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Abstract
How do infants’ thoughts compare to the thoughts adults express with language? In particular, can
infants entertain negative representations, such as not red or not here? In four experiments, we
used pupillometry to ask whether negative representations are possible without an external
language. Eleven-month-olds were tested on their ability to detect and represent the abstract
structure of sequences of syllables, defined by the relations identity and/or negation: AAAA (four
identical syllables; Experiment 1), AAA—A (three times the syllable A and one final syllable that
is not A; Experiment 2), AA(A)(A)—A (two-to-four times the syllable A and one final syllable that
is not A; Experiment 3). Representing the structures in Experiments 2-3 requires a form of
negation. Results suggest that infants are able to compute both identity and negation. More
generally, these results lend credit to the hypothesis that the infant mind is equipped with

rudimentary logical operators before language takes off.
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Pre-lexical negation in infancy

PREAMBLE
NAITRE HUMAIN

In the early 1990s, Jacques Mehler and Emmanuel Dupoux (1990) published the book
“Naitre Humain” (To be born human, translated in English as “What Infants Know”). The title of
Mehler and Dupoux’s book has often made me wonder: how is “Naitre Humain” different from
“Naitre Singe” (To be born a monkey) or “Naitre Chimpazé”? Everyone agrees that human
cognition eventually differs from other animals’ cognition: only humans build huge towers, invent
sophisticated tools like smart phones, communication systems like the Morse code, or external
memories like books and the internet. What allows these achievements?

Inspired by the impressive achievements of current deep neural networks, as compared
with connectionist networks in the 1990s, one could argue that the difference between humans
and nonhumans lays in the computational power of our relatively large brain. If so, chimps,
monkeys and humans would have the same core computations and representations of the world,
but the greater computational power of the human brain would allow to develop those abilities
further. This view predicts that all the important differences between humans and close species
should develop gradually, as the brain matures and computational power increases.

Jacques Mehler (and others) challenged that view. He argued that human infants and other
animals learn different things, because they have different “machineries”, different brains and
different cognitive systems. Throughout his career, Jacques advocated for the empirical study of
those learning processes in human infants. There may be at least one fundamental ability present
in humans that is not shared with other species. Chomsky (1995) and others (e.g. Hauser,
Chomsky & Fitch, 2002) have singled out the ability to combine mental representations, which
would enable the productivity of human language and thought. Tomasello (2019) and others have
emphasized the key role of joint attention in developing collaborations and enabling cultural

transmission. The combinatoriality of the speech code, enabling the representation of an infinite
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number of words, may also be unique to humans (Liberman & Mattingly, 1985; Pinker &
Jackendoff, 2005). Above and beyond the differences between those hypotheses, there is a shared
view that human infants, in the earliest stages of development, may already exhibit certain
human-unique abilities. The study reported below was inspired by Jacques’s quest to understand
human nature and identify precursors of human-unique cognitive abilities in young infants. Here,
we focus on negation.

INTRODUCTION

Negation is a cognitive tool that relates truth and falsehood and is indispensable to allow
human-unique achievements, such as logical reasoning and science (Horn, 1989). The ability to
negate is typically appreciated through language (Papeo, Hochmann & Batelli, 2016), so that it is
unclear whether other species, which lack the human language faculty, and young children and
infants, whose language faculty is immature, have negation. Children do not produce utterances
involving logical negation before the third year of life (Choi, 1988; Dimroth, 2010; Feiman et al.,
2017; Pea, 1980), but the hypothesis of a pre-lexical negation could account for infants’ amazing
learning abilities and early reasoning skills (Cesana-Arlotti et al., 2018). Here, we sought to
advance on this debate, by investigating infants’ ability to learn abstract relational structures that
require a precursor of logical negation.

Though infants begin to say “no!” around their first birthday, it is generally accepted that
this word expresses refusal or rejection of a contextual object (e.g., soup) or action, rather than
logical negation (Choi, 1988; Dimroth, 2010; Feiman et al., 2017). Early meanings of “no” lack a
defining feature of logical negation, that is, the expression of the relation between two
contradictory mental representations (Hochmann, 2020; Pea, 1980): the current state of the world
(the truth), and what it could have been, but is not (falsehood). When an infant refuse to eat soup,
she is refusing an action (to eat) or an object (the soup), but she is not representing and asking for

another type of food (reject soup does not define a type of food) or another action with soup
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(reject eating does not define an action). The object or action that is subjected to refusal/rejection
is not put in relation to the mental representation of a different object or action.

