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Abstract
Several studies have suggested that vertebrate and invertebrate species may possess a number sense, i.e. an ability to process in a
non-symbolic and non-verbal way the numerousness of a set of items. However, this hypothesis has been challenged by the presence
of other non-numerical continuous physical variables, which vary along with numerosity (i.e., any change in the number of visual
physical elements in a set naturally involves a related change in visual features such as area, density, contour length and convex hull
of the stimulus). It is therefore necessary to control and manipulate the continuous physical information when investigating the
ability of humans and other animals to perceive numerousness. During decades of research, different methods have been imple-
mented in order to address this issue, which has implications for experiment replicability and inter-species comparisons, since no
general standardized procedure is currently being used. Here we present the ‘Generation of Numerical Elements Images Software’
(GeNEsIS) for the creation of non-symbolic numerical arrays in a standardized and user-friendly environment. The main aim of this
tool is to provide researchers in the field of numerical cognition a manageable and precise instrument to produce visual numerical
arrays controlled for all the continuous variables. Additionally, we implemented the ability to actively guide stimuli presentation
during habituation/dishabituation and dual-choice comparison tasks used in human and comparative research.

Keywords Number sense . Numerical abilities . Number comparison . Quantity discrimination . Approximate number system
(ANS) . Continuous physical variables . Standardizedmethod . Numerical stimuli generator . MATLABGUI

Introduction

The ability to operate with numerical information is an essential
skill to deal with our everyday lives. However, the symbolic
numerical system and the formal arithmetic developed by
humans are believed to be rooted in amore ancient and possibly
innate numerical ability, the so-called number sense (Dehaene,
1997). This sense of numbers is a non-symbolic, language-
independent and evolutionarily conserved ability that allows
humans and other animals to represent numerical sets of phys-
ical items in the surrounding environment (Ferrigno &Cantlon,
2017; Vallortigara, 2014, 2017). Animals, both vertebrates and
invertebrates, can take advantage of this ability in order to op-
timize foraging decisions (vertebrates: Garland et al., 2012;

Gazzola et al., 2018; Hanus & Call, 2007; Stancher et al.,
2015; invertebrates: Bar-Shai et al., 2011; Hemptinne et al.,
1992; Nelson & Jackson, 2012), conflicts between groups, de-
fensive strategies (vertebrates: McComb et al., 1994; Potrich
et al., 2015; Wilson et al., 2002; invertebrates: Tanner, 2006),
mating competition (vertebrates: Flay et al., 2009; inverte-
brates: Carazo et al., 2009) and parental care (Lyon, 2003).

It has been hypothesized that the number sense is actually
instantiated in an approximate number system (ANS), a non-
verbal mechanism that allows one to estimate and represent the
numerosity of sets of physical elements, which obeys Weber’s
Law (Gallistel, 1990), i.e. as the ratio between the numbers to
be discriminated increases, response times increase and accura-
cy decreases (e.g., discriminating 5 vs. 15, with a 0.33 ratio, is
easier than discriminating 10 vs. 20, with a 0.5 ratio; Gallistel &
Gelman, 1992; for general reviews see e.g. Butterworth, 1999;
Hyde, 2011; Nieder & Dehaene, 2009). Evidence for a dedicat-
ed neural network for processing numerical information involv-
ing parietal and prefrontal cortical regions has been reported in
humans (Arsalidou & Taylor, 2011; Piazza & Eger, 2016) and
non-human primates (Wang et al., 2015). Furthermore, neurons
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that show tuned selectivity to specific numerousness have been
described in both humans (see Nieder, 2016 for review) and
non-human species, such as primates (Viswanathan & Nieder,
2013) and corvids (Ditz & Nieder, 2015;Wagener et al., 2018).
Recently, evidence for neurons sensitive to numerousness has
been reported in the dorso-central pallium of zebrafish
(Messina et al., 2020a, 2020b).

