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ABSTRACT
Four-month-old infants extract ordinal information in number-based and size-based visual sequences, provided that magni-
tude changes involve increasing relations. Here the ontogenetic origins of ordinal processing were investigated between 2018 
and 2022 by testing newborns' discrimination of reversal in numerosity (Experiment 1, N = 22 White, 11 females), numerical 
order in the presence of redundant non-numerical quantitative cues (Experiment 2, N = 44 White, 23 females), or size-based 
order (Experiment 3, N = 44 White, 21 females). Newborns' post-habituation preferences revealed successful discrimination only 
when both numerical (items' number) and non-numerical (items' size) cues concurrently changed, and following habituation to 
increasing order (p = 0.017, η2

p = 0.135). These findings, along with evidence from older infants and non-human animals, suggest 
continuity in magnitude representation across ontogenetic and phylogenetic levels.

1   |   Introduction

During the last few decades, developmental science has pro-
vided strong evidence that the ability to encode and represent 
quantitative attributes of the environment and to operate over 
such representations emerges very early in human ontogeny. 
The interest in understanding the developmental roots of these 
abilities in early infancy has taken place in the context of mod-
ern cognitive science that considers the dimensions of number, 
space, and time as critical environmental attributes used by 
nonhuman and human animals to adapt to and represent the 
world (e.g., Carey 2011).

Animals of many species (e.g., Cantlon 2012; Gatto et al. 2022; 
Rugani et  al.  2020) and human infants in their first year of 
life have been shown to discriminate between the numeros-
ities of visual–spatial arrays or auditory–temporal sequences, 

between the sizes of visual objects or between the temporal 
durations of acoustic, visual, or audiovisual events (see review 
by Feigenson 2011). In preverbal infants, these abilities have 
been studied above all using the habituation/dishabituation 
and familiarization procedures based on the recording of look-
ing time measures (see review by Colombo and Mitchell 2009). 
Such procedures allow measuring both perceptual learning 
and recognition memory, which both reveal that a form of 
mental representation of the stimuli/event presented is being 
stored in memory (Pascalis and de Haan 2014). For instance, 
6-month-old infants who have been habituated to multiple ar-
rays of 8 objects and are then tested with a new array of 8 
novel objects in some trials or 4 novel objects in other trials 
show increased attention to the trials containing the novel 
object numerosity (e.g., Xu and Spelke  2000). Although the 
contribution of cortical and subcortical networks to infants' 
perception of numerosity is currently debated (Blumberg and 
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Adolph 2023), this type of evidence leads researchers to infer 
that infants have extracted the approximate cardinal value of 
the familiarized stimuli across variations in their perceptual 
appearance (e.g., shape, size, color) and continuous quantita-
tive features (e.g., physical size, contour length). Also, they 
stored in working memory a representation of the numerical 
value that is unbounded by the limits of immediate percep-
tion, to which new instances of the same numerical value can 
be associated.

Further evidence of the abstract nature of preverbal represen-
tations of number comes from the observation that such rep-
resentation supports intermodal comparison, allowing infants 
to compare numerosities experienced in one sensory modality 
(e.g., audition) to numerosities experienced in another (e.g., vi-
sion) (Feigenson 2011). Six-month-old infants familiarized with 
a one-to-one pairing of 6 objects and sounds exhibited increased 
attention to number mismatch trials, where the auditory and vi-
sual numerosities did not correspond, during subsequent testing 
with 8 sounds and 8 or 4 objects. Critically, infants in this study 
were forced to use memory as they heard and saw numerical 
stimuli at different times. This allowed researchers to conclude 
that infants can form and maintain in working memory genu-
inely abstract representations with approximate numerical con-
tent, just like older children (e.g., Barth et al. 2006) and adults 
(e.g., Barth et al. 2003).

The ability to use memory to compare numerical representa-
tions is key to computation, as when adding an approximate 
number of food items to a set of previously perceived items, 
or when ordering the number of perceptually available items 
with respect to the number of those previously experienced. 
Accordingly, preverbal infants (and non-human animals; e.g., 
Garland and Low  2014; Livingstone et  al.  2014) can operate 
over representations of both small and large numerosities by 
adding, subtracting (e.g., Kobayashi et  al.  2004; McCrink and 
Wynn 2004; Wynn 1992) and ordering (e.g., de Hevia et al. 2017; 
Picozzi et al. 2010) them. For instance, 5-month-olds can com-
pute the addition of 1 object and 2 sounds and compare the result 
with a third array displaying 3 objects or 2 objects, preferring the 
unexpected, incorrect outcome over the expected, correct one 
(Kobayashi et al. 2004).

From about the same age, infants have been shown to discrim-
inate ordinal relations (increasing or decreasing) within sets of 
non-symbolic numbers when the ratio of numerical changes is 
sufficiently large. In two studies using different numerosities, 
Macchi Cassia and colleagues (de Hevia et al. 2017) habituated 
4-month-old infants to increasing sequences of large numer-
osities differing one from the other according to a 1:3 ratio. At 
test, infants generalized habituation responses to new numer-
ical displays arranged in the familiar order while dishabitu-
ated to the same displays arranged in a decreasing order, even 
when non-numerical continuous variables were controlled for. 
Similar results were obtained in older infants (i.e., 11 months; 
Brannon 2002; Suanda et al. 2008).

In these studies, numerical order was operationalized as the 
progressions (either incrementing or decrementing) between 
at least three numerosities. Magnitude changes had to repeat 
at least twice and be consistent within a given sequence (e.g., 

6-18-54 or 54-18-6), so that ordinality emerged from iterative 
cardinality comparisons between constituent pairs of numer-
osities. This computation differs from the one taking place in 
simple numerical comparison and discrimination where infants 
can succeed by simply perceiving the numerical dissimilarity 
between two sets of objects (e.g., 8 vs. 16) without needing to 
compute the ‘greater than’ or ‘less than’ relations between them. 
Also, non-symbolic numerosities were sequentially deployed 
one after the other within each sequence. This required infants 
to rely on working memory to compute increasing and decreas-
ing numerosity changes as the difference between the numer-
osity of the perceptually available display and the represented 
numerosity corresponding to the previously presented display.

Evidence from this work has challenged the view, inspired by 
Piaget's theory (1954), that the ability to compare and discrim-
inate numerosities precedes ordinal understanding. Within 
this view, the ability to grasp numerical order would emerge 
in preschool years through the observation of transformations 
in the environment, such as adding and removing objects, and 
the quantitative changes that derive from those transformations 
(e.g., Cooper Jr 1984; Mix et al. 2002). Infant research has also 
challenged the idea that infants understand non-numerical 
order before grasping numerical order (Brannon 2002; Suanda 
et al. 2008). While studies showed that 4-month-old infants can 
detect order in non-symbolic numbers (de Hevia et  al.  2017), 
they also found this ability generalizes equally to physical size 
(i.e., sequences of shapes varying in surface area; Macchi Cassia 
et al. 2012), suggesting a common development of ordinal rep-
resentation for the two quantitative dimensions of size and 
number.

Despite their ability to perform ordering computations, unlike 
older infants aged 7–9 months (Macchi Cassia et  al.  2017; de 
Hevia and Spelke 2010; Picozzi et al. 2010), 4-month-old infants 
exhibit an asymmetry in their sensitivity to magnitude changes. 
Specifically, they succeed at detecting and representing numer-
ical increase but fail with numerical decrease. This is evident 
in their successful discrimination of a reversal in ordinal di-
rection following habituation to increasing, but not decreasing, 
numerical sequences (de Hevia et al. 2017). Notably, this asym-
metry signature (i.e., success for increasing order and failure 
for decreasing order) extends to size ordering (Macchi Cassia 
et al. 2012; but not temporal duration, see de Hevia et al. 2020) as 
4-month-olds show the same pattern of success with increasing 
size-based sequences and failure with decreasing ones.

It has been suggested (see discussion in de Hevia et  al.  2017; 
Macchi Cassia et  al.  2012) that this ordinal asymmetry might 
be a developmental precursor of the ‘addition advantage’, a phe-
nomenon characterized by better performance and earlier acqui-
sition of addition relative to subtraction arithmetic operations. 
This advantage persists from childhood to adulthood, encom-
passing both symbolic (e.g., Kamii et al. 2001) and non-symbolic 
(e.g., Shinskey et al. 2009) arithmetic performance. With large 
non-symbolic sets, adults and young children are more accurate 
with addition than with subtraction problems (Barth et al. 2006, 
2008; Shinskey et al. 2009), and this advantage is shared across 
cultures (Campbell and Xue  2001). Also, in formal education, 
addition is considered the foundation for subtraction, and the 
processing of counting-down for subtraction is commonly more 
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time-consuming than the processing of counting-up for addition 
(Baroody 1984; Canobi 2005; Fuson 1984).

