontaneously (i.e., flexibly) drop their usage
of cumulative area information, resulting in no congruency effects. In
Experiment 2, we probe this by replacing one side of the dot array shown
in Experiment 1, with its corresponding Hindu-Arabic numeral (Fig. 1).
This allows us to preserve cumulative area as a visual cue to the
numerosity of the dot array (on one side of the screen), but it eliminates
the response competition with cumulative area (on the other side), since
Hindu-Arabic numerals do not take up physical space in the way that
dots do. As a result, if congruency effects between cumulative area and
number result from response competition, then eliminating the conflict
should result in no difference in accuracy between participants on the
No Feedback and Feedback conditions across trial types. That is, we
should observe no feedback by congruency interaction.

However, if we still observe congruency effects even after elimi-
nating the competition between cumulative area and number, then this
would provide evidence that is consistent with cumulative area being a
flexible cue to number perception, but with congruence effects emerging
due to a rational use of priors. For the side of the array that is not
replaced by a Hindu-Arabic numeral, we would expect that the cumu-
lative area of the dots will continue to influence number discrimination.
For example, if presented with a display of 20 dots, observers should
(mis)perceive it as being >20 on incongruent trials where the cumula-
tive area is low (Fig. 1). If this is the case, then cumulative area should
still bias participants' judgments, resulting in a Condition (No Feedback,
Feedback) by Trial Type (Congruent, Incongruent) interaction in
Experiment 2, as cumulative area would still be rationally recruited for
number, independent of any response conflicts.

3. Experiment 2

The methods, stimuli, and corresponding analyses were identical to
Experiment 1, with the only change being that one side of the dot array
was replaced by its corresponding Arabic digit (Fig. 1). The link to the
data and materials can be found on the Open Science Framework (OSF;
https://osf.io/jfmny/?view_only=e3c30e7858ea40649a4e7a3
aa8595598).

3.1. Participants

None of the participants who completed Experiment 1 were in
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Experiment 2. Consistent with the power analysis and pre-registration
from Experiment 1, 52 university students (26 per condition: No Feed-
back, Feedback) completed a speeded number discrimination task for
course credit (M = 20.6, 35 female).” We used the same exclusion and
replacement criteria as in Experiment 1. Two participants were excluded
and replaced due to a technical issue that resulted in their inability to
complete all trials.

Participants were shown 256 randomly ordered displays with the dot
array on one side of the screen and an Arabic digit on the other half. For
half of the participants (n = 26) the Arabic digit appeared on the left side
of the screen (corresponding to the number of yellow dots from Exper-
iment 1), with the blue dots on the right. For the other half of partici-
pants (n = 26), the Arabic digit appeared on the right side of the screen
(representing the corresponding to number of blue dots from Experi-
ment 1), with yellow dots on the left. Participants were asked to judge
which side of the screen was more numerous by pressing the “F” key for
the left side (digit/yellow dots) and the “J” key for the right side (digit/
blue dots). The trials were counterbalanced such that the left side of the
screen was the correct answer for half the trials.

The stimuli remained visible for 1200 ms or until participants
responded, whichever came first. The Set Sizes were identical to
Experiment 2. The Small set size varied near-uniformly from 10 to 20
dots/numerals; the Large set varied near-uniformly from 25 to 50 dots/
numerals. Half of all trials were Small set arrays, and the other half were
Large set, and we made no prior predictions about the potential impact
of mere set size on performance. We again presented Set Sizes across
four identical Ratios: 2.0 (e.g., 20 yellow or blue dots vs. digit 10; 50
yellow or blue dots vs. digit 25), 1.5, 1.25, and 1.07 (e.g., 16 yellow or
blue dots vs. digit 15; 32 yellow or blue dots vs. digit 30). As with
Experiment 1, we expected that as the ratio increased, Accuracy (i.e.,
proportion of trials in which participants correctly selected the more
numerous side) should increase. Half of the participants (n = 26) were
also given feedback on their performance (Feedback condition: the
phrase “Correct” or “Incorrect” was visually shown on the screen
following each trial), and the other half (n = 26) were not (No Feedback
condition).