The evidence supporting non-symbolic numerical estimation
in a variety of species is robust; however, specifying the precise
nature of what is actually estimated is challenging, since it has
been argued that estimation may be guided by non-numerical
continuous physical variables, such as the amount of stimulus
extension in space (Leibovich et al., 2017). The debate regarding
the existence of a number sense is rooted in a methodological
issue for which it is empirically impossible to separate numerical
information from all other continuous properties at once, making
it difficult to study the non-symbolic numerosity processed in
isolation from continuous magnitudes. In a natural environment,
a change in numerosity of a set of items usually involves a
change in the overall items’ properties (such as volume, area
and perimeter) that co-varieswith numbers: five objects normally
occupy a larger space than three objects. At the same time, if the
elements are displaced at the same distance one from the others,
the global occupied field (known also as convex hull) will be
different, and inversely, by pairing the global field, the larger
group will present a higher density.

As an alternative to the number sense theory, some authors
have suggested that numbers are estimated and compared by
combining the different sensory cues comprising the numeri-
cal value using a sensory-integration-system (Gebuis et al.,
2016). According to another hypothesis, numerosities and
magnitudes would be processed holistically, thus arguing that
it would be more appropriate to refer to a sense of magnitude
than to a sense of number (Leibovich et al., 2017). Evidence
supporting a broader processing of numerosity and continuous
magnitudes has been reported by several studies. Using an
algorithm capable of generating dot arrays in which
continuous variables might be congruent or incongruent with
the number of elements in the set, Gebuis and Reynvoet
(2011, 2012) showed that the participants’ judgement was
influenced by the visual properties of the elements’ arrays.
Continuous magnitude appears to influence performance even
with numerosities in the subitizing range (Leibovich et al.,
2015; Salti et al., 2017). Studies carried out in humans and
different animal species have shown that numerical tasks
might be influenced by non-numerical cues such as the overall
surface area (Feigenson et al., 2002; Stevens et al., 2007;
Tokita & Ishiguchi, 2010), the individual size (Beran et al.,
2008; Henik et al., 2017), the spatial frequency (Felisatti et al.,
2020), and the density of the elements array (Dakin et al.,
2011; Gómez-Laplaza & Gerlai, 2013).

This debate between sense of number and sense of
magnitude is leading researchers to pay particular attention

to the control of continuous physical variables. The simulta-
neous balancing of all these variables at the same time, how-
ever, is not viable: for instance, when the convex hull of the
stimuli increases, the density decreases and vice versa; simi-
larly, when the overall area of two sets of elements with dif-
ferent numerousness is balanced, their overall contour length
would differ (Gebuis et al., 2014; Leibovich & Henik, 2014;
Mix et al., 2002). It is therefore important to set up control
conditions in which the different continuous physical vari-
ables are randomized and contrasted with numerousness as
such to rule out their possible use as non-numerical cues that
may guide the discrimination.

The most common solution to the issue of continuous
physical variables is to use sets of numerical stimuli con-
trolled, in turn, for some (and different) visual features. The
principle strategy is to make these continuous variables unin-
formative cues for discriminative judgement.

The use of computerized methods to create visual sets of
stimuli allows reasonable advantages. In the last years, new
algorithms have been developed for this purpose (see for
example De Marco & Cutini, 2020; DeWind et al., 2015;
Guillaume et al., 2020; Salti et al., 2017; see Table 1 for a
comparison). These algorithms are usually based on strict
mathematical constraints that tolerate a certain amount of er-
ror, usually minimal (e.g. up to a ± 0.001% pixel tolerance
limit; De Marco & Cutini, 2020). Mathematical calculation
also allows a standardized procedure to evaluate the continu-
ous variables in the group of elements; thus, the experimenter
can study their impact on the subjects’ performance, as well as
being provided with a general method that makes it possible to
study intra- and inter-species differences. This minimizes the
impact of biased errors and experimental procedure differ-
ences (De Marco & Cutini, 2020; Guillaume et al., 2020).