Instead, logical negation entails a relation whereby a mental representation is defined in
contrast to another mental representation. For instance, the proposition “the color of the ball is not
red” expresses a negative relation between the actual color of the ball and the color red. The
proposition essentially states that the ball has a color other than red (Pap, 1960). In a situation
where the space of possibilities is well defined, like the definition of a color, negation entails the
construction of the complement: computing not-x requires representing the ensemble to which x
belongs, excluding x (e.g., all colors but red). Demonstrating that pre-verbal infants have a
negation with all the properties of truth-functional negation is beyond the scope of the present
study. In particular, it would require first to be able to identify propositional thoughts bearing
truth values in infants. Rather, the experiments reported below aim at testing infants’ ability to
compute a precursor of negation that instantiates a negative relation between two mental
representations, equivalent to the computation of the complement. If applied to propositional
thoughts, such computation would be equivalent to logical negation.

There are reasons to doubt, as of today, that infants can compute such negation. Infants fail
to represent negative rules (Benavides-Varela & Mehler, 2015) or negative goals (Feiman, Carey
& Cushman, 2015). Relevant to this issue, are studies of pairs of contradictory concepts, where
one concept is the negation of the other and no third option is possible (e.g., present/absent,
sameldifferent; Horn, 2018). Overall, as we will detail below, the results of these studies can be
explained by attributing only the positive representations (present, same) to infants.

Take the case of present and absent. Many experiments have studied infants’ reactions to
the presence or absence of an object at a hiding location (e.g., behind a screen or inside a
container), manipulating the evidence that the object, initially hidden, was eventually left at or

removed from the hiding location (e.g., McCurry, Wilcox & Wood, 2009; Wang, Baillargeon &
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Paterson, 2005; Wilcox & Baillargeon, 1998; Wilcox & Schweinle, 2002). These studies show
strong evidence that young infants have object permanence; i.e. they can represent the presence of
an object, even when it is not immediately perceivable. They are thus surprised when the object is
not found in the hiding location. In contrast, there is no evidence that infants can represent the
absence of an object without the immediate perception of that absence. Indeed, when evidence
was given for the removal of an object, but that object was eventually found, infants did not
exhibit surprise (Kaufman, Csibra & Johnson, 2003; Wynn & Chiang, 1998). Infants could not
represent and anticipate that the object would nof be in a certain location.

A parallel pattern of results is observed with respect to infants’ representations of same and
different. Infants can perceive that two stimuli are the same or that two stimuli are different. In
fact, the field of infant cognition relies heavily on such perception of sameness and difference in
habituation-dishabituation studies (e.g., Eimas et al., 1971; Mehler et al., 1988). However,
showing that infants can represent the abstract relations same and different, independently from
what stimuli are the same or different, requires a generalization test. When it comes to abstract
relations, there is strong evidence that infants can represent the relation same, but no evidence that
they can represent the relation different (Hochmann et al., 2011, 2018; Hochmann, 2010;
Hochmann, Carey & Mehler, 2018; Kovacs, 2014). Indeed, young infants discriminate exemplars
of the concept same (e.g., two identical squares) and exemplars of the concept different (e.g., a
square and a triangle) (Addyman & Mareschal, 2010; Anderson, et al., 2018; Ferry, Hespos &
Gentner, 2015; Tyrrell et al., 1991; Walker & Gopnik, 2014), but such discrimination likely only
relies on a representation of same. In a critical study, infants were presented with varying triplets
of stimuli instantiating both the relation same and the relation different (e.g. A A B; C D D; etc),
and were trained either to systematically choose one of the stimuli following the relation same (A
and D in the examples above) or to systematically choose following the relation different (B and

C in the examples above). Although infants performed correctly in both conditions, subsequent
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tests revealed that their choice was always based on a representation of same: they learned to
choose same, when that was the correct rule, and to avoid same, when the correct rule was to
choose different (Hochmann, Mody & Carey, 2016; see also Zentall et al., 1981; 2018 for
convergent results with pigeons). Thus, as of today, there is no evidence that infants represent
different, only evidence that they represent same (Hochmann, 2021).