The link between infants' ordinal asymmetry and the later-
developing addition advantage would not be the only instance of 
ontogenetic continuity in ordinal representation. For example, 
the Operational Momentum (OM) phenomenon, by which par-
ticipants systematically overestimate the outcomes of addition 
problems and underestimate those of subtraction problems, has 
been reported during symbolic and non-symbolic arithmetic in 
adults (Knops, Viarouge, & Dehaene, 2009; McCrink, Dehaene, 
& Dehaene-Lambertz, 2007) and preverbal infants (McCrink 
and Wynn 2009). In particular, recent evidence has shown that 
the OM effect in preschoolers (Dunn et al. 2019) and preverbal 
infants (Macchi Cassia et  al.  2016, 2017) extends to ordering 
operations over magnitudes as well. After habituation to either 
increasing or decreasing sequences in which number covaried 
with envelope and cumulative area, 4-month-old infants looked 
longer to sequences that exhibited the familiar order instanti-
ated by novel magnitudes violating the OM generated during 
habituation—i.e. larger magnitudes for infants habituated to de-
creasing order, and smaller magnitudes for infants habituated to 
increasing order (Macchi Cassia et al. 2017).

Despite the asymmetry feature in ordinal processing is not any-
more apparent in habituation/dishabituation tasks by the time 
human infants are aged 7–9 months (de Hevia and Spelke 2010; 
Picozzi et al. 2010), it has been hypothesized that it might consti-
tute a core processing constraint of the Analog Number System 
(ANS; Dehaene 2011). The ANS is the cognitive mechanism un-
derlying humans' and animals' ability to represent and operate 
in an approximate way over large numerosities (≥ 4). As such, 
ordinal asymmetry may permeate cognitive tasks that rely on 
such system. Indeed, a well-documented ‘ascending order ad-
vantage’ is evident in adults' performance in comparison tasks. 
Adults perform better when the smaller quantity is temporally 
followed by the larger one (increasing order), compared to when 
the smaller is temporally preceded by the larger one (decreas-
ing order) (Ben-Meir et  al.  2012; Müller and Schwarz  2008). 
Moreover, the asymmetry signature in ordinal processing ex-
pands the list of known cognitive constraints shared by humans 
and non-human animals in their processing of numerosities 
(Cantlon 2012). There is evidence that monkeys, similar to hu-
mans, can generalize a previously learned increasing order to 
new numbers, but they fail this generalization for decreasing 
order (Brannon, Cantlon, and Terrace  2006a; Brannon, Lutz, 
and Cordes  2006b; Brannon and Terrace  1998; Cantlon and 
Brannon 2006; Judge et al. 2005).

The pervasiveness of the asymmetry signature across devel-
opmental stages and animal species suggests ontogenetic and 
phylogenetic continuity (see, e.g., Adachi  2014; Drucker and 
Brannon 2014; Rugani et al. 2015 for similar evidence of phy-
logenetic continuity in number-space mapping). However, a 
critical gap exists in our understanding of this phenomenon in 
human infants, as no research has yet explored numerical order 
processing before 4 months. This leaves the ontogenetic origins 
of the increasing order advantage unclear.

Researchers who identified such advantage in 4-month-old 
infants hypothesized a link to the well-documented bias in 

humans and non-human animals to prioritize from very early 
in life visual information specifying ‘looming’ (expanding) over 
‘zooming’ (contracting) stimuli (e.g., Van der Weel and van der 
Meer 2009). This bias refers to the tendency to pay more atten-
tion to objects perceived as progressively approaching com-
pared to those receding from the observer. Classic studies have 
shown that infants exhibit specific behavioral reactions, such 
as blinking and backward head movements, to looming stimuli 
from birth. In contrast, they do not react to zooming stimuli. 
These reactions are thought to be an adaptation to potentially 
threatening approaching objects; in fact, zooming stimuli sig-
naling receding objects do not elicit such reactions (e.g., Ball 
and Tronick 1971; Náñez Sr 1988). More recently, studies using 
looking time measures showed that newborns discriminate be-
tween visual displays depicting different motion trajectories in 
the depth plane, showing a preference for those approaching 
their peripersonal space (Orioli, Bremner, and Farroni  2018a; 
Orioli, Filippetti, et al. 2018b). In adults, visual looming stim-
uli enhance the detection of tactile (Cléry et al. 2015; Kandula 
et al. 2015) and visuo-tactile (Geers et al. 2024) stimuli, a mul-
tisensory facilitation effect due to a combination of attentional 
factors and contact anticipation. Building on this, Macchi Cassia 
and colleagues (de Hevia et al. 2017) speculated that the alert-
ing effect engendered by looming perception might facilitate 
processing the increasing order information embedded in such 
stimuli. This, in turn, could generalize to an advantage for in-
creasing order even in the absence of objective looming cues, as 
observed in studies reporting the asymmetry for size (Macchi 
Cassia et al. 2012) and numerical (de Hevia et al. 2017) order at 
4 months.

1.1   |   The Current Study

In the current study, we explored the developmental origins of 
the asymmetry signature in order processing by focusing on 
newborns' performance. We examined the ability of few-day-
old newborns to detect and represent ordinal relations in non-
symbolic numerical sequences that lack looming or zooming 
visual cues.

Research has shown that 2–3-day-old newborns can discrimi-
nate between large numerosities (e.g., 4 vs. 12) when the ratio 
is sufficiently large (1:3) (Coubart et al. 2014; Izard et al. 2009). 
They can also generalize this ability across different types of 
magnitudes (number, size, time; de Hevia et al. (2014)) and sen-
sory modalities (auditory and visual; Coubart et al. 2014; Izard 
et al. 2009). Izard et al. (2009) familiarized participants with au-
ditory sequences containing a fixed number of syllables. They 
then tested them with arrays of visual items with numerosity 
that either matched or mismatched the familiarized sound-
stream, playing concurrently in the background. Newborns 
looked longer at arrays with numerosity matching the sound-
stream than at those differing in number by a 1:3 ratio. Using a 
modified version of the same task, de Hevia et al. (2014) showed 
that, after familiarization with a short or long stream of beats 
paired with a corresponding small or large visual object, new-
borns reacted to a simultaneous increase (or decrease) in both 
beat number/duration and object size, but not when the magni-
tudes changed in opposite directions (e.g., increasing beat num-
ber/duration paired with decreasing object size).
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These and other similar studies indicate that the ability to 
compare and discriminate numerical differences is present at 
birth and, as in other animal species and older infants (see 
review by Cordes and Brannon  2008), this ability is modu-
lated by numerical ratio. However, no research has investi-
gated whether human newborns can appreciate not only the 
difference but also the direction (increasing or decreasing) of 
numerical changes, that is, if they are able to perform ordinal 
computations on numerical representations. It is important 
to emphasize that existing evidence on newborns' numerical 
discrimination does not always require reliance on memory-
based representation of perceived quantity. This is because, 
in the majority of the studies, the stimuli were perceptually 
available as they were presented simultaneously, reducing 
memory load while allowing for direct comparison (Coubart 
et al. 2014; de Hevia et al. 2014). Therefore, the ability of new-
borns to maintain representations with approximate numer-
ical content in working memory, a prerequisite for ordinal 
computations, remains unknown.

The current experiments aimed to provide direct evidence for 
the detection of numerical order in newborn infants by test-
ing their ability to generalize the order structure learned from 
sequentially presented numerical displays to new numerosi-
ties, discriminating it from a reversed order. We adapted the 
method used in previous studies with older infants (de Hevia 
et al. 2017; Picozzi et al. 2010; Suanda et al. 2008), where re-
dundant cues to ordinality were added within and across 
sequences. Research suggests that younger infants require 
multiple perceptual cues to succeed at tasks that older infants 
can solve with a single cue (e.g., Bahrick and Lickliter 2004; 
Jordan et al. 2008; Kirkham et al. 2007). In line with this, re-
search in the numerical domain has shown that synchronized 
audiovisual presentations promote infants' representational 
precision, leading to better numerical discrimination (Jordan 
et  al.  2008). Additionally, increasing stimulus variability 
during learning can enable infants to encode more abstract 
features of the stimuli (e.g., Perry et al. 2010). Taking insight 
from this literature, and following the methods of Picozzi 
et  al.  (2010) and de Hevia et  al.  (2017), in the current study 
we designed and presented the numerical displays to empha-
size the target order (increase or decrease) both within and 
between sequences. In all cases, the numerosities differed by 
a 1:3 ratio. For instance, in the increasing habituation condi-
tion, not only did numerosities increase within each sequence 
(e.g., 4, 12, 36), but consecutive sequences also progressed in a 
fixed increasing order (first trial: 4, 12, 36; second trial: 6, 18, 
54; third trial: 7, 21, 63).