An example of these recent tools is given by Guillaume
et al. (2020); despite taking into careful account the influence
of several continuous variables, such as area, size, convex hull
and each element’s spatial occupancy, the program does not
allow proper control of the internal size of elements, produc-
ing arrays composed of identical items. This may cause im-
portant differences in terms of spatial frequency.

An alternative tool was developed by De Marco and Cutini
(2020), allowing a flexible creation of dot arrays; however, this
program lacks some important features, such as an active con-
trol of the items' inter-distance, the minimum and maximum
distance that can divide neighbour elements, as well as a fixed
minimum and/or maximum dimension of elements. Besides,
this program does not present an interactive interface that al-
lows a non-expert user to simply interact with the program.

The main goal of the algorithm we present here, GeNEsIS
(Generation of Numerical Elements Images Software,
GeNEsIS), would be to provide an alternative tool that inte-
grates all the aforementioned features, helping in solving the
issues related to the creation of numerical stimuli. The
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program will guide the user throughout the creation of sets of
elements with a user-friendly interface, making it possible to
freely utilize the output images for different purposes.
Moreover, it provides a tool to perform the stimuli presenta-
tion on screen through two of the most common experimental
methods: a habituation/dishabituation task and a simultaneous
dual-choice discrimination task. We believe that our software
is a step towards a standardization of stimulus presentation in
the study of numerical cognition. It improves the way in
which experiments can be designed and controlled with re-
spect to previous programs, adding more flexibility and a
wider handling spectrum on continuous physical variables
on which the experimenter could act (see Table 1 for a
schematic comparison between the main existing programs,
and Fig. 5 for accuracy comparisons among the most recent
ones).

Materials and methods

We present a custom program (GeNEsIS) written in MATLAB
(MATLAB R2019a, The MathWorks Inc., Natick, MA, USA),
using Appdesigner. GeNEsIS is user-friendly, with a step-by-

step tutorial; both the program code and the tutorial can be freely
downloaded from https://github.com/MirkoZanon/GeNEsIS.

Using GeNEsIS, the user can create stimuli with
completely custom characteristics, precisely controlling all
the relevant parameters and physical variables like convex
hull, density, mean inter-distance, total surface area and
total perimeter (see Fig. 1 for an example of each controlla-
ble variable; program accuracy in a stimuli generation sam-
ple is shown in the Supplementary Materials; see Fig. 1
Supplementary Materials). GeNEsIS is easy to use and al-
lows great flexibility in stimuli creation. Moreover, the pro-
gram implements a tool to perform automatized experi-
ments using habituation/dishabituation and simultaneous
discrimination procedures; the script can also be adapted
and modified to fulfil different user necessities in presenting
stimuli in many different ways. The presentation on screen
exploits Psychtoolbox-3 (the Psychophysics Toolbox
extensions; Brainard, 1997; Kleiner et al., 2007; Pelli,
1997). Notably, the main tool to generate controlled stimuli
is completely unrelated to any specific experiment or theo-
ry; thus it has a huge applicability spectrum and the creation
of stimuli can be adapted to different theoretical
frameworks.

Table 1 Comparison between GeNEsIS and other programs developed until now

The green check symbol indicates the ability of the program to perform the corresponding task, while the red cross indicates the absence of that tool. The
yellow check indicates a limited possibility for the corresponding task: for instance, NASCO does not present the ability to select a custom total perimeter
value, but since in this software the radius is fixed inside an array, the perimeter could be indirectly controlled; in Salti's software, instead, the controlled
variables are not fully settable since the program only allows fixing their ratio across numerosities. With density, we refer here to a measure of mean
occupancy, as slightly differently defined in the corresponding papers (De Marco & Cutini, 2020; Gebuis & Reynvoet, 2012; Guillaume et al., 2020;
Salti et al., 2017), while with inter-distance we refer to the definition ‘most geometrically close to distance‘ that we gave (or similar definitions that can be
found such as in De Marco and Cutini (2020), even if only presented in output and thus not directly controlled)
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The program works with MATLAB 2019 or more recent
versions, and it has been thoroughly tested and proven to
function in both Windows PC (e.g. Windows 10 Intel®
Core™ i7-3770 - CPU: 3.4 GHz - RAM: 8 GB and Intel®
Core™ i5-4570 - CPU: 3.2 GHz - RAM: 8 GB) andMac (e.g.
MacBook Pro Intel® Core™ i7 - CPU: 2.6 GHz - SSD:
512 GB - RAM: 16 GB and Intel® Core™ i5 - CPU:
2.7 GHz - RAM: 8 GB) environments.