In sum, the extant literature is compatible with the view that logical negation, or a precursor
thereof that instantiates a negative relation between two mental representations, is absent in
infants and may await maturation and/or linguistic competence to develop (Feiman et al., 2017).
Nevertheless, even in adults, negation is not always recruited spontaneously (Beltran, Orenes &
Santamaria, 2008). In particular, the efficient processing of a negative utterance requires the
positive counterpart to be well represented and pragmatically relevant (Papeo & de Vega, 2020;
Wason, 1965). Analogously, if infants do not demonstrate the use of negative concepts such as
absent (not present) or different (not the same), it may be because it is sufficient and easier to
make sense of scenes and events with their positive counterparts. Moreover, even if logical
negation were to emerge later in development, it cannot be created ex-nihilo. Some precursors of
logical negation may therefore be observable in infancy.

The new paradigm developed in the current study has been conceived to assess a latent
ability to instantiate a negative relation between two mental representations in infancy. We asked
whether infants are able to generalize the common abstract structure of sequences, in which one
element of each sequence is defined as the negation of another; e.g., AAA—A, where A is a
variable for the elements composing the sequences. The first element A is repeated several times,
so to emphasize its relevance. The final element is defined in a negative relation to the previous
elements (—A); it can take any value, but the value of A. We used speech stimuli (i.e., syllables),
which are well represented, discriminated and categorized by the end of the first year of life

(Hochmann & Papeo, 2014; Werker & Tees, 1984). We thus tested whether infants could detect
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and generalize structures of syllable sequences based on identity and negation (AAA—A; e.g., ba
ba ba di, fu fu fu le, mi mi mi na).

We know that infants can detect and generalize abstract structures such as AAB or ABA,
where A and B are variables for syllables (AAB: pupuki, lelega, fofose, etc.; ABA: pukipu, legale,
fosefo, etc.), in a way that allows them to discriminate between those structures (Kovacs &
Mehler, 2009; Marcus et al., 1999). Similar results have been reported using non-verbal sounds,
visual shapes or photographs (see Rabagliati et al., 2018 for a review). However, there is no
evidence, so far, that B is represented as —A. Representing the identity relation is in fact sufficient
to discriminate between the structures AAB and ABA: AAB is defined by the identity of the first
two elements; whereas ABA is defined by the identity of the first and last elements. The third
element, which could be represented in a negative relation with A is so far irrelevant, or at least
unnecessary, for discriminating between AAB and ABA.

To show that infants indeed represent the element B as —A, it should be found that infants
expect the values of B and A to differ. Thus, we need to show that infants can discriminate the
structure AAB from the structure AAA, or AAAB from AAAA'. If infants consider a sequence
such as ba ba ba ba unfit for the AAAB structure, this would demonstrate their ability to expect
the final syllable to be anything but ha and their ability to represent the structure AAA—A relying
on negation.

We applied this rationale in the experiments reported below, in which we measured the
pupil dilation of 11-month-olds during an oddball paradigm. Crucially, 11-month-olds are still a
year away from producing or understanding sentences containing logical negation (Feiman et al.,
2017). In three experiments, infants were exposed to series of structured sequences of syllables.
The syllables varied from one trial to another (48 different syllables were used for every infant),
but they always formed sequences that matched either a frequent standard structure (75% of

trials) or an infrequent deviant structure (25% of trials; Figure 1). If infants could detect the
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common abstract structure of standard sequences, they should react to violations of that structure
(i.e., when the final syllable deviates from the expected one in deviant sequences). We used pupil
dilation to measure the response to deviant stimuli (Hochmann, 2013; Hochmann & Papeo, 2014).
Increase in arousal, attention or cognitive load triggers an increase of pupil diameters (Beatty &
Kahneman, 1966; Hess & Polt, 1960; Laeng, Sirois & Gredebéck, 2012). In particular, in oddball
paradigms, pupils dilate in reaction to unexpected auditory stimuli in both adults (Qiyuan et al.,
1985; Quirins et al., 2018) and infants (Hochmann & Papeo, 2014). Pupillometry thus provides a

solid method to assess infants’ cognition.

Experimentl Experiment 2 Experiment 3
75% 25% 75% 25% 25% 25% 25% 25%
3 A A 3 A A ‘3 A A A A 900 ms
— A A — A A — A A A A
—J A A — A A — A A -A A
time
— A -A — -A A — A -A A
— -A
v

Figure 1 — Design of Experiments 1-3. 4 and —4 could be any of 48 different syllables. Standard sequences are
depicted in blue; deviant sequences are depicted in red.

In Experiment 1, we validated pupillometry as a tool to study structure generalization in
infants, testing their representation of the structure AAAA that relies only on identity. In
Experiments 2-3, we assessed infants’ ability to learn a structure requiring negation (Figure 1).