3.2. Results

As with Experiment 1, the primary analysis consisted of a 2 (Con-
dition: No Feedback, Feedback) x 2 (Area Congruency: Congruent,
Incongruent) x 2 (Set Size: Small, Large) x 4 (Ratio: 2.0, 1.50, 1.25,
1.07) Greenhouse-Geisser corrected repeated measures ANOVA over
Accuracy (i.e., proportion of total trials in which participants correctly
selected the more numerous side of the display), allowing us to examine
how feedback, congruency, set size, and ratio impacts performance.
Consistent with Experiment 1, we find a main effect of Condition, F(1,
50) =10.63,p =.002, n% = 0.06, a main effect of Ratio, F(2.73, 136.68)
=343.82,p < .001, n% = 0.53, and no main effect of Set Size, F(1, 50) =
1.55,p = .218 n% < 0.01. We also find a Ratio x Set Size interaction, F
(2.68, 134.01) = 3.55, p = .020, n% = 0.01. However, in an important
contrast to Experiment 1, we observe no main effect of Area Congru-
ency, F(1, 50) = 1.12, p = .295, né < 0.01, nor a Condition x Area
Congruency interaction, F(1, 50) = 0.10, p = .756, n(z; < 0.01, and no
other significant interactions between Condition, Area Congruency,
Ratio, and/or Set Size (all p's > 0.100).

Feedback provided an overall boost in accuracy: participants were
significantly more accurate in the Feedback condition compared to No
Feedback, t(50) = 3.26, p = .002 (Fig. 2). We suspect that this effect
occurred because participants normally under-estimate the number of
dots on the screen, even independent of area (e.g., Izard & Dehaene,
2008), and that feedback effectively “calibrated” their responses (e.g.,

2 One participant did not report their date of birth, so average age is calcu-
lated based on information from 51 participants.
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DeWind & Brannon, 2012). Critically, when averaged across Ratio and
Set Size, post-hoc Tukey-corrected pairwise comparisons also show no
significant differences in how participants performed across Congruent
and Incongruent trials within each condition (Table 1). Performance on
Congruent vs. Incongruent trials was not significantly different within
neither the Feedback, t(50) = 0.95, p = .346, nor No Feedback condi-
tions, t(50) = 0.54, p = .593. Thus, unlike Experiment 1, we find no
congruency effects in the No Feedback condition when one side the
array is replaced by an Arabic digit. In other words, without a compa-
rable cumulative area cue on both sides of the display, participants did
not over- or under-estimate the number of dots independent of their
cumulative area, suggesting that they did not use cumulative area even
in the No Feedback condition.

3.2.1. Bayesian analyses

The same approach from Experiment 1 was adopted here. The mar-
ginal means as a function of stimulus ratio, condition (i.e., feedback, no
feedback), and area congruency for Experiment 2 are shown in Fig. 3
and a graphical table of the most important parameter values are indi-
cated in Fig. 4.

In contrast to Experiment 1, we find that there is no three-way
interaction between Ratio, Condition, and Area Congruency (M =
0.25, 95 % credible interval = [—0.46, 0.97]) and no Condition x Area
Congruency interaction (M = 0.024, 95 % credible interval = [-0.12,
0.20]), therefore we do not report the simple slopes (Fig. 4). However,
we do find that like with Experiment 1, participants displayed a very
high sensitivity to the Ratio between the number of dots and the Hindu-
Arabic numerals. Yet only Condition credibly moderated the effect of
Ratio, with the slope of the psychometric function being steeper on
average with feedback (M = 1.4, 95 % credible interval = [0.29, 2.53];
Fig. 4). This indicated that participants were more sensitive to the nu-
merical ratio with feedback.

4. General discussion

Several lines of work have suggested that visual number perception
relies on a combination of non-numeric features, including cumulative
area. But whether these cues can be used flexibly during number
perception or are obligatory is unclear. Here, we test whether observers
necessarily and obligatorily rely on cumulative area for inferring number
(i.e., Experiment 1), or whether use of cumulative area in number
perception simply reflects either a naturalistic prior about the typical
correlation between cumulative area and number, or whether cumula-
tive area act as a response competition with number (i.e., Experiment 2).
We report two key findings.

First, we replicate and extend work demonstrating that congruency
effects — at least between cumulative area and number - can be elimi-
nated in number discrimination tasks with feedback (DeWind & Bran-
non, 2012). In Experiment 1, we show that participants were more
accurate on trials in which number coincided with cumulative area (e.g.,
when the side with the larger cumulative area also had numerically
more dots; Congruent trials) compared to trials in which number and
cumulative area were in conflict (e.g., the side with a larger cumulative
area contained numerically fewer dots; Incongruent Trials). Neverthe-
less, these effects were eliminated with trial-by-trial feedback about
accuracy, resulting in no difference in accuracy on Congruent and
Incongruent trials in the Feedback condition. This suggests that cumu-
lative area is malleable in visual number perception, as participants' use
of cumulative area as a cue to number could be flexibly adjusted when
participants realized (via feedback) that their use of cumulative area is
negatively impacting their performance (i.e., reducing accuracy). This
finding is a significant challenge for computational or theoretical models
that use evidence of congruency effects to place cumulative area as part
of the bundle of cues early vision uses that represent number (Aulet &
Lourenco, 2021; Dakin et al., 2011; Gebuis et al., 2016; Gebuis, Rey-
nvoet, 2012b; Gebuis & Reynvoet, 2012c; Leibovich et al., 2017; Szucs
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et al., 2013).