The controlled physical variables

GeNEsIS allows complete control over six main continuous
variables (i.e. inter-distance, convex hull, density, radius, total
perimeter and total area) and many other additional parameters
(i.e., number of items in the array, shape and colour, arena type
and dimension, accepted error and number of generations).
Here we report a summary of all the parameters that the user
can access and control, explaining how they are calculated.
& Inter-distance (ID): the average of the distances between

all the possible pairs of elements (Fig. 1a). These are cal-
culated as the Euclidean distances between the element
centres. ID is not defined for one element.

& Convex hull (CH): the area of the smallest convex polygon
containing all the elements (Fig. 1b); it is calculated through

the convhull()MATLAB function using the points of all the
elements’ perimeters. Thus, it can be seen as the surface area
defined by the outermost stimuli perimeters. If only one
element is presented, the CH value corresponds to its area.

& Density (D): the physical definition of elements’ density
in a two-dimensional space, i.e. the number of elements
(n) divided by the total occupied area (D = n/CH), (Fig.
1c). D is not defined for one element.

& Radius: the specific dimension of the elements. For the
circular shapes it is the proper circle radius (Fig. 1d); for
squares, diamonds and triangles it refers to the side dimen-
sion of the shapes.

& Total perimeter (TP): the sum of the perimeters (contours)
of all elements (Fig. 1e).

& Total area (TA): the sum of the areas (surfaces) of all
elements (Fig. 1f).

Additional controls of secondary variables can be applied,
concerning the following points:

& Number of elements: number of elements in the visual array
(the user is allowed to select 1 to n possible elements).

& Arena radius: the dimension of the field in which elements
are created; it is possible to choose a circular or squared arena

Fig. 1 Example of stimuli with different numerosity (4 vs. 8 elements),
controlled for the main continuous variables (sketched in red). a Inter-
distance (ID): both groups are constructed with the same mean inter-
distance between all elements. b Convex hull (CH): both groups are
constructed with the same convex hull. c Density (D): both groups are
constructed with the same density (n/CH). d Radius (R): both groups are

constructed with all equal elements (fixed radius). e Total perimeter (TP):
the sum of all the elements’ perimeters is the same for both groups. f Total
area (TA): the sum of all the elements’ areas is the same for both groups.
Combinations of one variable from the left group of controls (ID or CH or
D) with one from the right (R or TP or TA) are also possible, allowing for
maximum flexibility (see also Table 2 and Fig. 6)
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(inwhich case the term ‘radius’ refers to half the square side).
The colour can be set using the RGB colour code.

& Shape and colour: the characteristics of elements that can
be created, choosing between circles, squares, rotated
squares (diamonds) and equilateral triangles. Completely
custom colours can be set in RGB code.

& Accepted error: the tolerance of the program. Variables
differing from the set value less than the ‘accepted error’
percent are considered to fulfil the requirements.

& Generations: the number of stimuli that are created at a time.

GeNEsIS workflow

The program is structured in three steps: the computation of
the s t imu l i w i th con t ro l l ed phys i ca l va r i ab l e s
(GeNEsIS_create), the saving of the final images with a cus-
tom layout (GeNEsIS_save) and the optional presentation of
images on screen for experimental use (GeNEsIS_display).