EXPERIMENT 1
In Experiment 1, 11-month-old infants were tested on their ability to represent the AAAA

structure relying only on identity relations. If infants represent the structure of standard AAAA
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sequences, we should observe pupil dilation in response to rare deviant AAAB sequences. This
experiment mainly served as a validation of our methods.
Methods

Participants

Sixteen infants (age range: 10 m 2 d — 12 m 15 d; average: 11 m 1 d) participated in
Experiment 1. Four additional infants were tested but excluded for not providing a sufficient
number of trials (see Analysis). The sample size was chosen in reference to previous work with a
similar paradigm (Hochmann & Papeo, 2014). All participants in Experiments 1-3a were
recruited shortly after birth in Barcelona hospitals and tested in the babylab of Universitat
Pompeu Fabra, Barcelona. These studies were approved by the “Parc de Salut MAR — Clinical
Research Ethics Committee”. Parents gave an informed consent before participating in the study
and were informed that they could withdraw their consent at any time without any consequence.
Stimuli

Forty-eight syllables were created with the artificial speech synthesizer MBROLA (French
voice database FR4), with phoneme duration of 120 ms and pitch of 200 Hz. We used 12
consonants (/b/, /d/, /g/, Ip/, I/, I/, v/, Ifl, Is/, /I/, /m/, /n/) and 4 vowels (/a/, /i/, /o/, /u/). Each
syllable was normalized to an intensity of 70 dB. These syllables were used to create standard
sequences of four identical syllables (AAAA; e.g., ba ba ba ba, di di di di, ku ku ku ku, etc.) and
deviant sequences of three identical and one different syllables (AAA—A ; e.g., fi fi fi lo). The
video shown repeatedly on the screen of the eyetracker consisted in an animated video clip
showing a smiling cartoon character jumping repeatedly (www.GoAnimate.com).
Procedure

Infants sat on their parent’s laps in front of a Tobii eyetracker T60XL. The presentation of
stimuli and the recording of eye-tracking data at 60 Hz was controlled by PsyScope X

(http://psy.cns.sissa.it). Parents’ ears were covered, so that they could not hear the stimuli, and
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their eyes were close during the whole experimental session, so not to interfere with the
eyetracker recordings. All lights in the room were switched off, except for those coming from the
eyetracker screen. Each trial started automatically when infants fixated a central blinking cross
presented on the screen. The central blinking cross disappeared and the jumping character
appeared at the center of the screen. The pupil size is particularly sensitive to variations of
luminance. To ensure that any observed effect could not be attributed to variations of luminance,
contrast or any other visual features of the stimuli, we used the exact same video in all trials.

In each trial, a standard AAAA (75% of trials) or a deviant AAA—A (25% of trials)
sequence was played by loudspeakers located behind the screen. The first syllable of each trial
began 200 ms after the onset of the video clip. The onsets of two successive syllables were
separated by 900 ms. Each trial ended 2283 ms after the onset of the fourth syllable. In the first 8
trials of each experiment, only standard sequences were presented (AAAA). The experiment
lasted until 96 additional trials were run (72 standard and 24 deviant trials), until the infant fussed
out or until the parent asked to stop the experiment. Two trials were separated by a black screen
displaying only a central blinking cross to attract infants’ gaze. Trials were run in a pseudo-
random order, so that two deviant trials were separated by 1 to 6 standard trials.

Analysis

Fixations were identified by PsyScope X following the dwell-time algorithm (Duchowski,
2007) with the following parameters: WindowLength = 200, MinFixationLength = 100,
DistanceFromMean = 0.05. We defined an area of interest (660 pi x 432 pi) corresponding to the
surface of the video played on the screen to attract infants’ gaze. The pupil diameter for both eyes
was recorded for fixations in that area of interest. For each trial, we considered a baseline time
window beginning 500 ms before the onset of the fourth syllable (time 0) of the sequence. The

average pupil diameter in the baseline window was subtracted from all data points.
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To analyze pupil dilation, we need first to select trials that provide data in the time
window where an effect can be expected. In previous studies using our oddball paradigm, we
found that pupil dilation in response to a change detection lasts about 500 ms and peaks around
1500 ms after the onset of the relevant stimulus (Hochmann & Papeo, 2014). In the extant
literature relying on pupillometry in infants, this stands as an early effect (Sirois & Jackson, 2012;
Gredebick & Melinder, 2010; Geangu, Hauf, Bhardwaj, & Bentz, 2011; Tamasi et al., 2017). An
effect is unlikely to be observed before 1250 ms. In consequence, we consider a time window of
interest, beginning 1250 ms after the onset of the last syllable of each sequence and ending with
the end of the trial (2283 ms).