In Experiment 1, we examined whether newborns could ex-
tract increasing order from numerical sequences, building on de 
Hevia's (2017) positive evidence in 4-month-olds. To ensure that 
non-numerical continuous variables did not provide any cue 
to the ordinal relations, cumulative surface area and contour 
length were kept constant within the sequences by varying item 
size and shape inversely to number.

In Experiment 2, newborns' ability to extract both increas-
ing and decreasing order was tested under facilitating con-
ditions, by adding redundant non-numerical quantitative 
cues to the numerical sequences. Item size covaried with 

numerosity within each sequence, resulting in positively cor-
related changes in the continuous dimensions of cumulative 
surface area, contour length, and density. This procedure 
was modeled after Suanda et al. (2008), who reported positive 
evidence of numerical order discrimination in 9-month-old 
infants for both increasing and decreasing sequences in the 
presence of multiple convergent quantitative cues but not 
when number, item size, or cumulative surface area were 
available in isolation. Newborns have been shown to gener-
alize discrimination of number to area (de Hevia et al. 2014), 
suggesting that both dimensions are represented under a com-
mon format, available from birth (for reviews, see Bonn and 
Cantlon  2017; de Hevia  2016). Therefore, we hypothesized 
that by providing redundant cues that integrate both numeri-
cal and continuous dimensions, we might facilitate newborns' 
detection, generalization, and discrimination of numerical 
order, potentially by promoting access to a more abstract rep-
resentation of number magnitude. If these redundant quanti-
tative cues help newborns process ordinal relations, similar 
to 9-month-olds (Suanda et al. 2008), in Experiment 2 we ex-
pected them to successfully discriminate order reversal after 
habituation to both increasing and decreasing sequences. 
However, successful discrimination following habituation 
to increasing sequences, coupled with a failure to discrimi-
nate after habituation to decreasing sequences, similar to 
4-month-olds (de Hevia et al. 2017), would provide compelling 
evidence that the asymmetry signature in ordinal process-
ing may have deep evolutionary roots. Finally, to isolate the 
influence of non-numerical cues in Experiment 2's findings, 
Experiment 3 investigated newborns' ordinal discrimination 
abilities for size-based sequences composed of single shapes 
that differed in size and contour length in the absence of any 
numerical cue.

2   |   Experiment 1. Newborns' Detection of 
Increasing Numerical Order

2.1   |   Methods

2.1.1   |   Participants

The final sample included 22 healthy full-term newborn in-
fants (11 females) (mean age = 41 h; range = 15–98 h; mean 
weight = 3471 g; range = 2540–4400 g; APGAR score of 10 at 
5 min). For both Experiment 1 and Experiment 2, the sam-
ple size was estimated based on de Hevia et al. (2017, Exp. 2). 
Because that study did not report the specific effect size for 
the post hoc comparison between familiar and novel test tri-
als in the increasing habituation condition, we set the sample 
size of Experiment 1 to match that of the increasing habitu-
ation condition of Experiment 2 (see the participant section 
of Experiment 2 for a detailed description of the parameters 
used for sample size calculation). Nine additional infants 
were tested and excluded from the final sample because of 
drowsiness/fussiness (N = 7), equipment failure (N = 1), and 
looking times in at least one test trial shorter than 2 s (N = 1). 
This attrition rate is within the expected range for looking-
time studies with 24-h-old newborns, particularly when using 
a sequential presentation procedure with multiple test trials 
(e.g., de Hevia et al. 2014, 2025; Izard et al. 2009). Infants were 
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recruited at the maternity ward of the Mangiagalli Clinic in 
Milan between 2018 and 2022, and tested when in an awake 
and alert state. The study was approved by the Milano Area 2 
Ethical Committee, Fondazione IRCCS Ca' Granda Ospedale 
Maggiore Policlinico (ID: 694; Approval No. 624_2018), and 
parents signed an informed written consent before test-
ing began.

2.1.2   |   Stimuli

Stimuli were sequences of three visual displays generated 
using E-Prime 1.0 software. Each display contained a fixed 
number of white, rectangular items arranged randomly 
within a virtual black area. The black area appeared on a 
black background, creating a seamless presentation where 
the outline of the item-containing area was indistinguishable 
(Figure  1). Three sets of stimuli were used for the habitua-
tion phase and one for the test phase. The number of items 
contained in each sequence differed by a 1:3 ratio. The three 
habituation sets contained 4-12-36, 6-18-54, and 7-21-63 items, 
while the test set contained 5-15-45 items. In the habituation 
sets, non-numerical continuous variables were controlled by 
keeping cumulative surface area and contour length constant 
within each set. To achieve this, item size was inversely cor-
related to number according to a 1:3 ratio, resulting in approx-
imate sizes of 132, 44, and 14.7 cm2 for the smaller, medium, 
and larger items respectively. The virtual area of each display 
was kept constant at 800 × 800 pixels, so that number covar-
ied with density. For test displays, item size was kept constant 
at the size of the smallest items from habituation (14.7 cm2), 
so that the cumulative surface area was positively correlated 
with number. Virtual display area increased proportion-
ally (i.e., tripled) to the number of items, so that density was 
held constant across numerosities. This way, the continuous, 

non-numerical variables that varied during habituation were 
held constant during the test, and vice versa.

2.1.3   |   Apparatus and Procedure

Methods were modeled after de Hevia et al. (2017) and Macchi 
Cassia et  al.  (2012), where 4-month-olds were tested in their 
abilities to represent ordinal information for numerical and 
size-based sequences, respectively. Newborns were tested in a 
visual habituation task using an infant-controlled procedure. 
During habituation, the three habituation stimulus sets were 
cycled until the infant reached the habituation criterion, which 
specified that from the fourth trial onwards, the sum of looking 
times in three consecutive trials is to be equal to or less than 
50% of the sum of looking times in either the first three trials 
or the three preceding trials in which 50% of the fixation times 
exceeded the initial criterion (Colombo and Mitchell 2009). They 
were presented in a fixed order, from the smallest to the largest 
(i.e., 4-12-36, 6-18-54, 7-21-63), so as to provide convergent cues 
to ordinality both within and between habituation sequences. 
Following habituation, infants viewed four test trials with new 
numerical values alternating increasing and decreasing order; 
test order was counterbalanced across participants.

Infants sat on the experimenter's lap, approximately 30 cm from 
the stimulus presentation monitor (27″ screen size, 1920 × 1080 
pixel resolution, 60 Hz refresh rate). To avoid distractions, the 
lights in the room were turned off, and black panels were placed 
on the sides of the screen. A video camera positioned just above 
the stimulus presentation monitor sent the live image of the new-
born's face to another monitor, allowing a second experimenter, 
blind to the test order condition, to code online newborns' look-
ing times through E-Prime software. The newborn's gaze was 
also recorded via a Mini-Dv digital recorder so that a second 

FIGURE 1    |    The four sets of stimuli presented in Experiment 1. In the habituation stimuli (left), item size was inversely correlated to number 
according to a 1:3 ratio, and virtual display area remained constant. This maintained constant cumulative surface area and contour length while 
allowing density to covary with numerosity. The test stimuli (right) kept item size constant but increased the virtual display area threefold as the 
number of items increased. This resulted in a threefold increase in cumulative surface area and contour length, while density remained constant 
across numerosities.
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observer could code offline the looking times towards the stim-
uli. Another monitor, showing the image of the newborn's face, 
was placed just above the stimulus presentation screen so that 
the experimenter holding the baby could manage to have his/
her head aligned to the center of the screen. The parents were 
present during the entire experimental session and could inter-
act with the baby in case of crying or discomfort.

Each trial began as soon as the newborn fixated on a red flicker-
ing star appearing in the center of the screen. The trial consisted 
of a repeating cycle (6250 ms in total) composed of a black screen 
(500 ms) followed by the three numerical displays appearing on 
a black background, and then by a gray screen (500 ms). Each 
numerical display remained on the screen for 1500 ms and was 
followed by a 250 ms blank (Figure 2). The trial continued until 
the newborn met a minimum looking time of 500 ms and ended 
when the newborn looked away continuously for 2 s or looked 
for a maximum of 120 s. The three habituation sets were pre-
sented in a fixed order until the infant viewed 18 trials or met the 
habituation criterion. Following habituation, infants saw four 
test trials in which a sequence composed of new numerosities 
arranged in the familiar, increasing order was presented alter-
nated with the same sequence arranged in a novel, decreasing 
order, with half of the newborns seeing the novel test order first.