First step: the computation of stimuli with controlled
geometrical characteristics

This step is performed with GeNEsIS_create. Here the user
will be guided through two passages (Fig. 2): the control of
elements’ distribution and of their shape. The first step allows

the creation of stimuli distribution in space (controlling points’
convex hull, density, inter-distance), while the second step
allows the control of area, perimeter, type of shape, and finally
to eventually adjust the shaped elements’ distribution to match
the selected convex hull (see later for a detailed discussion).

In the first passage, after setting the arena dimension and
shape (i.e., circular or squared arena), and the number of ele-
ments, the script will continuously generate configurations
with these characteristics, keeping only the ones fulfilling
the spatial distribution constraints. It will stop after collecting
the selected number of generations. Later, it will further dis-
card the ones that do not meet the chosen shape/geometrical
constraints (see below). For this reason, it would be desirable
to perform a big number of generations in order to obtain a
final pool of a reasonable number of items. Since this could
take a long time, an ‘accepted error’ option is settable in order
to keep also configurations differing from the set constraints
by an error smaller than the accepted one. Already, with an
accepted error of 0.01%, there is a huge improvement in the
computational time (for example, when applying this threshold,
the computational speed more than doubles in most cases). As
noted, all the variables are calculated here for point distributions.

In the second passage, the geometrical characteristics of the
elements like shape, dimensions, areas and perimeters can be
set. It is also possible to impose strong constraints on the radii. If
the elements do not have a fixed radius, a mean radius and a

Fig. 2 Graphic interface for the generation of GeNEsIS stimuli, (first
step, GeNEsIS_create). In this step, the user can choose the continuous
variables to control (ID, CH, D in the first passage -left-; R, TP, TA, shape

in the second passage -right-). The program has an intuitive user-friendly
interface to guide users through all the process of stimuli computation
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variability can be chosen. The program will try to generate the
elements with radii belonging to a Gaussian distribution with
that mean and sigma (variability). Also, the minimum and max-
imum radius for the elements arrays are settable and can be
maintained fixed across arrays (Fig. 6). Every time the user
changes the parameters and re-computes the elements, a new
random set fulfilling the user's constraints is generated on the
same positions. A fundamental step to improve the program
precision when controlling the CH is the refinement of the ele-
ments’ positions. If the user chooses a fixed CH, only the initial
disposition of points (in the previous passage) will fulfil that
value. However, when shaping the elements around these
points, their extensions in space increase and so does the effec-
tive CH. For this reason, the ‘real’ CH (i.e., considering the
shapes’ perimeters) is recalculated in this second passage, and
the elements’ positions are moved by small steps towards their
centre of mass until the desired CH is matched. In this way,
GeNEsIS will give a more precise estimation of the CH (with a
negligible error at the pixel level, related to the set tolerance),
considering the physical extension of all the elements. If the

user does not select a fixed CH, the program will simply cal-
culate and update the effective CH value. Saving these data, a
MATLABGeNEsIS file is created, ready to be used to custom-
ize layout characteristics as reported in the second step.

Second step: saving the final images with custom layout

This step is performed withGeNEsIS_save. After the creation
of the stimuli pools, it is possible to save the created stimuli
configurations as images ready to be presented during the
experiment. Here, the effective dimensions, colours and other
graphic characteristics can be chosen simultaneously for two
different sets (Fig. 3). The tool allows for the greatest flexibil-
ity in colour customization, and moreover makes it possible to
save different configurations of images as single or multiple
stimuli in different orientations (horizontal or vertical). The
output can be a PNG image file or a MATLAB matrix of
images, ready to be used in an automated presentation with a
computer. The elements’ dimensions in the output image can
be precisely optimized, setting the output canvas dimension in

Fig. 3 Interface for the graphic customisation of GeNEsIS stimuli,
(second step, GeNEsIS_save). In this step, the user can choose all the
possible colours and dimensions to save the final images. The stimuli can

be saved as PNG images or MATLAB matrices ready to be used in a
computerized presentation. The program has an intuitive user-friendly
interface to guide through all the process of stimuli customization

151Behav Res  (2022) 54:146–157



pixels and the corresponding effective dimension in
centimetres. In this way, fixing the desired effective dimen-
sion of the arena -taken as reference-, the user will obtain a
figure with the exact final size. An Excel file is also saved in
output as reference, with all the relevant characteristics of all
the generated stimuli.