In all experiments, the 8 first trials (all standard trials) constituted the familiarization to the
standard structure. These trials are not included in the reported analysis, though results would be
unchanged if they were to be included. In addition, we excluded trials with less than 100 ms of
pupil diameter information during the baseline window (-500 — 0 ms) or less than 50% (516 ms)
of pupil diameter information in the window of interest. Infants with fewer than 2 good trials per
Trial Type (Standard, Deviant) were excluded from further analyses. Missing data (due to eye
blink or fixation out of the area of interest) for good trials were linearly interpolated. Table 1

summarizes the average number of trials included in the final analysis for each experiment.

Table 1 — Average number of trials included in the final analysis

Experiment Total #trials #good trials (%) #good standard (%) #good deviant (%)
Experiment 1 72.44 45.06 (61%) 33.12 (60%) 11.94 (68%)
Experiment 2 78.25 44.44 (56%) 33.38 (55%) 11.06 (57%)
Experiment 3a* 33 17.56 (51%) 8.44 (49%) 9.12 (53%)
Experiment 3b* 23.56 12 (49%) 5.94 (49%) 6.06 (50%)

*in Experiments 3a-3b only 4-syllable long standard (AAA—A) and deviant (AAAA) trials were analyzed.

In previous experiments using a similar paradigm (Hochmann & Papeo, 2014), we
observed an effect lasting about 500 ms peaking around 1500 ms. We thus ran a planned t-test

comparing average pupil dilation in the 1250-1750 ms time window in response to deviant and
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standard sequences. In addition, a non-parametrical cluster mass permutation test (Hochmann &
Papeo, 2014; Maris & Oostenveld, 2007) was implemented to find significant pupil dilation in
response to deviant trials compared to the standard trials, in the time window of interest. For each
time point in that time window, we computed the ¢ statistics of the paired t-test comparing
participants’ pupil diameter variation in Deviant and Standard trials. The #-values of adjacent
points above a threshold (t = 1.753 corresponding to P < .05 1-tail) were added to define the
cluster statistics. One thousand permutations were then run to assess the probability of finding
clusters with higher statistics if the standard and deviant labels were assigned randomly.
Results

In Experiment 1, we validated the current experimental paradigm by testing the detection and
generalization of a simple structure based on identity relations. Eleven-month-old infants were
exposed to the standard structure AAAA, namely, sequences of four identical syllables. We
observed significant pupil dilation in response to deviant AAA—A sequences compared to
standard sequences between 1250 and 1750 ms (t(15) = 2.97; P < .01; d = .74). In addition, a
cluster mass permutation test revealed larger pupil dilation in response to infrequent deviant
sequences (AAA—A), as compared with standard sequences (AAAA), around 1500 ms (interval
1250-1767 ms; P = .02; Figure 2A). This demonstrated that infants expected the last syllable to be
identical to the preceding ones and detected the violations of that rule.

Now that we validated our experimental paradigm, we return to the main issue of this paper,
whether infants can represent a negative relation between two elements. In Experiment 2, we thus
asked whether infants could represent the AAA—A structure, where the last syllable is constrained

to differ from the preceding ones.
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Figure 2 — Results of the pupil dilation measures in Experiments 1-3. The curves represent the average
variations of pupil diameters (mm) with respect to a 500 ms baseline taken before the onset of the 4™ syllable.
The baseline is marked by two dotted vertical lines. Grey areas depict the time windows where a cluster mass
permutation test detected significantly (*P < .05) larger pupil dilation for deviant sequences (red) with respect
to standard sequences (blue). Light-colored areas represent standard errors from the mean. The crenel
functions indicate when syllables occurred within each trial.