2.2   |   Data Reduction and Analysis

Newborns' looking times during test trials were coded offline 
from the video recordings by a second observer, who was blind 
to the test order condition the newborn was assigned to. Offline 
coding was performed frame-by-frame using VirtualDub soft-
ware at a resolution of 25 frames per second (40 ms). Given the 
inherent challenges of online coding eye gaze in newborns, par-
ticularly when their eyes are swelling or not wide open, and the 
need for flexibility during online coding (e.g., infant yawning 
or sneezing), a third observer coded test trials offline where the 
two initial coders' judgments diverged by more than 5 s (26% of 
all trials). Statistical analyses were based on the average of the 
two closest measurements for each test trial, which could origi-
nate from either online and offline coding or from offline coding 
alone (see Bonn et al. 2019 and de Hevia et al. 2014 for a similar 

procedure). The Pearson correlation between the two measure-
ments, as assessed on total fixation times on each of the four test 
trials, was r = 0.98.

Statistical analyses were performed using R (R Core Team, 
2024). We adopted two parallel data analysis strategies. In line 
with best practices for the statistical treatment of infant looking-
time data (Csibra et al. 2016), we log-transformed the data before 
applying parametric statistical methods (ANOVA and t-tests). 
However, recognizing that log-transformation can potentially 
obscure meaningful patterns in the data while addressing non-
normality and heteroscedasticity, we also analyzed raw data 
after checking for normality using the Shapiro–Wilk test. When 
the test indicated a significant deviation from normality, we 
analyzed the raw data using non-parametric tests like Aligned 
Rank Transform (ART) analysis performed through the ARTool 
package in R, Mann–Whitney, and Wilcoxon tests.

2.3   |   Results

Newborns required an average of 8.27 (SD = 2.93) trials and 
141 s (SD = 50.8) of total looking time to habituate (Table 1). A 
paired-samples t-test confirmed the presence of a significant de-
cline in mean looking time from the first three habituation trials 
(M = 23.7 s, SD = 7.48) to the last three (M = 10 s, SD = 2.83), with 
both log-transformed, t(21) = 17.1, p < 0.001, Cohen's d = 3.65, 
and raw data, t(21) = 11.11, p > 0.001, Cohen's d = 2.37 (Figure 3).

To determine whether in the test newborns were able to general-
ize to novel numerosities the familiar numerical order they have 
been habituated to and discriminate it from the novel reversed 
order, total looking times during test trials were analyzed. A 
three-way Analysis of Variance (ANOVA) with first test trial (fa-
miliar vs. novel) as the between-subjects factor, and test trial pair 
(first vs. second) and test trial type (familiar vs. novel order) as 
within-subjects factors, revealed no main effects or interactions 
(ps > 0.110). As data were not normally distributed (Ws < 0.91, 
ps < 0.05), we performed a nonparametric ART analysis on raw 
looking times using first test trial, test trial type, and pair as 
fixed effects and a random intercept for participants, which also 
revealed no significant effects (all ps > 0.11) (Figure 3).

FIGURE 2    |    Illustration of the stimulus presentation trial structure used in Experiments 1, 2, and 3.
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Binomial tests on individual infant data revealed no significant 
difference in the number of infants who looked longer at the 
novel order compared to those looking longer at the familiar one 
(binomial test: 13 vs. 9, p = 0.26, one-tailed).

2.4   |   Interim Discussion

Results provided no evidence that newborns could discrimi-
nate between increasing and decreasing numerical order, nor 
that they could generalize the increasing order embedded in the 
habituation numerical sequences to novel numerosities at test. 
Although newborns' looking times to the decreasing (novel) 
order at test (M = 19.2 s, SD = 12.56) were slightly longer than 

their looking times to the increasing (familiar) order (M = 16.3 s, 
SD = 10.08), they were not statistically different. A similar trend 
emerged from the analyses on individual infants, showing the 
number of newborns who showed a novelty preference at test 
did not differ significantly from that of those who looked longer 
at the familiar order.

One possible explanation for the lack of ordinal discrimination 
is that newborns may have habituated to the numerical dis-
plays but failed to grasp the ordinal direction of the numerical 
changes within and between the triplets due to limitations in 
their ability to perform ordinal computations. Alternatively, the 
representation of increasing order established during habitua-
tion might have been too weak to support discrimination and 

TABLE 1    |    Descriptive statistics of the raw dependent variables measured during habituation in the three experiments, and statistical significance 
of the comparison between the increasing and decreasing habituation order conditions tested in Experiments 2 and 3.

Variables

Increasing Decreasing Statistical significance

Mean SD Mean SD p

Experiment 1

Total LTs (s) 141 50.8

No. of trials 8.27 2.93

Proportional decrement 0.56 0.11

Experiment 2

Total LTs (s) 113.2 41.45 137.82 53.88 0.33

No. of trials 6.95 1.89 8.59 3.25 0.028

Proportional decrement 0.64 0.12 0.53 0.18 0.017

Experiment 3

Total LTs (s) 118.65 54.82 146.42 93.44 0.4

No. of trials 8.41 2.84 7.73 1.83 0.68

Proportional decrement 0.45 0.3 0.3 0.65 0.94

FIGURE 3    |    Mean total looking time in Experiment 1 for the first three and last three habituation trials and for familiar and novel test trials. Black 
lines represent the median, the boxes indicate the interquartile range (IQR), and dots show the individual data points. ***p < 0.001.
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generalization. Inspired by evidence suggesting that combining 
numerical and non-numerical cues improves infants' represen-
tational precision, promoting ordinal discrimination in older in-
fants (Suanda et al. 2008), we hypothesized that this approach 
could also benefit newborns. To explore this possibility, two new 
groups of newborns were tested in Experiment 2, incorporating 
non-numerical quantitative cues to ordinality into both increas-
ing and decreasing sequences.

3   |   Experiment 2. Newborns' Detection of 
Numerical Order in the Presence of Co-Varying 
Non-Numerical Quantitative Cues

In Experiment 2, newborns were habituated to either increasing 
or decreasing numerical sequences, and were tested with new 
sequences displaying both the familiar and the novel orders in 
alternation. Within each sequence, number covaried with cu-
mulative surface area, contour length, and density, providing 
cumulative convergent cues to ordinality.

3.1   |   Methods

The methods were the same as in Experiment 1 except as follows.

3.1.1   |   Participants

Forty-four healthy full-term newborns (23 girls) were included 
in the final sample (mean age = 43 h, range = 13–89 h; mean 
birth weight = 3425 g; range = 2700–4510 g; APGAR score of 
10 at 5 min). Seventeen additional infants were tested and ex-
cluded from the sample because they failed to complete testing 
due to drowsiness or fussiness (N = 11; 5 in the increasing and 
6 in the decreasing habituation condition), equipment failure 
(N = 1), experimenter error (N = 1), and looking times less 
than 2 s (N = 4). Sample size was estimated based on de Hevia 
et  al.  (2017, Exp. 2). An a priori power analysis performed 
using G-Power revealed that a total sample size of at least 14 
participants (7 per group) would have provided enough power 
(0.95 at α = 0.05) to detect an interaction between habituation 
order (increasing, decreasing; between groups) and test ordi-
nal direction (familiar, novel; within group) at the same large 
effect size ( f = 0.53). Outputs of the sample size calculation 
are available at https://​osf.​io/​aezq6/​?​view_​only=​18aea​219c7​
eb4c3​68f6c​e9503​e128bea. Recruitment followed the same 
procedures as Experiment 1, and infants were tested if awake 
and in an alert state. Half were randomly assigned to either 
the increasing or decreasing habituation condition; there 
were no significant group differences in gestational age, birth 
weight, or age at testing (all ps > 0.31).

3.1.2   |   Stimuli

Stimuli were random configurations of white squares on a black 
background that varied in numerosity, cumulative surface area, 
and density. As in Experiment 1, there were three sets of ha-
bituation stimuli and one set of test stimuli, and each set con-
tained three displays (Figure 4). The numerosities used in both 

habituation and test were identical to Experiment 1. However, 
in all sets, item size was positively correlated with number, as 
it increased (or decreased) three-fold between displays in each 
set (4, 12, 36 cm2). Since both number and item size increased or 
decreased by a factor of three, the cumulative surface area of the 
displays consequently increased ninefold within each stimulus 
set (e.g., 16, 144, 1296 cm2 for the numerosities 4, 12, 36). In all 
sets, density also varied systematically with the items' number, 
because the virtual area of each display was kept constant at 
800 × 800 pixels. The items in the smallest displays measured 
0.65 × 0.65 cm (after Simion et  al.  2008), subtending a visual 
angle of approximately 1.2° at a viewing distance of 30 cm (cor-
responding to 0.83 cycles per degree, cpd). Given that newborn 
acuity is typically around 1 cycle per degree (cpd) (e.g., Acerra 
et al. 2002; Atkinson et al. 1979; Banks and Bennett 1991; Brown 
and Yamamoto 1986; Brown et al. 2018), even these smaller dis-
plays were well within the newborn visual acuity threshold.