Third step: the presentation of stimuli on screen

This step is performed with GeNEsIS_display. This supple-
mentary tool, exploiting Psychtoolbox, allows the user to per-
form classical experiments on numerosity with the GeNEsIS
stimuli (Fig. 4).

Two type of experimental paradigms can be implemented:
the ‘habituation/dishabituation’ task and the ‘simultaneous
dual-choice discrimination’ task, which are widely used in
developmental and comparative cognition (Giurfa, 2019;
Halberda & Feigenson, 2008; Messina et al., 2020b; Potrich
et al., 2015; Xu & Spelke, 2000). The former implies the
presentation of sets of stimuli whose physical properties all
change from trial to trial, while maintaining the numerosity
unchanged throughout the trials. During the dishabituation
phase, novel stimuli with different characteristics (i.e., novel
number of elements) are presented. The latter paradigm allows
the user to display and visually compare two sets of stimuli
that can differ in number. The stimuli to be compared can be
balanced for one or more physical aspects and randomized
among the session’s trials. The user can load different files
created with GeNEsIS, up to four sets (numerosities) and
choose the ones to present; the number of images per set is
settable as well. In both experiments, the user can proceed to a

subsequent trial, by pressing the keyboard or automatically,
choosing the times of images presentation and pause. Again,
all the sequences of stimuli presented during the experiments
can be saved as an Excel file containing all relevant variables
during the different presentation trials to help in the final eval-
uation of the experiment.

These are only two examples of experimental paradigms
implemented using our program. The stimuli creation can be
adapted for various needs and a large number of different
experimental paradigms. Moreover, as reported above, the
stimuli can also be saved as image files (PNG) and printed
or used with other software (even different from GeNEsIS) to
perform the final experiments.

Results

Comparison with existing tools

As previously reported, many available programs have different
useful characteristics, but are not distilled into a suite of ideal
tools for full control over the main continuous variables. With
our software, we include all the main useful characteristics,
adding additional features to refine the experimental design.
We reported in Table 1 a sketched comparison of the main
available programs developed so far (De Marco & Cutini,
2020; Gebuis & Reynvoet, 2012; Guillaume et al., 2020; Salti
et al., 2017), focusing on themain tools a program could embed.

We also performed a comparison simulation with the two
most recent (and most flexible, given the wider range of ap-
plications) programs (De Marco & Cutini, 2020; Guillaume

Fig. 4 Interface for the performing of an experiment with GeNEsIS
stimuli (third step, GeNEsIS_display). This is a tool allowing two
classical experimental protocols: habituation/dishabituation and dual

choice tasks. The program has an intuitive user-friendly interface to guide
users through the whole experimental process and help in setting the
presentation characteristics
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et al., 2020). The outcome of the comparison is reported in
Table 1.

The goal of the simulation was to create different arrays for
three numerosities (5, 10, 20 elements), keeping constant the
convex hull (controlled at 150000 pixels) and the total area
(controlled at 20000 pixels) across quantities. In order to com-
pare the simulations at the same level, and since NASCO
(Guillaume et al., 2020) can only create dots with a constant
radius inside an array, the array’s elements radius was kept
constant in all simulations. For each numerosity, we created
100 images in order to collect the final output average and
relative standard error. To test the fine precision of the differ-
ent software, the error tolerance was set at 0.0001% for
GeNEsIS, or the minimum possible reached by others.

The results are shown in Fig. 5, with the relative graphs
representing the controlled features (convex hull and total ar-
ea). In all the simulations, GeNEsIS showed high accuracy
among the numerosities created, both when controlling the
convex hull and when controlling the overall area.