Page 13 of 28



Pre-lexical negation in infancy

EXPERIMENT 2
In Experiment 2, 11-month-old infants were tested on their ability to represent the AAA—A
structure (i.e., three times the syllable A and one final syllable that is not A) relying on both
identity and negation. If infants represent the structure of standard AAAB sequences, we should
observe pupil dilation in response to rare deviant AAAA sequences.
Methods
The procedure and analyses were the same as in Experiment 1, except that standard sequences
now followed the AAA—A structure (75% of trials) and deviant sequences followed the AAAA
structure (25% of trials).
Participants
Sixteen infants (age range: 9 m 16 d — 12 m 14 d; average: 11 m 12 d) participated in Experiment
2. Fifteen® additional infants were tested but excluded for not providing a sufficient number of
trials (see Analysis).
Results

In Experiment 2, 11-month-old infants were exposed to the standard structure AAA—A
involving both the identity relation (the first three syllables are identical: A) and negation (the last
syllable is not A). No difference in pupil dilation in response to deviant (AAAA) and standard
sequences were observed between 1250 and 1750 ms (t(15) = .25; P = .80; d = .06). Moreover, a
cluster mass permutation test failed to identify any significant change in pupil dilation in response
to the deviant sequences AAAA that violated the structure of standard sequences (Figure 2B).
These results indicate that, after hearing for instance ba ba ba, infants were not surprised to hear
ba again. Thus, infants did not expect the last syllable to be not ba. They did not compute
negation.

However, this failure may be circumstantial. Representing the structure AAA—A requires

representing three identical elements plus the final negative relation. Representing three identical
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elements already severely taps the limited capacity of infants’ working memory (Feigenson &
Carey, 2005), so that infants may not have sufficient cognitive resources left to add the
representation of —A. Moreover, a recent study showed that the integration of numerical
information and a relational structure is a complex process that involves language-related neural
resources in human adults (Wang et al., 2015). Infants may succeed at integrating numerical
information (i.e., the number of syllables) with a relatively simple relational structure based only
on identity (Experiment 1), but not with a more complex structure that involves both identity and
negation (Experiment 2). Thus, Experiment 3 was designed to prevent the computation of

numerical information, freeing resources for the representation of the final negative relation.

EXPERIMENTS 3a-3b

In Experiment 3a and its replication Experiment 3b, 11-month-old infants were exposed to a
standard structure similar to that of Experiment 2, except for the number of identical syllables
preceding the final different one, which varied between 2 and 4 (AA—A, 25%; AAA—A, 25% or
AAAA—A, 25%; Figure 1). This made numerical information irrelevant, as it was varying
constantly. The standard sequences could rather be represented as an undefined number of
identical syllables followed by a final different syllable (AA(A)(A)—A). We tested for infants’
ability to represent the final syllable as —A by presenting deviant sequences consisting in four
identical syllables (AAAA, 25%). Since infants could not anticipate the exact position of the final
different syllable (i.e., after how many syllables it would occur), we predicted a delay in the pupil
response to the deviant trials missing the final different syllable (AAAA). After the presentation
of the fourth identical syllable, infants would have to wait at least one inter-syllable interval (ISI =
900 ms), before realizing that the sequence had ended and that the standard structure had been

violated by the absence of the final different syllable.
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Methods

The procedure and analyses of Experiment 3a were similar to those of Experiments 1-2, except
for the differences listed below. Experiment 3b is a replication of Experiment 3a in a different
laboratory with a doubled sample size.
Participants
Sixteen infants (age range: 10 m 13 d — 12 m 24 d; average: 11 m 24 d) participated in
Experiment 3a. Eleven additional infants were tested but excluded for not providing a sufficient
number of trials (see Analysis).
Thirty-two infants (age range: 10 m 0 d — 12 m 7 d; average: 11 m 0 d) participated in Experiment
3b. Twenty-two additional infants were tested but excluded for not providing a sufficient number
of trials. All participants were recruited through the consultation of birth records at the city halls.
Infants were tested in the babylab of Institut des Sciences Cognitives Marc Jeannerod in Bron,
France. This study was approved by the “Comité de Protection des Personnes Sud Est II”’. Parents
gave an informed consent before participating in the study and were informed that they could
withdraw their consent at any time without any consequence.
Procedure