3.1.3   |   Procedure

Stimuli were presented as in Experiment 1 (Figure 2). During 
habituation, half of the infants viewed increasing sequences 
and the other half viewed decreasing sequences. Infants were 
randomly assigned to each habituation condition. Like in 
Experiment 1, the three numerical displays within each set were 
presented in a consistent fixed order: from the smallest to the 
largest for the increasing condition and from the largest to the 
smallest for the decreasing condition. All infants viewed four 
test trials with new numerical displays alternating increas-
ing and decreasing sequences, and test order counterbalanced 
across participants.

Following de Hevia et al. (2014), a third observer independently 
coded test trials offline where the two initial coders' judgments 
differed by more than 5 s (23% of all trials). Similar to Experiment 
1, statistical analyses were based on averages of the two clos-
est values for each trial. Intercoder agreement between the two 
measurements was r = 0.98, as assessed by Pearson's correlation 
on total fixation times on each of the four test trials.

3.2   |   Results

A repeated-measure ANOVA with habituation order (increas-
ing vs. decreasing) as a between-subjects factor and habitua-
tion trials (first three vs. last three) as a within-subjects factor 
on average log-transformed looking times revealed a signifi-
cant main effect of habituation trials, F(1,42) = 310.7, p < 0.001, 
η2

p = 0.881, due to longer looking times on the first three habit-
uation trials (M = 23.15 s, SD = 9.94) than on the last three trials 
(M = 8.98 s, SD = 4.34). There was also a significant Habituation 
trials × Habituation order interaction, F(1) = 5.29, p = 0.027, 
η2

p = 0.112. As data for the last three habituation trials were not 
normally distributed (Ws < 0.88, ps < 0.009), we also performed 
an ART analysis on raw looking times using habituation order 
and habituation trial as fixed effects, and a random intercept for 
participants. Results confirmed those emerged from the para-
metric analysis on log-transformed data, showing a main effect 
of habituation trial, F(1,42) = 294.93, p < 0.001, and a marginally 
significant Habituation trial × Habituation order interaction, 

https://osf.io/aezq6/?view_only=18aea219c7eb4c368f6ce9503e128bea
https://osf.io/aezq6/?view_only=18aea219c7eb4c368f6ce9503e128bea
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F(1,42) = 3.77, p = 0.059. Although the decrement in average 
looking times between the first three and last three habitua-
tion trials was significant for both habituation order conditions 
(ps < 0.001), the mean difference between the first and the last 
three habituation trials was slightly larger for the increasing 
condition (M = 0.46, SE = 0.033) than for the decreasing one 
(M = 0.36, SE = 0.033), suggesting more efficient habituation to 
increasing order.

To follow up these interactions and further explore the effi-
ciency of newborns' habituation to the two orders, we also con-
trasted the proportional looking time (LT) decrement (i.e., mean 
raw LTs in the first three trials-mean raw LTs in the last three 
trials/mean raw LTs in the first three trials) during habituation 
to the increasing sequences (M = 0.64, SD = 0.12) and the de-
creasing ones (M = 0.53, SD = 0.18). While the resulting variable 
was not normally distributed (W = 0.9, p = 0.032), the compar-
ison was significant, Mann–Whitney U = 141, p = 0.017, Rank 
biserial correlation = 0.42 (two-tailed), suggesting more efficient 
learning of increasing than decreasing order. Accordingly, de-
spite similar total habituation time across the two habituation 
order conditions (increasing M = 113.2 s, SD = 41.45 vs. decreas-
ing: M = 137.82 s, SD = 53.88), t > 1 with both log-transformed 
and raw data (two-tailed), participants required a smaller num-
ber of trials to habituate to the increasing sequences (M = 6.95, 
SD = 1.89) compared to the decreasing ones (M = 8.59, SD = 3.25) 

(Ws < 0.8, ps < 0.001), Mann–Whitney U = 153, p = 0.028, Rank 
biserial correlation = 0.37 (two-tailed).

To determine whether participants could discriminate fa-
miliar order from the novel order at test, a four-way ANOVA 
was performed on log-transformed total looking times during 
test trials. The ANOVA included habituation order (increas-
ing vs. decreasing) and first test trial (familiar vs. novel) as 
between-subjects factors and test trial pair (first vs. second) 
and test trial type (novel vs. familiar order) as within-subjects 
factors. There was a significant main effect of test trial type, 
F(1,40) = 7.44, p = 0.009, η2

p = 0.157, which was qualified by 
a significant Test trial type × Habituation order interaction, 
F(1,40) = 6.22, p = 0.017, η2

p = 0.135. Newborns looked over-
all longer to the novel (M = 16.51 s, SD = 8.28) than to the fa-
miliar (M = 13.05 s, SD = 6.94) order across the two test trials 
pairs, but this was true only for newborns habituated to the 
increasing order (familiar order: M = 10.7 s, SD = 3.22, vs. 
novel order: M = 18.2 s, SD = 8.56; p = 0.004, Bonferroni cor-
rected), not for those habituated to the decreasing order (fa-
miliar order: M = 15.3 s, SD = 8.78 vs. novel order: M = 14.9 s, 
SD = 7.87; p = 1.0, Bonferroni corrected). No other effects or 
interactions were significant, all ps > 0.245 (Figure 5). Similar 
results were obtained from the ART analysis on raw looking 
times (Ws < 0.8, ps < 0.03), using habituation order, first test 
trial, test trial pair, and test trial type as fixed effecs, and a 

FIGURE 4    |    The four sets of stimuli presented to newborns in the increasing (left) and decreasing (right) order condition in the habituation (top) 
and test (bottom) phase of Experiment 2. In both habituation and test phases, item size increased or decreased proportionally with number according 
to a 1:3 ratio, and virtual display area remained constant. This resulted in a ninefold difference in cumulative surface area and contour length across 
numerosities and covarying density.
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random intercept for participants. There were a Test trial type, 
F(1,120) = 4.27, p = 0.041 and a Test trial type × Habituation 
order interaction, F(1,120) = 4.09, p = 0.045: newborns habitu-
ated to the increasing order showed a significant novelty pref-
erence, t(120) = 21.3, p = 0.03, while those habituated to the 
decreasing order, t(120) = 6.68, p = 0.5, did not.

Analyses of individual infant data revealed that this novelty 
preference was shown by 17 of the 22 newborns (binomial test: 
p = 0.008, one-tailed) assigned to the increasing habituation 
condition, while it was shown by only 9 newborns out of the 22 
(binomial test: p = 0.86, one-tailed) assigned to the decreasing 
habituation condition.

3.2.1   |   Comparison Across Experiment 1 
and Experiment 2

The combined findings from Experiment 1 and Experiment 2 
suggest that manipulating the amount of quantitative cues avail-
able in the increasing ordinal sequences impacted newborns' 
performance. This manipulation likely enhanced the saliency 
of the magnitude changes within and between the sequences, 
thereby improving the precision and abstraction of the ordinal 
representation formed during habituation.

This was confirmed by the comparison of newborns' perfor-
mance during habituation and test trials of Experiment 1 with 
the performance of newborns in the ascending order condition of 
Experiment 2. An unpaired t-test performed on log-transformed 
data showed that total looking time to habituate was longer in 
Experiment 1 (M = 141 s, SD = 50.8) compared to Experiment 2 

(M = 113 s, SD = 41.4), t(42) = 2.12, p = 0.04, Cohen's d = 0.064. A 
similar trend emerged from the nonparametric Mann–Whitney 
test on raw total habituation times (W = 0.91, p = 0.04), U = 161, 
p = 0.059, albeit marginally significant, and for the proportional 
decline in looking times across the first three and the last three 
habituation trials, (W = 0.8, p < 0.001) U = 150, p = 0.03, Rank 
biserial correlation = 0.38, which was steeper in Experiment 
2 (M = 0.64, SD = 0.12) compared to Experiment 1 (M = 0.56, 
SD = 0.11).

Newborns' test performance across the two studies was con-
trasted by comparing novelty preference scores, calculated as 
the ratio between raw total looking times towards the novel 
trials and the combined looking times to familiar and novel 
trials (Bulf et al. 2021). The comparison did not reach statisti-
cal significance, t(42) = 1.92, p = 0.061, Cohen's d = −0.58. One-
sample t-tests were then used to compare the novelty preference 
scores within each experiment to the chance level (50%). For 
Experiment 1, no significant novelty preference was found 
(M = 0.51, SD = 0.04), t(21) = 1.1, p = 0.28, whereas the novelty 
preference was reliable for Experiment 2 (M = 0.53, SD = 0.04), 
t(21) = 4.4, p < 0.001, Cohen's d = 0.94.