It is interesting to note, across all these simulations, the
very high accuracy of GeNEsIS (though the magnitude of
errors is probably negligible in most cases; see Fig. 5).

We especially stress the usefulness of GeNEsIS for the
wide range of tools it could provide compared with the other
existing software (see Table 1) and the flexibility with which it
can be used in many different contexts.

Examples of stimuli creation for different theoretical
frameworks

Physical variables controlled in combination

As previously reported, GeNEsIS controls different variables
independently (see Fig. 1). Given the flexibility of the pro-
gram, the user could also control custom combinations of
these variables, with the only limitations given by the geom-
etry and visual properties of the elements’ arrays (for example,
it will never be possible to simultaneously fix total area and
total perimeter given their geometrical characterization: as the
first varies with the second power of the radius, the second
varies linearly). A comprehensive overview is summarized in
Table 2, in which the most significant variables are considered
and coupled in accordance with their geometrical limitations.
An example of multiple controls between numerosities 3 and
5 is also reported (Fig. 6).

Tests were additionally performed on the multiple control
of different variables across numerosities, and all the main
possible configurations were created. An exemplification of
simulation for some of the most relevant combinations is re-
ported in the Supplementary Material (Supplementary Fig. 1),
where the accuracy of GeNEsIS in handling fixed variables
and how the free variables vary across numerosities can be
seen.

Fig. 5 Comparison simulations between GeNEsIS and the most recent
software (De Marco & Cutini, 2020; Guillaume et al., 2020). Three
numerosities were generated (5, 10 and 20), with 100 images per
numerosity. The aim was to fix the convex hull (at 150,000 px) and the
total area (at 20,000 px) across numerosities. The tolerance was set at very

low levels to test the fine precision of the software (0.0001% or the
minimum possible). Means with relative standard errors for the controlled
variables are reported in the tables and depicted in the bar graph as well
for a direct comparison
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Creation of congruent and incongruent stimuli

Another possible use of GeNEsIS is given by the creation of
sets of stimuli whose numerosity may vary congruently or
incongruently with non-numerical physical variables. In order
to report an example of this approach, we performed a simu-
lation with 20 vs. 40 dots considering their total area as the
continuous variable of interest. In Fig. 7a, the reference
numerosity 20 is depicted with a fixed total area of 600 px;
Fig. 7b shows a balanced stimulus with 40 dots, in which the
numerosity doubles but the total area is still constant at 600 px
(overall surface area is equal between the two numerosities). If
instead one would create a congruent stimulus, this can be
done by increasing the total area as the numerosity increases
(Fig. 7c: the total area doubles with numerosity); on the

contrary, it is possible to create incongruent stimuli by de-
creasing the overall area as the numerosity increases (Fig. 7d
shows a stimulus incongruent for the total area).

This idea can be applied to every kind of variable and
adapted to different theoretical backgrounds, showing the
huge flexibility of GeNEsIS.

Discussion and conclusions

Numerical abilities are important for many different species,
since organisms use numerical information to perform adap-
tive choices (Haun et al., 2010; Nieder, 2020). However, re-
searchers also identify alternative strategies to number
encoding, based on perceptual cues that vary according to

Fig. 6 Example of stimuli with different numerosity (3 vs. 5 elements),
controlled for a combination of different variables (sketched in red). In
particular, both groups have the same convex hull and total perimeter.
Moreover, a strict control over the radii is applied, imposing the same

element size for the smallest and largest items (i.e. the radii of the smallest
and largest elements are the same in both groups (see red and white
arrows, respectively)

Table 2 Summary of the main possible combinations between physical variables, as dictated by geometrical constraints