The procedure of Experiments 3a-3b was identical to that of Experiments 1-2, except for
two aspects. First, the standard sequences consisted of 2 to 4 identical syllables followed by a
final different syllable. The deviant sequences consisted of exactly 4 identical syllables. This
resulted in four equiprobable types of sequences; standard: AA—A (25%), AAA—A (25%),
AAAA—A (25%); deviant: AAAA (25%). Second, the time following the last syllable was
increased to 3533 ms, as we expected pupil dilation to be delayed by at least 900 ms, the inter-

syllable interval (see below).
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Analysis — Experiments 3a-3b
The Analysis of Experiments 3a-3b differed from that of Experiments 1-2 in only one
aspect. Because the number of syllables varied in Experiments 3a-3b, infants could not know in
advance which syllable would be final and therefore different. In fact, a sequence of four identical
syllables was legal as long as it was followed by a fifth different syllable (AAAA—A). Thus, when
presented with an AAAA sequence, infants could only know a posteriori that this sequence did
not respect the standard structure, once they realized the sequence was over. We thus predicted
that pupil dilation in response to deviant trials, if it occured, should be delayed by at least 900 ms,
the inter-syllable interval, compared to Experiments 1-2. In Experiments 3a-3b, we thus ran a
planned t-test comparing average pupil dilation in the 2150-2650 ms (1250-1750 + 900 ms) time
window in response to deviant and standard sequences and ran a mass cluster permutation test in
a time window of interest, beginning 2150 ms (1250 + 900 ms) after the onset of the fourth
syllable of each sequence and ending with the end of the trial (3533 ms).
In addition, because concurrent audio-visual stimulation attracts infants’ attention, which in turn
impacts pupil diameters, only those trials with the same number of syllables are comparable. We
thus only compared standard AAA—A and deviant AAAA trials. Note that those are the same
sequences used in Experiments 1-2. AA—A and AAAA—A sequences were not analyzed. The rest
of the analysis was the same as for Experiments 1-2.
Results

Experiment 3a

No differences in pupil dilation in response to deviant and standard sequences were
observed between 2150 and 2650 ms (t(15) = 1.23; P = .24; d = .31). However, a cluster mass
permutation test found larger pupil dilation in response to deviant sequences AAAA, as compared
with standard sequences of same length (AAA—A) (P = .02). This effect occurred around 2900 ms

(interval 2533-3283 ms), that is 1400 ms later than the pupil dilation observed in Experiment 1.
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This shows that, after hearing the same syllable A repeated a number of times, 11-month-old
infants expected the final syllable to be anything but A. Thus, infants can represent the structure
AA(A)(A)A.
Experiment 3b

Experiment 3b replicated the results of Experiment 3a in a different lab with a doubled
sample size. Again, no differences in pupil dilation in response to deviant and standard sequences
were observed between 2150 and 2650 ms (t(31) = .98; P = .33; d = .17); but a cluster mass
permutation test found significantly larger pupil dilation for deviant AAAA sequences, relative to
standard AAA—A sequences between 2933 and 3317 ms (P = .04).
Experiments 3a and 3b

Combining the data of Experiments 3a and 3b (N=48), no difference in pupil dilation in
response to deviant and standard sequences were observed between 2150 and 2650 ms (t(47) =
1.42; P = .16; d = .20). However, a cluster mass permutation test found significantly larger pupil
dilation for deviant than for standard sequences between 2500 and 3534 ms (P < .01, Figure 2C).
A second cluster mass permutation test was run to test for the interaction between the lab factor
(Experiment 3a; Experiment 3b) and the Sequence Type (Standard, Deviant). No effect was
observed.

DISCUSSION
We used pupillometry to probe infants’ ability to represent abstract relational structures.

Eleven-month-old infants successfully learned the identity-based structure (AAAA, Experiment
1), but initially failed to learn the structure based on both identity and negation (AAA—A,
Experiment 2). We hypothesized that this failure reflected limited cognitive resources and/or the
difficulty of combining a complex relational structure entailing negation with the information
about the number of identical elements in the sequence. In Experiments 3a-3b, numerical

information was made irrelevant by varying the number of syllables in each sequence: two to four
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identical syllables preceded a final different one. Pupil dilation was observed in response to the
deviant sequences of four identical syllables, lacking the final different syllable. Thus, by
eliminating a competing process (i.e., tracking the number of identical items in a sequence), we
demonstrated that 11-month-old infants are able to learn the abstract structure AA(A)(A)—A
based on negation.

It is important to emphasize that a number of intuitive explanations cannot account for the
results of Experiments 3a-3b. First, the pupil dilation that we observed is not a reaction to a local
change detection or to the perception of a local difference (e.g., the change between the repeated
syllable ba and di), as would happen in habituation-dishabituation paradigms. Indeed, pupil
dilation is not observed in response to a change of syllable but in response to the absence of such
change in AAAA sequences.