3.3   |   Interim Discussion

Overall, group analyses and those from individual infants con-
curred in showing that newborns in Experiment 2 successfully 
discriminated a reversal in ordinal direction at test after being 
habituated to increasing sequences of discrete elements vary-
ing in numerosity as well as continuous magnitudes. Newborns 
exhibited longer looking times to the novel test trials depicting 

FIGURE 5    |    Mean looking time in Experiment 2 to the first three and last three habituation trials and to familiar and novel test trials for newborns 
in the increasing (left) and decreasing (right) habituation order conditions. Black line represents the median, the box indicates the interquartile range 
(IQR), dots show the individual data points. ***p < 0.001.
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decreasing order. From such a novelty preference, we can infer 
that newborns have not only distinguished between the two or-
dinal directions but have also generalized the familiarized order 
to the novel magnitudes presented in test trials. This indicates 
that they successfully extracted and represented the ordinal re-
lations embedded in the habituation sequences.

Importantly, this same ability was not observed following ha-
bituation to decreasing sequences. Newborns failed to show 
any preference for either the novel or familiar test sequences 
after habituation to decreasing order. Furthermore, habitua-
tion to decreasing sequences required more trials and resulted 
in a shallower decline in looking times compared to increasing 
sequences. This suggests that newborns formed a more stable 
representation of the ascending relations between increasing 
values, which likely facilitated generalization to new values 
at test.

These findings align with those from 4-month-old infants, who 
exhibited a similar asymmetry in processing numerical (de 
Hevia et al. 2017) and size-based (Macchi Cassia et al. 2012) se-
quences. In the case of size ordering, 4-month-olds were shown 
to be blind to decreasing order, as they failed to discriminate 
a sequence in which the size of a shape consistently decreased 
from a sequence where the same size values changed non mono-
tonically (i.e., randomly) (Macchi Cassia et al. 2012, Experiment 
1B). Our results do not tell us whether this applies also to new-
borns. Therefore, the question of whether our participants sim-
ply represented decreasing sequences as a collection of different 
numerical sets, without encoding the directionality of the mag-
nitude changes, or whether the representation they built during 
habituation was just too blurred to support generalization to 
new test values, remains open. Regardless, the convergence of 
our findings with those reported for 4-month-old infants (de 
Hevia et al. 2017; Macchi Cassia et al. 2012) supports the idea 
that the observed ascending bias in order processing, favoring 
increasing over decreasing sequences, is present from birth, at 
least when stimuli include both numerical and non-numerical 
quantitative cues to ordinality.

While Experiment 1 did not reveal an ascending bias for numer-
ical order processing in newborns, the results of Experiment 
2 remain inconclusive regarding the specificity of this bias to 
size-based order processing. The stimuli used in Experiment 2 
allowed infants to use either the surface area of individual items 
or the cumulative surface area of all items included in the nu-
merical displays as a basis for their order discrimination, as both 
dimensions varied in the same direction. Although newborns 
can discriminate 1:3-ratio changes in numerosity (Coubart 
et al. 2014; Izard et al. 2009), our findings from Experiment 1 
indicate that they cannot perform ordinal operations based 
solely on such changes. Nonetheless, it is likely that numerical 
changes played a crucial role in boosting the processing of in-
creasing order in Experiment 2 for a number of reasons. First, 
evidence from older infants indicates that they may not repre-
sent the size of a single element very precisely when it is part of a 
homogeneous set like those used in the current study (Libertus 
et  al.  2014). For example, while 6-month-old infants can dis-
criminate between different sizes of a single element with a 1:2 
ratio (Brannon et  al.  2006a, 2006b), 7-month-olds require at 
least a 1:4-ratio change when the element is presented within a 

set of homogeneous elements (Cordes and Brannon 2011). This 
makes it unlikely that infants relied solely on changes in the size 
of individual elements to detect the increasing or decreasing 
order in our study. Second, recent evidence in adults suggests 
that numerosity and cumulative area are perceived holistically 
as integral dimensions, where a change in one dimension causes 
a perceived change in the other (Aulet and Lourenco 2021). It 
is possible that this perceptual phenomenon was amplified in 
Experiment 2 as both number and element size increased or de-
creased by a factor of three, thus resulting in a substantial nine-
fold change in the cumulative surface of the displays.

In light of this, it seems unlikely that newborns in Experiment 2 
based their representation of increasing order solely on 1:3-ratio 
changes in the size of individual elements within the numerical 
displays. To isolate the influence of numerical and continuous 
quantitative cues in Experiment 2's findings, in Experiment 3 
we investigated newborns' ability to discriminate ordinal direc-
tion in size-based sequences composed of single shapes differing 
in surface area and contour length.

4   |   Experiment 3. Newborns' Detection of 
Size-Based Order

Experiment 3 investigated whether newborns can extract as-
cending (and descending) ordinal relations based solely on 
physical size and contour length when no numerical cues are 
available. Newborns were habituated to increasing or decreas-
ing size-based sequences and then tested for their ability to dis-
criminate a reversal in the ordinal direction of the size changes. 
The method was modeled after Macchi Cassia et  al.  (2012, 
Experiment 2), who conducted a similar study with 4-month-old 
infants. To help newborns segregate the sequences during ha-
bituation, we presented them with three different stimulus 
sets, each featuring a unique form varying in size. To preclude 
newborns from using looming/zooming cues to discriminate 
between the familiar and the novel order at test, test stimuli 
increased/decreased in size by expanding/contracting horizon-
tally, avoiding any approaching/retracting perception.

4.1   |   Methods

The methods were the same as in Experiment 2 except as follows.

4.1.1   |   Participants

The final sample was composed of 44 healthy full-term new-
borns (21 girls, mean age = 48 h, range = 20–101 h; mean birth 
weight = 3220 g; range = 2560–4040 g; APGAR score of 10 at 
5 min). Data from 15 additional infants were discarded due to 
drowsiness or fussiness resulting in failure to complete all test tri-
als (N = 10; 5 in the increasing and 5 in the decreasing habituation 
condition), experimenter error (N = 1) or looking times in at least 
one test trials shorter than 2 s (N = 4). Sample size estimation was 
based on Experiment 2. Participants were recruited following the 
same procedure as in Experiments 1 and 2, and tested only if in 
an alert state. They were randomly assigned to either the increas-
ing or decreasing habituation condition, with no group differences 
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in gestational age, birth weight, or age at testing (all ps > 0.13). 
Parents gave their written informed consent before testing began.

4.1.2   |   Stimuli

Stimuli were adapted from Macchi Cassia et  al.  (2012, 
Experiment 2). They were single white geometrical shapes that 
varied in area by a 1:3 ratio and were presented on a black back-
ground at the center of the screen. Like in Experiments 1 and 
2, four sets of stimuli were used, each set featuring a different 
shape. The three sets used for the habituation phase contained 
triangles, squares, and circles that were, respectively, 5, 15, 
45 cm2; 7, 21, 63 cm2; and 10, 30, 90 cm2. The test set contained 
three bars that were 11, 33, and 99 cm2 and expanded/contracted 
solely along the horizontal axis (Figure 6).

4.1.3   |   Procedure

All aspects of the stimulus presentation procedure were identi-
cal to those used in Experiment 1 and 2 (Figure 2). Newborns 
were habituated to increasing or decreasing sequences of tri-
angles, squares, and circles, and were then tested with both in-
creasing and decreasing sequences containing newly sized bars 
(Figure 6). Like in Experiment 1 and 2, the three different habit-
uation stimulus sets were presented in a consistent fixed order 
(either increasing or decreasing) across trials until newborns 
met the habituation criterion: from the smallest to the largest 
shape for the increasing condition (i.e., 5-15-45, 7-21-63, 10-30-
90 cm2) and from the largest to the smallest square for the de-
creasing condition (i.e., 90-30-10, 63-21-7, 45-15-5 cm2).

For 27% of all trials, a third observer was involved in coding re-
corded data offline as the two initial coders' judgments differed 
by more than 5 s. Intercoder agreement between the two mea-
surements, as assessed by Pearson's correlation on total fixation 
times on each of the four test trials, was r = 0.96. Statistical anal-
yses were performed on log-transformed averages of the two 
closest values for each trial.