Second, we found that when response competition between cumula-
tive area and number for the relative-magnitude responses were elimi-
nated, so were congruency effects. In Experiment 2, we replaced one side
of the dot array with its corresponding Hindu-Arabic numeral, allowing
us to preserve cumulative area as a visual cue to number on that side but
eliminate the possibility of a conflicting cumulative area cue on the
other. If congruency effects between cumulative area and number could
arise from observers' priors expectations about how number and non-
numeric visual features are naturally correlated (Gebuis & Reynvoet,
2012c; Leibovich et al., 2017), then eliminating response conflicts
should have had no impact on the congruency effect in the no-feedback
condition (e.g., the trials on which 20 dots were drawn with large dots
should have been perceived differently than trials on which 20 dots were
drawn with smaller ones). Yet, independent of the presence or absence
of feedback, we found no congruency effects in Experiment 2, suggesting
that these congruency effects likely stem from higher-level response
competition between number and cumulative area. Hence, despite the
strength of cumulative area as a cue to numerosity, its influence on
number perception appears malleable, either through the presence of
feedback or eliminating the response competition for the same decision.
These results provide several novel insights for disentangling the con-
tributions of non-numeric features on visual number perception.

Given findings that number discrimination is often influenced by
non-numeric features (e.g., cumulative area, density, contour, convex
hull, etc.), this has been used to argue that number must be inferred
indirectly through other visual features (Dakin et al., 2011; Gebuis,
Reynvoet, 2012a; Leibovich et al., 2017). That is, “number” is entirely or
at least partially derived through combining some mixture of concurrent
visual features rather than mechanisms that are domain-specific to
number, itself (see Leibovich et al., 2017). While our findings do not
eliminate this possibility entirely, these results do challenge the con-
clusions that can be drawn from evidence based on congruency effects
alone.

First, the fact that participants can ignore strong cumulative area
cues in the presence of feedback (Experiment 1) suggests that cumula-
tive area is likely not a necessary component of the integrated features
used to encode number, given that its influence could be readily ignored.
Second, the finding that participants can spontaneously ignore cumu-
lative area even without feedback (Experiment 2) - i.e., when partici-
pants have no reason to abandon it — puts a constraint even on models of
number perception that suggest that observers can flexibility decide
which features to use depending on local stimuli properties. Our stimuli
had rich cumulative area information, and yet, even in the absence of
feedback in Experiment 2, this information was not used by participants
to arrive at their number estimates.”

An important direction for future work is to similarly examine the
contributions of other non-numeric features and their role on visual
number perception. Our focus here was on cumulative area, a cue that
has repeatedly been shown to influence number perception, and is the
strongest candidate for a non-numeric feature that strongly predicts
number in natural scenes (Aulet & Lourenco, 2021; Hurewitz et al.,
2006; Nasr et al., 2019; Testolin, Dolfi, et al., 2020a; Zorzi & Testolin,
2018). In line with this, we do find the size of the effect of cumulative
area on number perception is consistent with prior work (e.g., DeWind &
Brannon, 2012; Halberda & Feigenson, 2008; Inglis & Gilmore, 2014;
Tokita & Ishiguchi, 2010). But, of course, other cues are also relevant for
number, and it is not clear to what extent other cues can be used flexibly

3 If congruency effects between number and cumulative area are the product
of response conflicts, why are they sometimes observed in passive viewing tasks
(Gebuis & Reynvoet, 2012c; Hurewitz et al., 2006; Tokita & Ishiguchi, 2010)?
Consistent with other accounts of response conflicts, we believe that the most
parsimonious explanation is that cumulative area and number compete for
attention as well (Aulet & Lourenco, 2021; Yousif & Keil, 2020).
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or are obligatory. For example, despite eliminating response conflicts
between number and density and convex hull, Picon et al. (2019) still
observed robust congruency effects during number estimation. Hence,
although cumulative area may be a malleable cue, other non-numeric
dimensions (e.g., density, convex hull) may indeed be necessary com-
ponents of early number perception (e.g., Gebuis, Reynvoet, 2012a). At
the same time, an alternative is that several non-numeric features simply
share the same low-level encoding cues with number (Anobile et al.,
2014; Dakin et al., 2011). For instance, density and number might both
be computed through low-spatial frequency detectors (Dakin et al.,
2011; Paul et al., 2022). If number also relies on these low-level features,
any changes in low-spatial frequency will necessarily impact number
perception (see Paul et al., 2022). In this way, density may influence
number only to that extent it shares the same encoding features. Dis-
entangling which features — and where — they exert their influence on
number perception represents an important challenge for future work.