TA TP

ID TA+ID TP+ID

D TA+D TP+D

CH TA+CH TP+CH Rmin Rmax Rmin+Rmax Requal Rfree

TA+ID TA+ID+Rmin TA+ID+Rmax TA+ID+Rmin+Rmax TA+ID+Requal TA+ID+Rfree

TA+D TA+D+Rmin TA+D+Rmax TA+D+Rmin+Rmax TA+D+Requal TA+D+Rfree

TA+CH TA+CH+Rmin TA+CH+Rmax TA+CH+Rmin+Rmax TA+CH+Requal TA+CH+Rfree

TP+ID TP+ID+Rmin TP+ID+Rmax TP+ID+Rmin+Rmax TP+ID+Requal TP+ID+Rfree

TP+D TP+D+Rmin TP+D+Rmax TP+D+Rmin+Rmax TP+D+Requal TP+D+Rfree

TP+CH TP+CH+Rmin TP+CH+Rmax TP+CH+Rmin+Rmax TP+CH+Requal TP+CH+Rfree

We consider different combinations of inter-distance (ID), density (D), convex hull (CH), total area (TA), total perimeter (TP) and radius (R) (the last of
which can be free to vary or equal inside an array; Rmin and Rmax refer to the ability to fix the minimum and maximum radius in the array). GeNEsIS can
handle all these kinds of configurations, and even many other possible custom configurations that are less restrictive than these. The control of more
variables at a time, different to the ones reported here, is not allowed given the geometrical limitations of these variables (i.e., their reciprocal dependency
and their different covariation with numerosity)
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numerosity (Gebuis & Reynvoet, 2011, 2012); this raised the
hypothesis of the existence of a more general sense of
magnitude (Leibovich et al., 2017). Indeed, organisms could
use the variation in continuous cues, such as area, perimeter or
space occupied by elements, to discriminate arrays containing
a different number of items.

For these reasons, a careful consideration of the variation in
continuous physical variables when visual arrays are present-
ed should be a mandatory aspect of investigation in numerical
cognition. Despite previous studies having carefully applied
several controls in the investigation of numerical abilities of
different species, a common and standardized experimental
method to guide such controls seems to be missing.

In the last few years, new programs have been developed to
help researchers with numerosity element array creation (De
Marco & Cutini, 2020; Guillaume et al., 2020; Salti et al.,
2017). Despite their usefulness, each of them lacks some fun-
damental tool to allow full flexibility in creating controlled
stimuli (see Table 1 for a comparison between programs).
Here we propose GeNEsIS as a tool to create numerousness
stimuli controlled in their physical continuous variables in a
standardized and highly accurate (Fig. 5 and Supplementary
Fig. 1) way. Our program sums up all the aforementioned
utilities in a comprehensive tool, implementing the features
that until now were missing (Table 1). In particular, with
GeNEsIS the user can easily control convex hull, mean in-
ter-distance, density, total area, total perimeter, elements’
number and size independently or in combination, with the
only limitations imposed by the geometry (Table 2).
Moreover, the layout is completely customizable, allowing
the user to also create elements with different colours and

shapes (circles, triangles, diamonds and squares). All the pro-
cedures are guided by an intuitive graphical user interface,
permitting those even with less practical coding experience
to easily create the stimuli. In addition, we implemented a tool
to perform the presentation of these images on screen, during
standardized experiments of habituation/dishabituation or du-
al choice tasks.

With this program we hope to fill the gap in the current state
of the art in numerical cognition experiments, providing a tool
that can improve the way in which experiments are conducted,
reducing at a minimum the bias in numerousness array due to
continuous physical variables, and standardizing the procedure
of stimuli creation and presentation to facilitate experimental
replicability and inter- and intra-species comparisons.
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Fig. 7 Example of comparison between 20 and 40 dots, controlled for
their total area. a Numerosity 20 with fixed total area at 600 px. b
Balanced stimulus of numerosity 40: total area is constant at 600 px. c

Congruent stimulus of numerosity 40: total area (1200 px) doubles as
numerosity doubles. d Incongruent stimulus of numerosity 40: total
area (300 px) halves as numerosity doubles
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