4.2   |   Results and Discussion

A repeated-measure ANOVA on log-transformed data with ha-
bituation order (increasing vs. decreasing) as a between-subjects 
factor and habituation trials (first three vs. last three) as a within-
subjects factor confirmed the presence of a significant decrease 
in looking times between the first three (M = 20.13 s, SD = 2.05) 
and the last three habituation trials (M = 9.91 s, SD = 1.07), 
F(1,42) = 47.55, p < 0.001, η2

p = 0.53, with no main effect or inter-
action involving habituation order (ps > 0.22) (Figure 7). Similar 
results were obtained from the ART analysis on raw looking 
times (Ws < 0.87, ps < 0.007), which only revealed a main effect 
of habituation trials, F(1,42) = 39, p < 0.001, (all other ps > 0.35). 
No differences in log-transformed (t(42) = 1.08; p = 0.9) and raw 
total habituation time (Wilcoxon = 203, p = 0.4; W < 9, p < 0.01), 
number of trials to habituate and proportional looking time dec-
rement (Wilcoxon tests > 245, p > 0.6) were found across the two 
habituation order conditions: newborns required an average of 
118.65 s (SD = 54.82) and 8.41 trials to habituate and showed a 
looking time decrement of 0.45 while viewing the increasing 
sequences, and required 146.42 s (SD = 93.44) and 7.73 trials to 
habituate to the decreasing sequences exhibiting a looking time 
decrement of 0.3.

FIGURE 6    |    Stimuli in Experiment 3: Habituation and test sets. Panels on the left depict shapes presented to newborns in the increasing habitua-
tion condition, while panels on the right depict those in the decreasing condition. The top row shows the habituation sets (triangles, squares, circles) 
that expanded or contracted in both dimensions (vertically and horizontally). The bottom row shows the test sets (bars) that expanded or contracted 
horizontally only. Shape areas are reported in cm2. Shapes within each set maintained a constant area ratio of 1:3.
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To determine whether participants could distinguish the 
novel order from the familiar one during the test phase, a 
four-way ANOVA was performed on log-transformed looking 
times during test trials. The ANOVA, including habituation 
order (increasing vs. decreasing) and first test trial (famil-
iar vs. novel) as between-subjects factors and test trial pair 
(first vs. second) and test trial type (novel vs. familiar order) 
as within-subjects factors, revealed a main effect of first test 
trial, F(1,40) = 5.67, p = 0.022, η2

p = 0.12, with no other sig-
nificant main effects or interactions, ps > 0.22 (Figure  7). 
Specifically, infants who first saw the familiar order at test 
(M = 22.6 s, SD = 14.54) showed overall longer looking times 
than those who were first presented with the novel order 
(M = 13.5 s, SD = 13.13). The ART analysis on raw looking 
times (Ws < 0.87, ps < 0.007) also showed a significant main 
effect of first test trial, F(1, 40) = 6.89, p = 0.01, as well as a 
test trial pair main effect, F(1,120) = 5.75, p = 0.02, indicating 
that newborns' looking times increased during the second 
test trial pair (M = 96.9 s, SE = 6.48) compared to the first pair 
(M = 81.8 s, SE = 6.48). The number of infants who looked lon-
ger at the novel order did not differ from those who looked 
longer at the familiar one in either the increasing habituation 
condition (binomial test: 11 vs. 11, p = 0.58, one-tailed) or the 
decreasing habituation condition (binomial test: 11 vs. 11, 
p = 0.58, one-tailed).

4.2.1   |   Comparison Across Experiment 2 
and Experiment 3

Habituation performance across Experiment 2 and 3 was com-
pared through a two-way ANOVA on log-transformed total 
habituation looking times and an ART analysis on raw total 
habituation time data including experiment (Experiment 2, 
Experiment 3) and habituation order (increasing, decreasing) 
as between-subject factors. No significant effects were found. 
Nonetheless, the ART analysis (W = 0.8, p < 0.001) on propor-
tional decline in looking times across the first three and the 

last three habituation trials revealed that the decrement was 
overall steeper in Experiment 2 (M = 0.51, SE = 3.7) compared 
to Experiment 3 (M = 0.38, SE = 3.7), F(1,84) = 6.05, p = 0.016, 
suggesting more efficient learning in the presence of multiple 
cues of ordinality.

To compare newborns' test performance across the two exper-
iments, we performed a 2 (experiment) × 2 (habituation order) 
ANOVA on novelty preference scores (raw total novel looking 
times/raw total novel + total familiar). A significant habituation 
order main effect, F(1,84) = 6.29, p = 0.014, indicated that, across 
the two experiments, newborns habituated to increasing order 
(M = 51.9%, SE = 0.006) showed a larger novelty response com-
pared to those habituated to the decreasing order (M = 49.5%, 
SE = 0.006). Despite that, one-sample t-tests comparing novelty 
preference scores to the chance level (50%) for each experiment 
and habituation condition confirmed that the novelty response 
was reliable only for newborns in the increasing habituation 
order condition of Experiment 2, t(21) = 4.4, p < 0.001 (all other 
ps > 0.52).

5   |   General Discussion

This study investigated the very developmental origins of nu-
merical order processing, previously reported in infants as 
young as 4 months (de Hevia et  al.  2017). We examined new-
borns' ability to represent and discriminate between visual 
sequences that increased and decreased in numerosity, in the 
absence (Experiment 1) and in the presence (Experiment 2) 
of additional non-numerical quantitative cues to ordinality. 
Results showed that newborns only discriminated a reversal in 
order direction when the changes in numerosity were accom-
panied by corresponding changes in the continuous variables 
that typically accompany the increase/decrease in the number 
of elements in a scene, namely cumulative surface area and 
density. In Experiment 1, where ordinality was specified by 
variations in numerosity, newborns did not discriminate order 

FIGURE 7    |    Mean total looking time in Experiment 3 to the first three and last three habituation trials and to familiar and novel test trials for new-
borns habituated to increasing (left) and decreasing (right) sequences. Black lines represent the median, the boxes indicate the interquartile range 
(IQR), dots show the individual data points. ***p < 0.001.
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reversal during the test. Newborns showed this ability only in 
Experiment 2 where, within the sequences, in addition to nu-
merosity, the size of the individual items, the cumulative surface 
area occupied by them, and density also varied.

It is important to emphasize that our participants did not pro-
vide evidence of being able to discriminate a reversal in the di-
rection of quantitative ordinal relations, either in the presence of 
numerical changes (Experiment 1) or in the absence of numeri-
cal changes (Experiment 3). Collectively, these findings suggest 
that newborns can compute ordinal operations on sequentially 
presented numerosities, comparing the approximate numeri-
cal content of perceptually available displays to that stored in 
working memory. However, this ability is contingent upon the 
integration of both numerical and non-numerical cues, with 
neither type of information taking precedence. Newborns in 
Experiment 2 could successfully extract and represent ordinal 
relations based on concurrent variations in item numerosity, 
size, and cumulative area, but were unable to use any of these 
dimensions in isolation.

The finding that presenting multiple convergent quantitative 
cues facilitates infants to detect ordinal relations is not new in 
the literature. Suanda et al. (2008) reported similar evidence in 
9-month-old infants, who failed to detect ordinal changes based 
on number, size, or cumulative area alone, but succeeded when 
all three cues were presented together. The authors discussed 
infants' failure with single cues as possibly due to their difficulty 
in focusing on the quantitative dimension that is diagnostic to 
ordinality while ignoring non-monotonic changes in irrele-
vant dimensions. This may apply to the current study as well. 
In the habituation stimuli presented in Experiment 1, number 
increased, whereas items' size decreased, and cumulative area 
remained unchanged. In Experiment 3, size increased or de-
creased in the absence of numerical changes.

As an alternative, newborns' need for converging redundant 
quantitative cues may reflect the features of their early magni-
tude representation. There is evidence that representations of 
number, space, and time are interrelated at birth, as newborns 
can map changes in these fundamental dimensions when they 
vary in the same direction but not in opposite directions (de 
Hevia et  al.  2014). It is therefore possible that the integration 
of converging and redundant information from multiple mag-
nitude dimensions was necessary for newborns in the current 
study to achieve robust and reliable percepts that could then be 
compared to those previously and subsequently experienced 
to abstract the ordinal structure. Accordingly, newborns took 
longer to habituate to increasing sequences in Experiment 1 
relying solely on numerosity and Experiment 3 relying only 
on non-numerical quantitative cues compared to Experiment 
2, where number covaried with item size and cumulative area. 
Similarly, the slope of looking times to habituate was steeper 
in Experiment 2 compared to both Experiments 1 and 3. This 
suggests that abstracting order based solely on numerical or size 
cues was more effortful and less efficient, while the presence of 
multiple cues of ordinality facilitated newborns in developing a 
robust representation of the ordinal relationships.