Second, our results cannot be explained by a representation of heterogeneity. Inspired by
Shannon’s information theory, entropy is a continuous measure of heterogeneity that has been
proposed to constitute a precursor to the concepts same and different (Wasserman & Young,
2010). A sequence of four different elements (ABCD) has an entropy of 2, a sequence of identical
elements (e.g., AAAA) has an entropy of 0 and a sequence of three identical and one different
elements (AAAB) has an entropy of .81°. One could imagine that infants discriminate between
homogeneous (entropy = 0) and heterogeneous (entropy > 0) sequences, but this is not the case.
Young children in fact discriminate well between entropy 0 and 4, but not between 0 and 1, let
alone between 0 and .81 (Hochmann et al., 2017). Therefore, entropy cannot account for the
results observed in our experiments.

Third, our results cannot be accounted for by attributing only a representation of identity to
infants. Sequences of identical syllables were not surprising per se, as 2 to 4 identical syllables
occurred in every trial. Sequences of exactly four identical syllables even occurred in half of the

trials (standard AAAA—A 25%; deviant AAAA 25%). Moreover, the effect of violation was
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delayed by 1400 ms compared to Experiment 1. This delay is larger than the ISI of 900 ms, which
was the minimal time to discriminate between a deviant AAAA and a standard AAAA—A
sequence. These observations thus show that infants did not react to a sequence of identical
syllables, or to the fourth identical syllable, but rather reacted to the absence of an expected final
different syllable.

In Experiments 3a-3b, infants thus formed a mental representation of the final syllable as
necessarily different from the previous ones. They had specified a negative relation between the
expected final syllable and the syllable initially repeated in the sequence. When hearing ba ba,
infants could not predict whether the final syllable would be the third, fourth or fifth syllable.
Neither could they predict what syllable would end the sequence (whether it would be di, ko, su or
else). But infants could predict that the last syllable would be not ba, and reacted to the violation
of that prediction.

By changing the syllables in every trial, we further demonstrated infants’ ability to
generalize the above process: if syllable A defines the beginning of the sequence, the last syllable
must be not 4, above and beyond the particular identity of A. This shows that infants dispose of a
precursor of logical negation that instantiates a negative relation between two mental
representations and operates over an abstract variable. Here, the variable symbolizes the syllable,
a perceptual object defined in the speech domain. Further empirical investigations should
generalize our results to other modalities, define the domains in which infant negation can apply,
and particularly whether it can apply to propositional representations.

In conclusion, we showed that 11-month-old infants are able to represent structures defined
by the identity relation and a precursor of negation. These findings constitute the first evidence
that the ability to establish a negative relationship between two mental representations, a

cornerstone of human reasoning, is in place by the end of the first year of life. More generally,
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these results lend credit to the hypothesis that the infant mind is equipped with rudimentary
logical operators before language takes off.
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Footnotes
1 - AAB and AAA could potentially be discriminated on the basis of the number of identical
elements. AAA contains 3 identical elements, whereas AAB contains only 2. Infants can
discriminate between 2 and 3 syllables (Bijeljac-Babic, Bertoncini & Mehler, 1993). In contrast,
assuming infants do not discriminate between 3 and 4 elements (Feigenson & Carey, 2005),
AAAB and AAAA could not be discriminated on the basis of the number of identical elements.
Representing AAAB in a way that allows discrimination from AAAA would require representing

that the last element is not A (—A).

2 - Note that the attrition rates varied between the different experiments. Twenty percent (4 out of

20) of tested infants were excluded from the final analysis in Experiment 1; almost 50% (15 out
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of 31) in Experiment 2 and about 40% (11 out of 27; 22 out of 54) in Experiments 3a and 3b.
Different factors could account for the relatively high attrition rates in Experiments 2 and 3a-3b.
In Experiment 2, the high attrition rate could thus tentatively be interpreted as an additional piece
of evidence that infants failed to represent the AAAB structure: many infants may lose interest in
our stimuli because they do not understand their structure.

In Experiment 3a and 3b, a different factor may explain the relatively high attrition rate. Because
we predicted that the effect would be delayed compared to that observed in Experiment 1, we
increased the duration of trials by increasing the silence period following the end of the
sequences. The longer the trials, the more likely infants are to look away. This design lead us to

reject more trials (Table 1) and consequently more infants for not contributing enough trials.

3 - Considering a sequence of N elements composed of S identical elements and D different

elements, following Wasserman & Young (2010), Entropy = — D/N logx(1/N) — S/N logx(S/N).
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