Furthermore, it is important to consider the extent to which certain
non-numeric cues are correlated with each other and whether the in-
fluence of certain cues can be examined independently of others. Several
lines of work have sought to demonstrate perceptual sensitivity specif-
ically to number through controlling for non-numeric features (e.g.,
cumulative area, density, convex hull, contour, etc.; Clayton et al., 2015;
DeWind et al., 2015; Inglis & Gilmore, 2014). Though, factors like
average dot size and density are often correlated with cumulative area
(Gebuis, Reynvoet, 2012b), including in our stimuli (see Footnote 1).
Emerging work also suggests that attempts to control the objective
presence of some of these features (e.g., via pixel count) may not always
control for subjective perception (Clayton et al., 2015; Yousif & Keil,
2019, 2020). For example, in the case of area, rather than computing the
true area of an array, Yousif and Keil (2019, 2020) suggest that partic-
ipants rely on “additive” area (i.e., the sum, rather than the product, of a
shape's dimensions). Accordingly, they find that perceived (additive)
area is much more likely to impact number discrimination (Yousif &
Keil, 2020). It is worth emphasizing that the construction of our stimuli
leads to Incongruent trials being equal in additive area, still predicting a
congruency effect if additive area is used throughout our tasks.
Furthermore, participants' performance at levels well above chance on
these trials shows that number perception is stable even when additive
area is a reliable cue (i.e., Congruent trials) or when it is controlled for (i.
e., Incongruent trials). Adapting models like that of DeWind et al. (2015)
for stimuli generation — where different stimulus properties can be
assessed and controlled over hundreds of trials — may provide a fruitful
direction for future work that seeks to disentangle the individual con-
tributions of different non-numeric features and test the malleability of
other non-numeric features on number perception.

Ultimately, while our data suggest that cumulative area may be
flexibly used during number perception, this does not eliminate the
possibility that other cues are obligatory. Manipulating the presence vs.
absence of feedback in number discrimination tasks like those in
Experiment 1 and 2 may provide a useful methodological tool for testing
which - and how — non-numeric features influence number perception,
as knowing which dimensions represent response conflicts with number,
and how to eliminate them (e.g., via providing feedback), is important
for our abilities to evaluate visual acuity, specifically for number.

Our results also provide a possible explanation for why congruency
effects between cumulative area and number are not always observed
even across similar tasks and stimuli. Experiment 1 highlights that trial-
by-trial feedback alleviates the competition between number and non-
numeric features, independent of any improvements with task perfor-
mance over time (DeWind & Brannon, 2012). Hence, contrary to pro-
posals that the conflicting findings regarding congruency effects result
from a failure to control for certain non-numeric cues (e.g., convex hull
when controlling for cumulative area; Clayton et al., 2015), we find that
the influence of at least some non-numeric features on number can be
readily abandoned when the competition with number is eliminated via
feedback or changes in task parameters (Picon et al., 2019). This can
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explain the differences between studies that fail to observe congruency
effects for cumulative area in number discrimination tasks from those
that do: those that find no congruency effects provided feedback (e.g.,
DeWind & Brannon, 2012; Halberda & Feigenson, 2008; Odic et al.,
2016; Wang et al., 2016), while those with congruency effects did not (e.
g., Aulet & Lourenco, 2021; Inglis & Gilmore, 2014; Tokita & Ishiguchi,
2010).

Understanding what congruency effects signal about the relationship
between number and non-numeric visual features has been an important
subject of debate. Our findings challenge the use of congruency effects to
support claims about the role of non-numeric cues on number percep-
tion. While congruency effects between cumulative area and number
have been found, our data suggests that these findings do not necessitate
cumulative area being mandatory for number, but rather these con-
gruency effects could stem from response conflicts. Work that has relied
on congruency effects for arguments about number being fundamentally
reliant on specific non-numeric features will need to consider whether
congruency effects with other non-numeric cues may similarly emerge
because of competition for the same decision-making components as
number, rather than being obligatory cues for number perception (e.g.,
Leibovich et al., 2017). The methodology here provides one potential
way to disentangle these possibilities.
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