A second critical aspect of the findings of the reported studies is 
that newborns' ability to perform ordinal operations on visual 

sequences, where the number of items changes along with their 
physical size, is limited to increasing sequences, just as occurs in 
4-month-old infants (de Hevia et al. 2017). Indeed, Experiment 
2 showed faster habituation and a steeper decline in habituation 
looking times for increasing compared to decreasing sequences. 
This suggests that infants more readily formed a stable repre-
sentation of the increasing order. Consequently, they also suc-
cessfully discriminated the reversal in order direction at test 
in the increasing condition and not in the decreasing one. This 
provides the first evidence that the asymmetry signature in 
order processing, previously reported in older infants (de Hevia 
et al. 2017; Macchi Cassia et al. 2012), preschool-aged children 
(Barth et al. 2008; Shinskey et al. 2009), adults (e.g., Ben-Meir 
et al. 2012) of different cultures (Campbell and Xue 2001), and 
non-human primates (Brannon and Terrace  1998; Cantlon 
and Brannon  2006; Judge et  al.  2005), is present at the onset 
of postnatal life, before infants had any experience with quan-
titative changes deriving from transformations in the environ-
ment nor exposure to the growing dynamics of natural objects 
(Lakoff 2000).

In fact, the increasing order advantage could be interpreted 
within the framework of the Theory of Embodied Mathematics 
(Lakoff 2000) as emerging from our extensive experience with 
natural objects that grow in size across time. This may support 
the learning of associations between ‘early in time—small size’ 
and ‘later in time—large size’. This interpretation would fit 
with the finding that, while the increasing advantage has been 
observed in 4-month-old infants for both number (de Hevia 
et al. 2017) and size (Macchi Cassia et al. 2012), it is absent for 
the dimension of temporal duration (de Hevia et al. 2020), which 
is an abstract entity with no physical substrate. This suggests 
that the advantage may be grounded in our physical interactions 
with the world. Research on problem solving in adults offers in-
sights into this topic by showing that individuals show a strong 
preference to add rather than subtract elements across a diverse 
range of simple everyday problems like creating symmetrical 
patterns, stabilizing artifacts, or editing text, showing what is 
called an ‘addition bias’ or ‘subtraction neglect’ to problem solv-
ing activities (Adams et al. 2021; Fischer et al. 2021). However, 
while postnatal experience with objects might contribute to this 
phenomenon, it cannot explain the presence of the increasing 
order advantage in 1- to-4-day-old newborns.

It is therefore plausible that the advantage is rooted in biolog-
ical constraints from our evolutionary history. One possibility 
is that such constraints include the alerting effect engendered 
by looming perception. It has been claimed that the attentional 
biases that occur when perceiving looming objects—objects that 
are perceived as approaching the observer—are examples of the 
phenomenon by which the perceptual systems have evolved to 
bestow specific advantages in survival and reproduction within 
a dynamic environment (Neuhoff  2018). Accordingly, there is 
ample evidence that looming objects are a very special class of 
stimuli that are treated with priority by both the auditory and vi-
sual systems in both humans (e.g., Franconeri and Simons 2003; 
McGuire et al. 2021) and non-human animals (e.g., Ghazanfar 
et  al.  2002; Maier et  al.  2004). This same phenomenon is ob-
served in newborns in both the visual (Orioli et al. 2018a, 2018b) 
and auditory (Ignatiadis et al. 2024) domains, confirming the po-
tential of the evolutionary origin and universal basis of the bias.
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The alerting effect associated with looming perception—i.e. the 
visual looming bias—could facilitate the processing of increas-
ing ordinal relations embedded in looming stimuli. The current 
study, along with previous studies using single shapes (Macchi 
Cassia et al. 2012) and numerical displays (de Hevia et al. 2017), 
lacked objective looming effects due to stimulus design. Indeed, 
in the current studies, the appearance of each item within a se-
quence was separated by a 250-ms blank screen. Furthermore, 
in Experiment 2, as the size of the items increased or decreased 
with numerosity, their spatial arrangement within the display 
also changed, thereby preventing the perception of a consistent 
looming effect. Nonetheless, increasing sequences and looming 
stimuli both entail increasing order. Given newborns' ability to 
associate representations of relative quantity across size and 
number (de Hevia et al.  2014), it is possible that they general-
ize the attentional response triggered by looming perception 
to all stimuli displaying increasing order, resulting in an early 
processing advantage for ordinal information in increasing se-
quences. While this advantage in visual habituation tasks may 
diminish over the first year, as 7-month-olds demonstrate equal 
ability to generalize increasing and decreasing order to novel 
numerosities at test (Picozzi et al. 2010), it may have cascading 
effects on arithmetic performance throughout the lifespan.

One aspect of the current findings may be at odds with this 
interpretation. While the asymmetry signature is present in 
4-month-infants for both numerical (de Hevia et al. 2017) and 
size-based sequences (Macchi Cassia et al. 2012), newborns in 
the current study failed to show evidence of representing order 
from increasing size. If the increasing advantage observed in 
Experiment 2 is rooted in the visual looming bias, why did such 
bias not generalize to size-based sequences in Experiment 3? It 
is possible that this bias did generalize to size-based sequences, 
even though newborns failed to recognize the familiar order in 
the test stimuli.

Null results in habituation studies can be challenging to inter-
pret, and the lack of a novelty preference in the test phase does 
not necessarily indicate a lack of learning during habituation 
(see Colombo and Mitchell  2009; Roder et  al.  2000). It is pos-
sible that infants did form a representation of the habituation 
stimulus, but the test stimuli did not sufficiently support gen-
eralization of the learned property. Indeed, while the habitua-
tion stimuli used in Experiment 3 varied in size by expanding/
contracting along all axes, the test stimuli expanded/contracted 
solely along the horizontal axis. This was done precisely to 
avoid looming/zooming perception and prevent newborns from 
using such optical cues to generalize familiar order to the novel 
sizes at test. However, this could have introduced an element of 
novelty in both the familiar and novel stimuli that called new-
borns' attention to the novel shape, hindering recognition of 
the familiar order. This is a common phenomenon in infants' 
habituation studies in which the task requires recognition of a 
familiar stimulus dimension across strong perceptual modifica-
tions, where infants react to significant perceptual changes with 
an extensive re-exploration of the familiar modified configura-
tion to update their representation (e.g., Bulf and Turati 2010). 
Indeed, results of Experiment 3 revealed a significant Test trial 
order main effect, showing that looking times during test trials 
were overall longer for infants who first saw the familiar order 
than for those who first saw the novel order. This may suggest 

that the generalization of the order representation built during 
habituation to the new test sequences required an update of the 
representation itself to include the features of the new test stim-
uli, with the result that, once the representation was further en-
riched and strengthened, the dishabituation response was also 
more pronounced. Indeed, looking times of the infants who first 
saw the familiar order at test were at least 7 s longer than those 
of the infants who first saw the novel order in all single trials, 
both familiar and novel (all ps < 0.001, except the first novel 
trial, p = 0.064). Future studies could replicate Experiment 3 
using more similar stimuli during habituation and test to inves-
tigate whether this factor might have influenced our results and 
determine whether, under such facilitating stimulus conditions, 
newborns represent size order.

An important aspect that needs to be acknowledged is the sta-
tistical power of our studies, particularly Experiments 1 and 3, 
which yielded null effects. Our sample sizes were determined 
a priori based on de Hevia et  al.  (2017), who reported a large 
effect size (Cohen's f = 0.53) for the habituation order × test trial 
type interaction in 4-month-old infants. This may have limited 
our ability to detect significant results in the more challenging 
conditions tested in Experiments 2 and 3, where novelty ef-
fects might have emerged with smaller effect sizes. To address 
this, we conducted a sensitivity analysis for each experiment, 
showing that, assuming a power of 0.95, the sample size for 
Experiment 3 was sufficient to detect a small-to-medium effect 
size (Cohen's f = 0.20), and Experiment 1 could detect a medium-
to-large effect size (Cohen's f = 0.38) (input parameters and out-
puts available at https://​osf.​io/​aezq6/​?​view_​only=​18aea​219c7​
eb4c3​68f6c​e9503​e128bea). Of note, assuming a lower power of 
0.80, the detectable effect size decreases to Cohen's f = 0.30 for 
Experiment 1 and to Cohen's f = 0.16 for Experiment 3. While 
future studies with larger sample sizes would be valuable to rep-
licate these findings, we can nonetheless conclude that, under 
the same design parameters revealing asymmetrical processing 
of numerical order in 4-month-old infants (2017), the asymme-
try signature is detectable at birth.

In conclusion, our findings demonstrate for the first time that 
newborns possess the ability to extract and represent ordinal 
relations between sequentially presented magnitudes. While 
this ability requires the integration of multiple quantitative di-
mensions, it provides a foundation for the development of more 
complex numerical and mathematical skills. The observed 
asymmetry in processing increasing and decreasing sequences, 
shared across animal species, suggests that the mechanisms un-
derlying ordinal processing may have deep evolutionary roots, 
potentially linked to the perceptual biases associated with loom-
ing objects. Further research is needed to fully elucidate the spe-
cific factors influencing this asymmetry and its implications for 
the development of numerical and mathematical abilities.
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